


CHEMISTRY AND CRIME:
FROM SHERLOCK HOLMES TO

TODAY'S COURTROOM
Samuel M. Gerber, Editor

An illuminating view of forensic science
in fact and fiction. Underlines the
relationship between detective fiction
and the development of modern
forensics. Recounts how the sleuthing
techniques of famous fictional detectives
laid the foundation for the sophisticated
methods used in solving today"s crimes.
135 pp., cloth" ISBN 0-8412-0784-4, US
and Canada $19.95. Export $23.95.

INTRAZEOLITE CHEMISTRY
Galen D. Stucky and Francis G. Dwyer,

Editors
Breaks new ground in the active field of
zeolite research. Concentrates on new
approaches to synthesis, modification,
characterization. and chemical
applications of zeolites. Presents the first
detailed summary of the aluminum
silicon ordering and structure of zeolite
A and others.
482 pp., cloth., ISBN 0-8412-0774-7, US
and Canada $49.95. Export $59.95.

FATE OF CHEMICALS IN THE
ENVIRONMENT:

COMPARTMENTAL MODELING FOR
PREDICTIONS

Robert L. Swann and Alan Eschenroeder,
Editors

Brings together user-oriented
information covering many aspects of
environmental fate modeling. Presents a
comprehensive view of the models
available and their practical applicalions.
Includes a generic overview of the main
building blocks of models and the
framework of logic connecting the
components.
326 pp., cloth., ISBN 0-8412-0792-5, US
and Canada $44.95. Export $53.95.

INDUSTRIAL GAS SEPARATIONS
Thaddeus E. Whyte, }r., Carmen M. Yon,

and Earl H. Wagener, Editors
Presents recent developments in
membrane technology. Discusses
emerging theories and applications of
adsorplion and absorption technologies
relating to gas separation. Explores gas
transport mechanisms and models and
presents several industrial applications of
gas membranes.
293 pp., cloth., ISBN 0-8412-0780- J, US
and Canada $34.95. Export $41.95.

INTRODUCTION TO
MICROLITHOGRAPHY:

THEORY. MATERIALS, AND
PROCESSING

larry F. Thompson. C. Grant Willson,
and Murrae }.S. Bowden, Editors

Provides useful basic information on
microcircuit processing, lithography, and
dry etching. Discusses the theory,
materials. and processes of lithography.
Details new developments in E-beam, x
ray. and synchrotron resists. Serves as a
semiconductor short course and is an
excellent tutorial in this very active field.
384 pp., cloth., ISBN 0-8412-0775-5, US
and Canada $49.95, Ellport $59.95.

POLYMERS IN SOLAR ENERGY
UTILIZATION

Charles G. Gebelein, David}. Williams,
and Rudolph Deanin, Editors

Focuses on the ways polymers can be
used to construct efficient and durable
solar energy systems. Points out the
advantages in cost, weight, and variety of
polymers and describes the problems of
photodegradation. Sections include
general solar applications, polymer
photodegradation in solar applications,
and photovoltaic and related
applications.
510 pp., cloth., ISB 0-8412-0776-3, US
and Canada $59,95, Ellport $11.95.

al

BACTERIAL
LlPOPOLYSACCHARIDES:

STRUCTURE. SYNTHESIS, AND
BIOLOGICAL ACTIVITIES

laurens Anderson and Frank M. Unger,
Editors

Concentrates on lipopolysaccharides, a
significant biological component of the
outer membrane of Gram-negative
bacterial cells. Explores the relationship
between the structure and lhe biological
activily of lPS. Examines the potential of
synthelic production and of modified
natural materials in prevent21ive
medicine and therapy.
330 pp., cloth., ISBN 0-8412-0080-X, US
and Canada $44,95, Export $53.95.

RECOMBINANT DNA RESEARCH
AND THE HUMAN PROSPECT

Earl D. Hanson, Editor
Explores the implications of genetic
engineering and the human prospect.
Provides a thorough background of
recombinant D A technology, presented
in nontechnlcallanguage, and addresses
the problems that have evolved.
Examines the responsibilities of society
and science 10 comrol these new
opportunities.
154 pp., cloth.,ISB 0-8412-0750-X, US
and Canada $19_95, Export$n.95,

COMBUSTION OF SYNTHETIC
FUELS

William Bartok, Editor
Deals with problems peculiar to the
combustion of synthetic fuels and their
effects on combustion process and
hardware. Emphasizes liquid fuels, with
studies ranging from spray atomization
to pilot-scale testing. Details combustion
performance, such as flame radiation and
deposit forming tendencies.
246 pp., cloth., ISB 0-8412-0773-9, US
and Canada $34.95, Export $41.95.
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Kinetics of monobromamine dispro
portionation-dibromamine formation
in aqueous ammonia solutions. Guy W.
Inman, Jr., and J. Donald Johnson*

The reaction observed is strongly
catalyzed by phosphate and appears to
have no ammonia dependence beyond
that required for monobromamine
formation.

224
Reactive foams for air purification.
Susann M. Brander, Gudrun I. Jo
hansson,* Bengt G. Kronberg, and Per
J. Stenius

This work investigates whether the
removal of gas pollutants from air by
blowing the air through a foam bed is
effective.

231
Comparison of solvent extraction and
thermal-optical carbon analysis
methods: Application to diesel vehicle
exhaust aerosol. Steven M. Japar,*
Ann C. Szkarlat, Robert A. Gorse, Jr.,
Emily K. Heyerdahl, Richard L.
Johnson, John A. Rau, and James J.
Huntzicker

A comparison of independent ana
lytical methods for the determination
of organic and elemental carbon is
presented.

235
Acetone-sensitized and nonsensitized
photolyses of tetra-, penta-, and hex
achlorobenzenes in acetonitrile-water
mixtures: Photoisomerization and
formation of several products including
polychlorobiphenyls. Ghulam Ghaus
Choudhry and Otto Hutzinger*

Photochemical reactions of PCBs
possessing four, five, and six chlorine
substituents in the presence and ab
sence of acetone at wavelengths ~285
nm are studied.

242
Numerical simulation of a sedimenta
tion basin. I. Model development. Ira
klis A. Valioulis and E. John List*

This computer model follows the
spatial and temporal development of
the influent particle size distribution
toward the outlet of the tank.
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Numerical simulation of a sedimenta
tion basin. 2. Design application. Ira
klis A. Valioulis and E. John List*

The model is used to study the im
portance of selective variables on the
settling process and to demonstratc thc
computer simulation capabilities.

253
Analysis for trace elements in mag
netohydrodynamic (MHO) pilot power
plant effluents. Torn E. Clcvcnger,*
Edward J. Hinderberger, Jr., Dennis
A. Yates, and W. Dennis James

INAA and ICAP are evaluated as
to their applicability for the multiele
ment analysis of coal, slag, and fly
ash.
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Barcelona* and Thomas G. Naymik
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model for predicting contaminant
transport and transformations is
demonstrated.
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Photochemical separation of xenon and
krypton. Christine E. Geosling* and
Terence Donohue

Stable XeF2 is produced when a
mixture of xenon, krypton. and fluo
rine gases is irradiated with ncar-ul
traviolet light.
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Aggregation and colloidal stability of
fine-particle coal suspensions. Pa uI R.
Schroeder* and Alan J. Rubin

Aggregation and colloidal stability
of fine-particle coal suspensions in the
presence of hydrogen ions, simple
electrolytes. and aluminum sulfate arc
examined.
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Characterization of surface species on
coal combustion particles by X-ray
photoelectron spectroscopy in concert
with ion sputtering and thermal de
sorption. George E. Cabaniss and
Richard W. Linton*

Surface chemical composition of
coal ash particles is determined before
and after inert ion (Ar+) sputtering
using XPS.
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Octachlorostyrene in Lake Ontario:
Sources and Fates. Ray Kaminsky and
Ronald A. Hites*

This report confirms the hypothesis
that OCS originates primarily from
the waste product of electrolytic
chlorine production.

280
Analysis of the characteristics of
complex chemical reaction mecha
nisms: Application to photochemical
smog chemistry. Joseph A. Leone and
John H. Seinfeld*

This method allows one to deter
mine the influence of individual reac
tions and species on the overall be
havior of the reaction mechanism.
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Summertime variations in polycyclic
aromatic hydrocarbons at four sites in
New Jersey. Ronald Harkov, Arthur
Greenberg, Faye Darack. Joan M.
Daisey, and Paul J. Lioy*

Examination of daily variation of 10
PAHs showed that meteorology had
an overall influence on ambient levels
but that the greatest effect was from
local sources.

NOTES
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Butyltin compounds and inorganic tin
in sediments in Ontario. R. James
Maguire

Results show that butyl tin species
and some methylated derivatives are
present in the sediments of some har
bors in On ta rio.
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EDITORIAL

Environmental R&D
A recent report by the National Science Founda

tion indicates that although the federal government
has been the chief source of research and development
funds in the U.S. for the past 20 years, industrial ex
penditures for R&D have now surpassed government
expenditures, and industrial R&D spending continues
to climb faster than government spending. According
to the report, in 1983 industry spent $44.3 billion
compared to $39.6 billion spent by the federal gov
ernment.

Additionally, proposed legislation before Congress
provides for extension of the present R&D tax credit
incentive to encourage industry to undertake expanded
R&D activities, which may require a long-term and
relatively expensive commitment to projects which
have greater risks associated with them. The legisla
tion also includes incentives for expansion of corporate
funding of basic research conducted at the nation's
universities and for industrial support of scientific
education programs at our colleges and universities
to improve the development of scientifically skilled
manpower. Under current law, the R&D tax credit
is due to expire at the end of December 1985. The
proposed legislation would make these incentives a
permanent part of U.S. tax law.

The fact that industrial R& D expenditures are as
high as they arc and that industry seems willing to
enter into collaborative and supportive programs with
universities is a very healthy sign. Industry is to be
commended for its efforts to date, and it is hoped that
development of new initiatives along these lines will
continue. This is of special concern in view of reports

that our colleges and universities are suffering from
a chronic shortage of faculty and a severe lack of
modern scientific equipment. Furthermore, since
federal expenditures have not kept pace with basic
research needs, university basic research has suffered
greatly over the past several years. Participation in
these endeavors by industry should certainly be en
couraged.

A corollary to these increased industrial expendi
tures has to do with how much of the industrial R&D
budget is directed at environmental issues, either for
basic research or for the development of more efficient
and more sophisticated pollution control equipment.
The industrial sector tends to be concerned that new
developments will be used against it-in identifying
new problems and in establishing more stringent ef
fluent standards that will require use of more expen
sive pollution control devices. It would be satisfying
to see a more progressive attitude on the part of in
dustry-a greater willingness to devote its resources
to long-term environmental research projects and to
undertake collaborative efforts with universities to
foster basic as well as applied environmental research.
With the decline of federal research expenditures this
need is as great in the environmental arena as it is in
other seienti fic technological areas.
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INTERNATIONAL

Canada officially registered deep
disappointment with the U.S. an
nouncement that efforts to combat
acid rain would be limited solely to
research for the foreseeable future.
In a diplomatic note delivered to
the Reagan administration, Can
ada asked the U.S. to explain how
it intends to meet its obligations to
Canada concerning transboundary
air pollution. Canada believes that

. "the decision ignores principles
contained in bilateral treaties di
rected at protecting the North
American environment," said Al
lan J. MacEachen, deputy prime
minister and secretary of state for
External Affairs. MacEachen not
ed that when President Reagan vis
ited Canada in 1981, he stated that

;both countries must cooperate to
control transboundary air pollu
tion.

WASHINGTON

Nuclear power in the U.S. is not
likely to be expanded in this cen

-tury beyond the reactors already
under construction unless major
changes are made in the technol
ogy, management, and levels of
public acceptance, the Office of
Technology Assessment (OTA)
said in a recent report. Too many
financial risks are now associated
with nuclear power plants because
of uncertainties in the growth in
demand for electricity, high capital
costs, operating problems, increas
ing regulatory requirements, and
public opposition. "Nuclear power
will not be a credible energy option
for this country" unless confidence
in it is restored, the report states.

In testimony before a Senate com
mittee, acid rain controls have been
endorsed by the American Public
Power Association (APPA), the
only national electric utility associ
ation in favor of immediate con
trols. However, the association be
lieves that emissions from all
mobile and stationary fossil fuel
sources-not just power plants-

CURRENTS

should be taxed to pay for the con
trols. "As suppliers of electric pow
er ... our members are willing to
pay their fair share," said Ruth
Gonze, who testified for APPA.
She urged Congress to adopt a fi
nancing program that would re
main in effect until emission reduc
tion goals are met. APPA
represents more than 1750 local
publicly owned electric utilities.

Florio: introduces Superfund bill

Persons harmed by exposure to tox
ic substances would be allowed to
recover medical and relocation ex
penses under a Superfund reauth
orization bill introduced by Rep.
James A. Florio (D-N.J.). The bill
would also make permanent the
$1.6-billion federal fund created by
the Superfund law and add $1.8
billion to the fund each year for the
first five years. It creates a new tax
on generated wastes and provides
federal funds to states for the long
term maintenance of Superfund
sites. The bill also contains a man
datory schedule for the cleanup of
Superfund sites.

Asbestos fibers in ambient air prob
ably cause some cancer deaths each
year, according to a recent study by
the National Academy of Sciences.
The study also suggests for the first
time that other asbestoslike fibers
such as certain forms of fiberglass
and mineral wools may also be car
cinogenic. However, the data on
the other fibers are too uncertain to
make a definite judgment. The re
port concludes that nine out of one
million people in the general popu
lation would die from a lifetime ex-

posure to the amount of asbestos
generally found in the ambient air.
It also states that the physical
properties of asbestos appear to be
related to adverse health effects
and that substances used as asbes
tos replacements may cause the
same problems.

Release of chlorofluorocarbons at
current rates could reduce stratos
pheric ozone by 2-4% by late in the
next century, according to a new
report from the National Research
Council of the National Academy
of Sciences. This estimate is lower
than previous estimates. In 1979
the council estimated an ozone re
duction of 15-18%. In 1982, the es
timate was 5-9%. The new esti
mate was derived from improved
mathematical models and recent
atmospheric research.

STATES

According to agency sources, EPA
Administrator William Ruckelshaus
is planning to apprOfe relaxations in
S02 control requirements in state
implementation plans (SIPs) for
several midwestern states. It is esti
mated that allowable S02 emis
sions will increase about 200000
tons as a result of this action. The
Clean Air Act requires the agency
to approve SIP revisions if they will
not result in violations of the na
tional ambient air quality stan
dards.

For the first time, a utility has fol
untarily decided to install a scrub
ber to reduce SOz emissions. Boston
Edison, one of the Northeast's larg
est electric utilities, will install a
scrubber on a plant it is converting
from oil to coal in New Boston,
Mass. Originally, Boston Edison
planned to convert two plants to
coal, increasing annual emissions
by 90000 tons. After the Boston
Globe published a study showing
that local sources cause 15% or
more of the acid rain problem in
Massassachusetts and that the coal
conversions would increase total
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storage data on 18,000 industrial and laboratory chemicals...

DANGEROUS
PROPERTIES
of INDUSTRIAL
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Sixth Edition
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to·date knowledge available on dangerous properties of industrial
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of information, but the number of entries providing clinical toxicological
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taken to give all vifal molecular weights and formulas and to avoid rep·
etition of entries created by synonyms.

Brand-new feature-vital data on exposure
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state S02 emissions 25-30%, Bos
ton Edison decided to convert only
one plant to coal and install a
scrubber on this plant.

The high rate of leukemia in Wo
burn, Mass., is related to the drink
ing water from two contaminated
wells, according to a study by the
Harvard School of Public Health.
The three scientists who coordinat
ed the study found positive associ
ations between the amount of water
consumed from the two wells and
the incidence of childhood leuke
mia, fetal and newborn deaths, and
various birth defects and illnesses.
The two wells contained trichlo
roethylene and other toxic wastes
and were shut down in 1979. They
were two of four wells that supplied
the town's drinking water.

New York State has announced new
restrictions on the land burial of
hazardous wastes that can be dis
posed of with some form of higher
technology currently available. The
regulations will apply not only to
major commercial hazardous waste
facilities but also to industries that
dispose of their own wastes. Cur
rent higher technologies for waste
disposal include liquid injection in
cineration, rotary kilns, molten salt
thermal treatment, plasma arc re
actors, and thermal treatment us
ing supercritical water. Additional
ly, after March 1985, restrictions
will be applied to waste streams
containing halogenated, nitrogen
ated, and aromatic organic chemi
cals and certain other organic
chemicals subject to federal toxic
waste regulations.

The University of Alabama has
formed a new research institute to
study environmental issues related
to hazardous and nonhazardous
waste disposal. The institute con
sists of professors at major univer
sities who are experts in geology,
toxicology, chemistry, socioeco
nomics, and engineering. They will
study the technical, social, and eco
nomic issues related to safe waste
management and make the find
ings available to Congress, state
legislatures, government agencies,
and the public. They expect to de
velop a strategy for the manage
ment of spent solvents and solvent
contaminated wastes by January
1985. The group is supported by
the university and a $390,000 grant
from Waste Management, Inc. of
Oak Brook, Ill.
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AWARDS

Benedek: AIChE award winner

The Larry K. Cecil Environmental
Division Award of the American
Institute of Chemical Engineers
(AIChE) has been awarded to An
drew Benedek of Zenon Environ
mental Inc. (Burlington, Ontario,
Canada). The award, which recog
nizes engineering contributions to
ward preservation or improvement
of the natural environment, was
given to Benedek for "contributions
in developing improved analytical
methods and novel water and
wastewater treatment processes."

SC'lE~CE

Can fates of polynuclear aromatic
hydrocarbons (PAHs) be predicted
by mechanistic simulation models
based on easily measured proper
ties of homologous compounds?
Several fates have been examined.
Photolytic degradation seems to be
the most important pathway, both
experimentally and in simulations.
On the other hand, the octanol-wa
ter partition coefficient is not "a
good predictor of the behavior of
PAHs in aquatic organisms," say
John Giesy and his associates at
Michigan State University. Their
research was carried out for EPA's
Environmental Research Laborato
ry (Athens, Ga.). They also note
that PAH laboratory toxicity stud
ies must be conducted under uni
form lighting conditions if study re
sults are to be realistic repre
sentations of field conditions.

Changes in how the toxicity of com
plex chemical mixtures is assessed
may be in order, suggests Chris
Reilly of Argonne National Labo
ratory (ANL, Argonne, 111.). Reilly
described experiments at ANL in
which mice painted with a tar by
product of coal gasification devel
oped fewer cancers than mice
painted with individual components
of the tar. The separated chemicals
were applied in concentrations
identical to those in which they oc-

cur in the tar. "Apparently, the
chemicals interacted so that the
mixture was less toxic than the
components," Reilly said. He noted
that conventionally mixture toxici
ties are estimated by adding indi
vidual toxicities of the component
chemicals.

Science-related issues concerning
groundwater, geared to general
public understanding, are set forth
in "The Ground Water Informa
tion Pamphlet." The pamphlet was
written under the auspices of the
American Chemical Society's
Committee on Environmental Im
provement. It presents fundamen
tal concepts concerning the chemis
try of groundwater and helps the
citizen begin to evaluate informa
tion about groundwater problems
and to gauge implications of plans
of action. Single copies are avail
able from Jean Parr, Dept. of Pub
lic Affairs, American Chemical So
ciety, 1155 16th St., N.W.,
Washington, D.C. 20036; 202-872
8725.

The ongoing debate about relation
ships between structure activity and
toxicity of organic chemicals will
continue at a conference on "Struc
ture-Activity Relationships (SAR)
and Toxicity Assessment," to be
held at the National Bureau of
Standards (Gaithersburg, Md.),
June 6-8. The latest science, tech
nology, and policy aspects will be
discussed by leading U.S. and Eu
ropean authorities, who will consid
er SAR capabilities, limitations,
benefits, and problems. For more
information, contact T. L. Nally,
Federal Regulatory Programs,
ACS Dept. of Public Affairs, 1155
16th St., N.W., Washington, D.C.
20036; 202-872-8724.

Polychlorinated biphenyl (PCB) de
struction up to 99.9999% is made
possible by the advanced electric
reactor (A ER) according to its de
veloper, J. M. Huber Corporation
(Borger, Tex.). A destruction and
removal efficiency of 99.999998%
is claimed, along with no observa
tion of hydrogen chloride, chlorine,
volatile chlorinated hydrocarbons,
dioxins, or furans at the stack, and
"trace amounts" of particulate
matter and oxides of nitrogen. The
AER, which operates at tempera
tures of 4000-5000 0 F, has a very
low gas phase now rate (about
500 scfm in a l50-t/d commercial
scale plant), with an absence of



oxygen in the process gases. The
AER can process contaminated
soils as well as gases and liquids,
according to Huber.

Pollution control technology re
search and development may not be
getting the attention they deserve,
despite "revitalization of many pro
grams in EPA since William Ruck
elshaus took over," according to a
resolution prepared by the Environ
mental Engineering Committee of
EPA's Science Advisory Board.
The resolution calls for EPA to ex
ert more effort in this direction.
The main thrusts of the effort
would be to assess controltechnol
ogy improvements necessary to
achieve environmental goals; to
evaluate new and improved tech
nologies continually; and to encour
age EPA-private sector co-funding
of projects to develop and demon
strate improved control technol
ogies.

Liming an acidified lake

Spreading limestone powder in
lakes made acid by acid precipita
tion can be done more efficiently
with a method developed by Ideme
kaniska System AB (Hudiksvall,
Sweden). The company says that
six metric tons of lime can be
spread in 15 min. The acid lake wa
ter is pumped into a boat where it
is mixed with dry lime and then
ejected in the form of a slurry over
the lake's surface. The boat's de
sign-its minimum draft is
0.5 m-allows it to be used even in
very shallow waters. It weighs
2.5 tons and can travel at 7 knots.
Sweden is presently wrestling with
the problem of extensive acid pre
cipitation and acidified lakes.

Suppression of toxic and respirable
dusts that previously evaded control
may now be possible. These include
dusts containing such substances as
lead and zinc oxides, coal, quartz,
arsenic, pesticides, very fine lime
stone, and pharmaceuticals. Sonic

Development Corporation (SOC,
Mahwah, N.J.) says that it has
achieved up to 90% control by first
fogging a dust-generating area with
micrometer-sized water droplets
that are electrostatically charged.
Their charge is opposite to that of
the dust particles so they attract
the dust and "knock it down, in
place," explains Wayne Hartshorn
of SOC. The firm reports suppres
sion of coal dust up to 90%, lead
oxide, about 80%; and fine lime
stone, 70%.

A method for removing trihalometh
anes (fHMs) from drinking water
involves the use of ozone in chlorin
ated water, says the engineering
firm of Briley, Wild & Associates,
Inc. (BWA, Ormond Beach, Fla.).
It is believed that THMs are
formed by reactions of chlorine
with humic and fulvic substances in
raw water. BWA researchers say
that the ozone removes those parts
of the organic molecules which
react with chlorine to form THMs.
They maintain that the ozone
chlorine treatment brings THMs
"far below the federal standard of
100 parts per billion." BWA devel
oped the ozone process for the city
of Belle Glade, Fla., which takes its
water from Lake Okeechobee, a
source heavily laden with humic
and fulvic substances.

BUSINESS

Ocean thermal energy conversion
(OTEC) plants of 100+ MWe are
probably not on the horizon because
of high costs and uncertainties con
cerning their economic viability.
This view has been expressed de
spite the fact that the federal gov
ernment has spent more than $200
million on OTEC over the past 10
years. Up to now, test plants of up
to 100 kW have been operated, and
those for no more than several
months. OTEC could prove attrac
tive in the 1-10-MWe range on
tropical islands where comparative
energy costs (oil, coal, or the like)
would be very high, or where power
and fresh water production may be
combined. Aside from the U.S.,
only Japan has invested substan
tially in OTEC development.

An EPA contract to provide labora
tory analysis of organically con
taminated soil with "sophisticated
analytical instrumentation" was
awarded to Environmental Re
search Group, Inc. (ERG, Ann Ar-

bor, Mich.). The IS-month,
$550,000 contract calls for the use
of gas chromatography with and
without mass spectrometry and for
use of reporting systems "exhibit
ing the factors EPA considers im
portant criteria for choosing a reli
able analytical laboratory." One of
the principal areas of the contract
will be the analysis of Superfund
samples according to EPA-ap
proved methods. Priority pollutants
and other hazardous compounds
would be detected to ppb levels.

"Nuclear power is today undergoing
a major expansion in the U.S., and
the recent wave of bad news about
a handful of nuclear power plants
under construction should not ob
scure this fact," says Carl Walske,
president of the Atomic Industrial
Forum (Bethesda, Md.). Walske
predicted that by the end of this
decade, "approximately one-fifth
of our electricity will come from
the atom, and it is likely that new
nuclear power plants will be or
dered."

The Zone I Emergency Response
Cleanup Services (ERCS) contract
was awarded to O.H. Materials
(OHM, Findlay, Ohio). EPA
awarded the one-year contract, val
ued at $66.5 million, for the period
Feb. I, 1984-Jan. 31, 1985. Zone 1
encompasses EPA Regions 1,2,
and 3. The contract involves emer
gency removals and remedial ac
tions concerning hazardous and
toxic materials under the Super
fund law. In addition, OHM will be
a first-tier subcontractor for ERCS
Zone III, which encompasses EPA
Region 5. The company plans to lo
cate "response centers" in Spring
field, Mass., and Richmond, Va.

"We are ahead of schedule in devel
opment of renewable and alternative
energy sources," says G. J. Bjork
lund, vice-president of system de
velopment for Southern California
Edison (SCE, Rosemead). Detail
ing SCE's work in new technol
ogies, Bjorklund cited wind, solar,
biomass, and cogeneration develop
ments by independent power pro
ducers as pacesetters in the shift to
renewables. Other promising steps
he named involve efforts toward
commercial development of geo
thermal energy and fuel cells. SCE
is committed to encouraging devel
opment of more than 2190 MW of
electric generation from renewable
and alternative sources by 1993.

~-' ..... ~' r'fl '-I .,:-j" If; f ,".'ll"'l'"il"'\{i\"''''' . "- , r" ;~,\ 1

Environ. Sci. Technol., Vol. 18, No.4. 1984 107A



Groundwater contaminant
transport modeling

Its theory and the role it plays in
evaluating, containing, and remedying

contamination are discussed

George F. Pinder
Department of Civil Engineering

Princeton University
Princeton, N.J. 08544

The last decade has seen an ex
traordinary growth in the develop
ment and use of groundwater trans-

port modeling. Whereas models in the
I960s were devoted almost exclusive
ly to problems associated with
groundwater supply, current model
ing efforts are very often motivated by
a desire to simulate subsurface conta
minant mov~ment. Moreover, ad
vanced computer technology has
helped the groundwater model evolve

from a scientific curiosity to an im
portant and widely used engineering
tool.

Groundwater now

Because groundwater contaminant
transport is neither readily observed
nor easily measured, the lay public
views it as something approaching the

FIGURE 1

The saturated and unsaturated zones'

. .. and how it moves in the presence of a vertical
flow component (Llh "" h2-h,)

How groundwater moves in these zones ...

·Oegree of waler saturation is indicated by density of shading.

l- _+_ X,
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FIGURE 2

Species transport
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(0) Adsorption is added to convection
and dispersion; the front is retarded
and dispersion is less effective
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(b) Same as (a). but with dispersion
added: note changes In lhe fronl

(a)

X,
(8) Convection of a fluid with aconstant
concentration source of CO; front moves
a distance Xj - v/ t where t Is elapsed
time

Convection
only
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Solving Equation 4 requires the ad
ditional specification of boundary
conditions expressed in terms of the
dependent variable h. This informa
tion, along with the parameters Kij
and cP, is obtained from field investi
gations. Once h is obtained through
the solution of Equation 4 for the en
tire region of interest, one can readily

(4)

(3)

a~i (K ij ;:J = 0,
i = 1,2,3

ance relationship expressed by Equa
tions I and 2, a complete mathemat
ical description of groundwater now
requires a mass conservation princi
ple. For the case of saturated ground
water of density p, mass conservation
is given by:

a aat (cjJp) + aXj (cjJViP) = 0,

i = 1,2,3

where t is time. Although the first
term in Equation 3 could be impor
tant for problems of water supply in
which reservoir storage effects can be
significant, this term can be safely
neglected for most problems involving
contaminant transport. The reason
for this is the dramatic difference be-
tween the rate of propagation of a
pressure front, which is described by
the first term in Equation 3 and ex
pressed in terms of ftls, and the nuid
velocity which is on the order of ft/d.
Neglecting this term and combining
Equations 1-3, we obtain the classical
equation of groundwater now:

V3 = - K33~ '" _ K33~ (2)
cjJ aX3 cjJ tlx3

In addition to the momentum bal-

space. Combining these terms, we ob
tain a relationship describing now in
the areal plane, or Darcy's law

v', = - !S.i. ah i J' = I 2 (1)
cjJ ax/' ,

where (XI, Xl, X3) are principal axes
and ahlaxj can be thought of as the
slope of the water table in the horizon
tal Xi directions. Summation is as
sumed over repeated subscripts.

Although the concept of horizontal
groundwater now is easily understood
when the water table is viewed as a
potential surface, the vertical now
component requires additional expla
nation. The vertical groundwater now
velocity is also proportional to the nu
id potential gradient. In fact, Equa
tion I holds in this case as well; one
simply allows the indexes i and j to
range over the interval 1-3.

Now, however, one must discard
the water table concept and think of h
as the hydraulic head. The hydraulic
head is readily measured as the eleva
tion of the nuid level in a well which
admits groundwater only over a small
vertical increment. This is illustrated
in Figure I. Thus, the vertical gradi
ent is established in the field by locat
ing two such wells very near to each
other in such a manner that they have
access to the groundwater reservoir at
two different vertical increments sep
arated by a distance ll.x3. One then
observes the change in hydraulic head
ll.h over this interval, i.e.,

metaphysical. Yet, bccause of the
enormous impact this phenomenon
has on the long-term viability of po
table water supplies, contaminant
transport is of tremendous scientific
and practical importance.

Groundwater can be regarded as
water occupying subterranean inter
granular void spaces. Ncar the land
surface, this water normally shares
the available void space with air; this
region is called the unsaturated zone
(Figure I). With depth, the propor
tion of water to air increases until the
pore space is entirely saturated with
water. While the water pressure in the
unsaturated zone is normally less
than atmospheric, in the saturated
zone, it is generally greater than at
mospheric. The level that represents
the depth at which atmospheric pres
sure is encountered is designated as
the water table, as shown in Figure I.

The elevation (h) of the water table
is, in a sense, a measure of the nuid
potential, and is represented by the
height to which water will rise in a
well that penetrates the saturated
zone. Because groundwater velocity
in that zone is proportional to the nuid
potential gradient, the direction of the
maximum slope of the water table
generally coincides with the direction
of the horizontal component of
groundwater now.

The proportionality constant in this
relationship is the ratio of the hydrau
lic conductivity of the groundwater
reservoir to its porosity. The hydrau
lic conductivity (Kij) is a measure of
the friction losses incurred by ground
water in transit, while the porosity (eM
is a measure of the intergranular void
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FIGURE 3
Defining discrete elements

Domain
boundary

Discrete-element
boundary

lJ-\,.----..--1I--+--1~_r:_..-- Finite-difference
node

Finite-difference net

AF===--_ ./ Domain
./ boundary

Discrete-element
boundary
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point

------Collocation node

Collocation finite-element net

Finite
element

Triangular finite-element net

/' Domain
/' boundary

Discrete-element
boundary

- Boundary
element node

Boundary element
segment

Boundary element net

Note: Each node represenl~ one equation per independent vari~ble. except in the case 01 collocation, in which each collocation point
represents one equaliOn. The boundary element, collocation, and linite·element methods offer flexibility in geometric representation.

return to Equation I or 2 to retrieve
the fluid velocity.

Solute transport

Although knowledge of the average
velocity of fluids through pores Vi is
necessary for the description of conta
minant movement, it is not sufficient.
The average pore velocity Vj does not
account for the small-scale, rather
tortuous pore-level behavior of the
fluids. This highly complicated pore
level fluid flow pattern is important in
contaminant transport because it
tends to spread the solute in the fluid
while the solute is being convected
through the porous medium.

The mass flux Jai is, therefore, giv
en in terms of the mass concentration
of a species a per unit volume of the
fluid phase, ca , as

J . = vc - 0 ~ c (5)
at I a IJ OX

j
a

where Ojj is the dispersion coefficient
and the gradient of the fluid density is
assumed to be small. The first term on
the right side of Equation 5 describes
the convection of species a, and the
second defines the dispersion. Molec-
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uJar diffusion is incorporated into the
functional form of Oij.

The conservation of mass for spe
cies a is given as:

where fa is the transfer of species from
the liquid to the solid phase. An equa
tion analogous to Equation 6 can also
be written for the solid phase, that is,
the soil grains and rock matrix; by
expressing the concentration of spe
cies on the solid phase as c~,: we ob
tain

because the grains are assumed to
have negligible velocity. Equation 7 is
normally combined with an empirical
relation known as the linear adsorp
tion isotherm

c~ = PsKDaca (8)

where Ps is the density of the solid
phase, and KDa is the distribution

coefficient, which describes the ad
sorption of species on the solid phase.
The commonly used transport equa
tion is the combination of Equations
5-8:
aat [cf>c" + (I - cf» PsKD"c,,)

a+ a- (cf>VjC,,)
Xi

- ~ (cf>Oij ac,,) = 0 (9)
aXi aXj

The three phenomena, convection,
dispersion, and retardation, are illus
trated schematically in Figure 2.

Although Equation 9 describes spe
cies transport in many commonly en
countered groundwater systems, it
specifically omits radioactive decay
and kinetic chemical reactions. These
topics are beyond the scope of this
presentation; however, they are dis
cussed in Huyakorn and Pinder, 1983.
As in the case of Equation 4, describ
ing fluid flow, the species transport
equation (Equation 9) also requires
additional information-in this case,
initial and boundary conditions and
parametric data. Equations I, 2, 4,
and 9 constitute the mathematical
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FIGURE 5
Groundwater transport model
formulation and utilization

Wang and Anderson, 19X3; Remson
et al.. 1971).

The method of characteristics is
quite different from the preceding
three because it does not rely on the
same mathematical underpinnings. It
is attractive because of its conceptual
simplicity and because it requires lil
tic mathematical sophistication to un
derstand. program. and apply in the
field. Because of the lack of math
ematical rigor associated with this
scheme, care must be exercised to
avoid misuse and abuse of this method
in practical applications.

The boundary element method re
lics on a reduction in dimensionality
to enhance efficiency. In essence, it
reduces a three-dimensional problem
to two dimensions and a two-dimen-

foundation of lh~ ~tlJllaminant trans
port mod~1. 1\011". I hc mel hodology
available to solvc these ~quations can
be considered.

Numerical simulation

Thc malhcmatical model com
posed of Equations 1.2.4. and 9 can
generally be solved only by means of a
numerical approach. The common
characteristic of all numcrical ap
proachcs is thcir transformation of a
Sel of partial dilTerential equations
into a set of discrele cqual ions. These.
in turn, are typically expressed in
terms of matrix equations thaI. for
problems of practical significance.
must be solved with a digital comput
er. The discrete equations arc assoei
ated with a subdivision of a region of
interest, usually a speeified segment
of the groundwater reservoir. into
smaller regions often called i'1i'1IIi'lIIs.

Several typical methods of defining
discrete elements are illuslrated in
Figure 3, along with the associated
numerical procedure.

The numerical Solulion procedure
can be carried oul with two distinct
steps. first. the governing cquations,
along with lhe appropriate initial and
boundary conditions. are approximat
ed through a suitable numerical
schemc. Common numerical ap
proaches include lhe finite difference.
finite element. and collocation meth
ods, as well as the method of charac
teristics. In addition. the boundary
element method, a relatively new ap
proach. offers significant computa
tional advantages for certain types of
problems.

Of thesc. thc finite-difference ap
proach and its close relative. the inte
grated finite-difrcrence method. arc
the most intuitively simple and eom
pUlationally straightforward methods
in general usc. The finite-element
method allows a more nexible subdi
vision of the region. The element ge
ometry in two dimensions, for ex
ample. can be triangular. as well as
rectangular: onc method even permits
the use of quadrilaterals with curved
sides.

The collocation approach, like the
finite-element method, is based on the
method of weighted .residuals. It dif
fers from the finite-clement method
in important. but rather subtle ways,
which this prescntation is too brief to
describe. Additional insight into all
three met hodologies can be found in
Lapidus and Pinder, 19X2. and Botha
and Pinder, 19X3. as well as in other,
more comprehensive volumes dedi
catcd to individual techniques (see.
for example. Pinder and Gray. 1977;
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"The transport simulator plays a central role.

FIGURE 4

Field investigation of
groundwater contamination'
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sional problem to one dimension. It is
suited primarily to steady-state prob
Icms wherein field parameters can bc
assumcd to be constant over large rc- ,
gions. An excellent description of the ','"
application of this method to ground
water now is found in Liggctt and
Liu, 1983.

The second step in numerical simu
lation is the solution of the resulting
algebraic equations. The efficacy of
the simulator will often hinge on the
efficiency of the cquation-solving al
gorithm. Because the matrix struc
ture of these equations depends on the
approximation method, and the solu
tion strategy, in turn, depends on the
matrix structure, the methods of ap
proximation and solution arc very
closely tied to one another. The alter
nating-dircction methods, for exam
ple, employ approximation proce
dures that allow thc ovcrall algcbraic
problem to be subdivided into smaller
problems with a concomitant en
hancement in computational effi
ciency.

The combination of the governing
equations, approximation procedure,
and algebraic equation solver consti
tutes the mathematical apparatus of
the groundwater simulator. To this
point, the simulation is not problem
specific, but rather is applicable to
any field situation in which the basic
porous-medium physics are described
by the proposed governing equations.
The task remains to provide the prob
lem-specific initial and boundary con
ditions and paramctric information
required to complete the mathemat
icalmodel.

Transport modeling
Transport modeling can be thought

ofas the practical use of the foregoing
mathematical apparatus in the field.
It should forman integral partofmost
groundwater contamination investi
gations and analyses. As the quantita
tive vehicle for making contaminant
behavior forecasts, it has found appli
cation in evaluating the effectiveness
of proposed remcdial schemes. In liti
gation, contaminant transport models
have also been used to demonstrate
the history of human ingcstion of
groundwater contaminants that have
becn observed recently in active wells.

The role of the transport model in a
typical field investigation and the as
sociated analysis is outlined in the
now chart of Figure 4. Although re
cent legislation has encouraged pre
cautionary ficld investigations, the
discovery of groundwater contamina
tion has more often been acciden ta I.

Once the problem is recognized,
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FIGURE 6

Investigating contamination at Price's Landfill



· .. and the propagation of the conlllminant plume over 5 and 10 y can
be defined from the hydrodynamic flow pattern . ..

d

· .. a8 well aathe retraction of the contaminant plume after 5, 10, and 25 y
of pumping and reln/ectlon

While the general concept of a field
investigation preceding model devel
opment and mitigative design is a de
sirable course of action, it is occasion
ally necessary to go through the data
collection loop again after model de
velopmcnt has bccn initiatcd. The
pri nci pa I reasons arc:

• a recognition, via thc modcl, that
important data gaps cxist;

• a discovery thal a rcmcdial dc
sign requires behavior forccasting bc
yond the original model boundaries;

• the demands of the designer of
the remcdial scheme, or the onset of
litigation, which require a more de
tailed simulation in a rcgion wherc
relatively sparsc data were considered
adequate for the proposcd usc of the
original model: and

• thc dclibcrate design of thc data
collection program to procecd in par
allel with the modcl developmcnt such
that thc modcl rcsults would provide
guidancc in thc optimal allocation of
limited financial rcsourccs.

Legend
• Pubhc supply wells

• ~e~ ~:r~~~~I~~ ~~~~~onmenlal
Protection mOnllonng wells

o Wells recently Installed lor the AllanllC
City (N.J.) MunicIpal Utrhlies Aulhonly

data arc collected (Figure 4. boxes 1
4). However. the data acquired arc
often subject to equivocal interpreta
tions, and additional field investiga
tions (box 5) may be nceded.

After any such investigations.
when the physical system. including
the hydrodynamics. is properly un
derstood, thc transport modeling
phase is normally begun (box 6). Oc
casionally, modeling is initiated earli
er, and preliminary results arc used to
enhance the data collection program.

Remedial dcsign activitics start
after completion of the transport
model (box 7). The model is used to
test various remcdial strategics pro-

e

7 Wells recently Installed lor the Atlanllc
CIty (N.J) MUnicipal UlIhtles Authority
Observation wells

• Supply wells
• Contammated water withdrawal wells
') Remj8ChOn wells
Aher Gray and Holfman. 1983

posed by the expericnced hydrologist
(box 8). On the basis of modeling
forecasts, various mitigative strate
gies are evaluated and ranked accord
ing to technical merit (box 9).

After the examination of all rea
sonable alternatives. a remedial
scheme is selected. based on techni·
cal. sociopolitical. and economic cri
teria (box 10). Bccause many, if not
most rcmcdial designs require the usc
of relatively new technology in a lit
tle-understood environment, a com
prehensive monitoring program is
considered an integral part of the
overall investigative and remedial
program (box II).

Modeling strategy
The design and implementation of

a transport modeling strategy can
also be presented by using the now
chart concept. Once the decision to
construct a simulator is made, the
first task is to establish the scope of
the problem (Figure 5, box I). This is
very important, because the geomet
ric size, mathematical sophistication,
and degree of detail of the model will
determine how it is to be used.

With the problem clearly delineat
ed, the next step is to usc the available
geological and hydrological informa
tion to conceptualize the physical sys
tem (box 2). At this point. the geolo
gist. hydrologist, and mathematical
modcler must work together closely to
avoid any basic misintcrpretation
which could be inadvertently carried
through the analysis. The conccptual
model of the system is now translated
into physical-mathematical state
ments such as Equations 1,2.4, and 9,
on which arc imposed initial and
boundary conditions (box 3). These
equations arc approximated with the
aid of one of the numerical schemes
outlined above, and the resulting set
of algebraic equations is solved (box
4) with the digital computer. The so
lutions obtained through different
parametric input. such as hydraulic
conductivity. arc now compared with
field observations (box 5).

If the match is "satisfactory." the
model is ready for behavior forecast
ing. A poor match requires the usc of
different parameters. boundary con
ditions, or. in the worst case. a com-
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plete reevaluation of the conceptual
model of the system (box 6).

"Satisfactory" means different
things to different people, so it is im
portant to keep in mind the problem
definition in box I in order to establish
an acceptable calibration level. The
model, once calibrated, can be used to
predict contaminant movement under
various new hydrodynamic conditions
(boxes 7 and 8). Typical new hydro
dynamic conditions would consist of
scavenger and injection wells, drains,
walls of low hydraulic conductivity,
and impermeable caps.

Field application

Price's Landfill is located in Pleas
antville, N.J. After use as a sand and
gravel pit from 1960 to 1968, it was
converted to a landfill and subse
quently received various forms of
sanitary and industrial wastes until
1972. The landfill, which extends to
within 2 ft of the water table, is under
lain by a sand aquifer approximately
80 ft thick. A clay unit separates this
aquifer from a lower unit; both the
upper and lower aquifers are used for
water supply. Unfortunately, the
landfill is located approximately
3500 ft upgradient of several public
supply wells for Atlantic City. The
wells with prefix "AC" in Figure 6 are
public supply wells drawing water
from the upper aquifer.

The discovcry of organic contamin
ants in many of the monitoring wells
shown in Figure 6a gave rise to litiga
tion and a concomitant nurry of geo
hydrological studies. As part of the
ensuing investigations, several nu
merical simulators were developed.
The modeling effort by Gray and
Hoffman, 1983, provides an interest
ing example of the application of
transport simulation and will be con
sidered in light of Figure 5.

The problem at the site of Price's
Landfill was to establish the current
extent of contamination; to forecast
the behavior of the plume, particular
ly its impact on the Atlantic City
wells; and to evaluate the effective
ness of proposed remedial schemes.
The plume is defined here as the
groundwater domain containing non
reacting, nonsorbing solutes emanat
ing from the landfill.

Since at the time of the study, no
chemical contamination had been
found in the lower aquifer, the upper
or Cohansey aquifer was of principal
concern. Beca use of the geohyd rologi
cal aspects of the Cohansey aquifer, a
vertically integrated two-dimensional
model was selected. Later models of
the site employed a three-dimensional
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formulation to examine migration
through the elay.

The boundary conditions imposed
on the governing Equations I, 2, 4,
and 9 can be discussed more easily
with the aid of Figure 6b. This figure
illustrates the model domain, which
has been subdivided through the use
of triangular finite elements. The
northern and northeastern borders of
the model coincide with the surface
water bodies, namely Jarret's Run,
Absecon Creek, and Conovers Run
(see Figure 6a for locations). Water
levels corresponding to the cleva tions
of their surfaces were specified in the
model as constant-head boundary
conditions. The southern boundary is
collinear with a now line; thus, a con
dition of no now into the model was
specified. The western boundary was
sufficiently remote from the existing
and proposed pumping wells that a
specified water level would not innu
ence the drawdown forecasts.

The finite-element method was
used to solve the governing equations,
and the solutions for the water levels
were compared against field observa
tions. The water level solution consid
ered to be an acceptable match is il
lustrated in Figure 6c. The water level
contours indicate a regional now to
the east. In the neighborhood of large
pumping centers, a distinct cone of
depression (lowering of the water ta
ble in the vicinity of a pumping well)
is observed.

The water level solution of Figure
6c is used to generate a groundwater
velocity distribution which, in turn, is
employed in the solution of contamin
ant transport equations. The bound
ary conditions selected for the trans
port eq ua tion are a speci fied con
centration along the eastern edge of
the landfill site and zero concentra
tion along the model perimeter. The
calculated time evolution of the con
taminant plume geometry, as defined
by a conservative chemical species, is
presented in Figure 6d. The contour
that defines the perimeter of the
plumeat each time interval represents
5% of the source concentration.

Remedial strategies

The model was subsequently used
to examine remedial strategies. One
such strategy assumed that the Atlan
tic City wells would cease pumping in
the upper aquifer, but that three addi
tional scavenger wells would be in
stalled. These wells arc indicated by
the black dots in Figure 6c, Each
pumped well produces 10 million
gal/mo, of which 8 million gal/mo
are reinjected, after treatment, at the

wells identified by the cireles in Fig
ure 6e.

The dynamics of the plume are also
illustrated in Figure 6e, Since the
plume shrinks in response to this re
medial scheme, it is apparent that the
approach is a technically effective
strategy. On the basis of field exper
ience and principles delineated above,
it is proposed that modeling should
form an integral and important ele
ment of any and all groundwater con
tamination investigations.
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Assessing health effects
of air pollution

The role ofcontrolled studies of
human volunteers is examined

What are controlled human studies?

Human exposure studies require
contributions from the disciplines of
atmospheric chemistry, environmen
tal engineering, physiology, and clini
cal medicine. Scientific investigators
must create within the laboratory a
polluted air environment that is a rea
sonably realistic model of the polluted
ambient environment of concern.
They must then recruit volunteer sub
jects who are representative of the
population at risk in the community.
The subjects must be exposed to labo
ratory polluted air under conditions
that arc well controlled, well docu
mented, and similar to ambient expo
sure conditions insofar as possible. Fi
nally, the investigators must employ
the most sensitive biomedical tests
available to detect subjects' re
sponses, if any, to the pollutant dose.

I\s in most medical experiments,
subjects' responses to "treatment"
must be compared against a control or
placebo. Subjects should bc "blind"
to the difference between the actual
exposure and control conditions, as
should the cxperimenters who are ac
tually mcasuring the results. Other
wise, the expectations of the people
involved, or experimental stresses
other than the pollutant itself. may
provoke responses that could be mis
taken for adverse effects of the pollu-

complementary relationship of con
trolled human studies to two other
risk-assessment disciplines: animal
toxicology and epidemiology. Em
phasis is placed upon respiratory irri
tants common in ambient air, speciri
cally photochemical oxidants and
sulfur oxides. A number of other pol
lutants found in community or occu
pational environments also may be
studied through human exposures, as
indicated in Table I.

/,
~'fr

dards especially, much of the neces
sary information is obtained by ob
serving the responses of human
volunteers who have been exposed de
liberately to pollutants under con
trolled laboratory conditions. Despite
its importance in the regulatory pro
cess, the field of controlled human
studies remains unfamiliar to many in
the environmental protection and
health professions.

This article describes some current
problems in assessing health risks
from polluted air, the capabilities and
limitations of controlled human stud
ies in solving these problems, and the

.' t• , t-
~,.,t+~ .,.-: '_,'f..1 . L •.__ '---
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Jack D. Hackney
William S. Linn
Edward L. Ami

Environmell/al Health Service
Rancho Los AmigrH Hospital

School of Medicine
University ofSOllthern California

Downey, Calif 90242

To set air quality standards ade
quate to protect public health, regula
tory agencies need extensive, reliable
scientific data on the health effects of
air pollutants. For short-term stan-
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Little effect near 75 p.g(m3, 2-h exposure with light exercise (48)

0radualIy developing (30-60 min) respiratory Irritation above 0.3
ppm wllh light exercise, below 0.2 ppm wllh heavy exercise (3,
7-13)

RajiIdly developing «5 min) airway constriction and symptoms In
asthmatics below 0.5 ppm with heavy exercise (31-37)

'Reduced oxygenatiOn of body Ilssues due to formatiOn of
CO-I1elnll9IobIn. re!luCed exercise tolerance and mental
performance, lowest effective dose controversial (45)

Little effect below 1 ppm, except possible Increase in some
asthmatlcs' response to alrway-constrlctlng drugs (46)

Little effect _ 0.2 ppm. Itl brief exposure with heavy exercise or
40h exposure with light exercise (14, 15)

little effect _ 100 p,gfm3, except possible Increase In rate of
particle clearance from airways (47)

little effect near 200 p,gfm3. 2-h exposure with light exercise (4~

0.2-o.~ JlPlI1 (1 h) In. some
LWban ar88&; above 1 JIpm
_,some smellllrs

~ ppm (1 h) Iii lOs AnQeIee

0.3 ppm (1 h) Itt Los MgeIes

0.3 ppm (1 h) In l.c:is AnQllIes

c

None <0.1 ppm (,1 h) In Los
Angelesll .

<50 P,9fm3 (2 h) In Los
Angelesd

<100 P,9/m3 (2 h) In Los
Angeles d

<25' p.glrrf' (2 h) In tos
Angeles il

• Short-term prlmaryJhea"ltn.basecn National Ambient Air QuelIIy Stend8nl. averaging time in parentheses.
b concentrationS likely in I1'IOder8teIy severe pollutloll epIsocIes. ''Wmt_'' concentratlons may be somewhat hlgI)er.
• NAA'OS for totals~ partlcufate matter is 280 p.glms (24 hI. No standards lor separate cornpQIl8l1IS.
II Few ambient monitor\ng data available. .

-~",'---

tant exposure. Purified air with no
added pollutants usually serves as the
control atmosphere.

In some cases, it is impossible to
blind subjects or staff members to the
atmospheric conditions-for exam
ple, when the experimental pollutant
has a distinctive odor at the test con
centrations. Dose-responsc studies, in
which subjects are exposed to more
than one concentration of the experi
mental pollutant, hclp to ovcrcome
this problem. If an observed physio
logical effect increascs in magnitude
consistently with increascs in pollu
tant dose, this supports the possibility
of a direct causal association and op
poses the possibility of a nonspecific,
psychologically induccd response.

Because physiological and clinical
responses vary with the subjects and
often with the measurement tech
nique itself, statistical tests must be
applied to dctermine whether differ
ences between control and exposure
conditions are meaningful. Statisti
cally significant changes with expo
sure may not always have medical sig
nificance or imply risk to public
health. They may represent an appro
priate homeostatic response to an en
tirely tolerable stress, or may renect a
minor annoyance rather than a mean
ingful threat to health.

Conversely, failure to find statisti
cally signi ficant changes does not nec
essarily rule out risk to health. Nega
tive results may be misleading if the

experimental subjects or tests are not
maximally sensitive or if the subject
population is too small to allow statis
tical analyses to be meaningful. To
overcome these problems, investiga
tors often combine very sensitive sub
jects (such as people with preexisting
respiratory disease), with very sensi
tive test procedures, and very severe
pollution (such as concentrations at
tained in ambient air only rarely in
the most polluted cities). Even with
this worst-case experimental condi
tion, however, negative results are not
entirely definitive, since more sensi
tive tests or more sensitive people
might be discovered later. Such an
occurrence is discussed in the section
on sulfur oxides.

Capabilities and limitations

Human exposure studies are usual
ly empirical and descriptive in nature.
They ask the questions: "Is there an
effeet from exposure to substance
X'?" "What sort of people are affect
ed'?" "How severe is the effect at a
given exposure concentration')"
"How long does it last')" Except in
very limited contexts, not much is un
derstood about the mechanisms of re
action between pollutant substances
and the human body in terms of
chemistry, pharmacology, or physiol
ogy. Broad unifying principles to pre
dict effects of pollutant exposure are
not generally available. In most cases,
the only practical way to evaluate a

suspected health hazard is to obtain
specifically relevant experimental
evidence.

Most human studies are intended
to support air ljuality regulatory ef
forts directly. They are often funded
either by regulatory agencies or by
industries subject to regulation. Their
results must be crcdible enough to
withstand the intense seientific peer
review and legal scrutiny that is con
ducted by all interested groups affect
ed by regulatory decisions.

Reljuirements for credibility can be
stated in tcrms of "three R's": scienti
fic rigor or control of experimental
variables, relel'ance to people's actual
exposures and biological responses.
and redundal/cy, that is, independent
replication of experimental results (I,
2). Toxicologic studies of laboratory
animals can be well-controlled and in
dependent Iy repl ica ted. However,
their relevancc to human health de
pends on how well the animal model
represents human characteristics.
The appropriateness of a particular
animal model. either for normal hu
man functioning or for a human dis
ease process, orten is in doubt.

Epidemiologic studies of air pollu
tion are undeniably relevant to hu
man health. Usually their seicntific
rigor is less than ideal. howevcr, par
ticularly with respect to characteriza
tion of the subjects' pollution expo
sures. Furthermore, because human
behavior is seldom consistent among
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volve only one subject at a time, ex
posed through a mouthpiece or face
mask. More elaborate studies may
employ laboratory-sized exposure
chambers large enough to house sev
eral subjects for extended periods.
Mouthpiece or face mask exposures
impose an unnatural mode of breath
ing, which in some circumstances
may alter the subjects' responses to a
pollutant. On the other hand, this
method requires only simple equip
ment and small quantities of purified
air and pollutant substances. Also,
mouthpieces or masks make it easy to
monitor subjects' breathing patterns,
which may have important effects on
physiological response.

Exposures in a large chamber allow
the subjects to breathe naturally and
engage in reasonably normal physical
activity, thus considerably improving
the relevance of the experimental con
ditions to the "real world." However,
the costs to build and operate a state
of-the-art chamber are high, and only
a few exist. Reference 3 describcs the
chambers in existence in 1977. Since
then, new large-scale facilities have
been put into operation at the Univcr
sity of North Carolina and the Uni
versity of Rochester.

Figure 2, a schematic diagram of
the air purification system in the au
thors' exposure laboratory, illustrates
the various elements that may be
needed (4). A high-temperature met
al oxide catalytic agent, hopcalite, is
employed to convert carbon monoxide
and low-molecular-weight hydrocar
bons to carbon dioxide. Additional
hopcalite is used at ambient tempera
ture in adsorption beds, which cap
ture oxides of nitrogen. Each adsorp
tion bed is periodically taken off-line
and regenerated by heating. Activat
ed carbon adsorbs most organic con
taminants and catalytically decom
poses ozone to molecular oxygen.
Aluminum oxide pellets imprcgnated
with potassium permanganate (trade
name Purafil or Unisorb) are effcc
tive in removing oxides of nitrogen.
High-efficiency paper particulate fil
ters (HEPA filters) capture 99.9% of
incident particles. This combination
of equipment supplies the exposure
chamber (volume J4 mJ ) with air that
contains only a few Ilg/ mJ of particles
and undetcctable or barely detcetablc
levels of common pollutant gascs, as
detcrmincd by convcntional ambicnt
air monitoring instrumcnts (sce be
low) (4). The systcm's output is suffi
cicnt to allow approximately 15 air
changes per hour in the chambcr (sec
photo, p. 120A).

In less claborate cxposure cham-

Physiologic disturbance
Chronic illness
Disability
Premature death

Physiologic disturbance
Pathologic changes in tissues
Premature death

Observable long-term effects

Methodology
Exposure facilities. The basic

cquipment rcquired for exposure
studies includes a source of purified
air, a method of adding experimental
pollutants (gases. aerosols, or both) to
the purificd air, a means of monitor
ing pollutant concentrations, and a
facility for exposing subjects to the
pollutcd air. Provision must also be
made for appropriate control of tem
perature, humidity. light. and sound
Icvels in the exposure environment.

Small-scale experiments may in-

molecular level-a difficult or impos
sible task in humans. Thus, controlled
human studies complement rather
than replace investigations in the oth
er risk assessment disciplines.

1\ wide ra nge of hca Ith risk ques
tions must be answered, and each
field of investigation can address only
a fraction of them directly. evert he
less, links among experimental find
ings from different disciplincs can
and should be established wherever
possible, as indicated in Figure I. One
especially important but largely unre
solved problem conccrns a met hod of
predicting long-term irreversible
health effects by obscrving short-term
reversible ones.

d

a

c

b

[Epidemiology]
Physiologic disturbance
Acute illness

l Controlled human studiesl
Physiologic disturbance
Symptoms
Acute illness

IAnimal toxicology!
Physiologic disturbance
Pathologic changes in tissues
(Identify relationships
between structure & function)

FIGURE 1
"Missing links" between scientific disciplines concerned with
assessment of health risks from air pollution

I Disciplinel
Observable short-term effects

Determine whether populallons welh alYPlcal phYSIOlogIC lesl results and or high IncIdence or acute Illness
eventually dpvelop high HIles 01 dlsabhng chromc disease or early clanin

• Inenl,ty popu1ahon subgroups whose members reael clinically 01 phYSIOlogically 10 pollutan,s al atypically
low dose:>

Idenllfy 3fllmal models Ihal IS SImilar responses 01 anunals and humans to SImilar exposures

'Determine relallonshlp oolwcen <Ieule elleels or shorHcrm exposures and chronIC elleels 01 prolonQed or
reoealed f'xposures on c;lruelure and function 01 specifiC tissues and organs

different times and places, epidemi
ologic studies are difficult to rep
licate.

To a certain cxtcnt, controlled hu
man studies ean avoid all of these
problems. The characteristics of the
subjects, cxposure conditions, and re
sponses to exposure can be documcnt
ed reliably and in dctail. Replication
of exposure conditions is straightfor
ward. Most limitations on human
studies are ethical and practical, rath
cr than scientific. No cxposurc that
risks serious or irreversible illness can
be contcmplated. Internal body tis
sues othcr than blood samples usually
cannot bc examined. Subject popula
tions arc gcnerally small. Only short
term exposures can bc investigated,
since volunteers cannot bc expected to
commit morc than a few days or
weeks to a study. This still leaves con
siderable latitude for useful invcstiga
tion, as indicated in the following sec
tions.

To investigate longer tcrm or irre
versible effects on human health, ret
rospectivc and prospective epidemi
ologic survcys are needed. To invcs
tigatc biological mechanisms of rc
sponse in detail, animal or ccll-culturc
studies are needed. They allow cffccts
to be observcd at the tissue. cell, or
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FIGURE 2

Schematic representation of air purification system, pollutant generation system,
and exposure chamber at Rancho Los Amigos Hospital, Downey, Calif.

bers, typically only chemical adsor
bents and HEPA filters are employed.
Carbon monoxide is not removed erfi
ciently by most such systems, but the
large expense of a high-temperature
catalyst and associated high-capacity
air conditioning is avoided.

Air monitoring in laboratory expo
sure studies typically employs com
mercially available instruments of the
types used in routine ambient air
monitoring. Care must be taken to
assure that air sampled by the instru
ments is representative of air
breathed by the subjects. In some
cases, pollutant concentrations may
differ substantially at different points
within the exposure facility.

Ozone is most commonly moni
tored by ultraviolet photometry, car
bon monoxide and hydrocarbons by
nondispersive infrared analyzers, and
sulfur dioxide by name photometry or
ultraviolet photometry. Monitors for
oxides of nitrogen typically arc based
on the ehemiluminescent reaction of
NO with OJ, which also may be ex
ploited to monitor OJ. All these gas
monitoring techniques provide con
tinuous readout and rapid response
essential to the safety of subjects. For
aerosols, common ambient monitor
ing techniques involve collection of
samples on filters and subsequent
quantitative analysis, requiring hours
or days to complete. Aerosol exposure
studies thus need additional monitors
with rapid response, such as optical

particle counters or electrical-mobil
ityanalyzers.

Calibration procedures for moni
toring equipment should be compara
ble to those used routinely by air qual
ity regulatory agencies, so that health
effect data, monitoring data, and
standards will be expressed in the
same terms. Inconsistencies can still
arise: Most ozone health effect stud
ies through the late 1970s employed
the neutral buffered potassium iodide
calibration method, renecting feder
ally approved practice. Ozone con
centrations reported in these earlier
publications must be multiplied by
approximately 0.8 to make them con
sistent with the current federally ap
proved ultraviolet photometer cali
bration method.

Pollutant gases such as S02 and
N02 can be generated easily with
source cylinders (usually low-concen
tration mixtures with nitrogen) and
appropriate now meters. Ozone can
be generated either by ultraviolet
lamps or by high-voltage discharge.
Traces of nitrogen oxides may be pro
duced inadvertently if ozone is gener
ated from air rather than from 100%
oxygen, but the concentrations arc
generally so low as to be toxicological
ly insignificant. Water-soluble partic
ulate species such as sulfuric acid or
ammonium sulfate may be generated
by nebulizing aqueous solutions. Aer
osols of insoluble particulate mailer
may be produced by Wright dust-feed

generators or nuidized-bed gener
ators, which thus far have been used
to some extent in animal toxicology,
but seldom in human studies.

Tests of biomedical response to ex
posure. The respiratory system is the
first and foremost target of inhaled
irritants and thus the primary focus of
investigation in human exposure stud
ies. In some cases, it is also important
to examine the blood, either to detect
a decrease in oxygenation resulting
from respiratory disturbances, or to
determine the biochemical conse
quences when inhaled pollutants, or
their reaction products, pass com
pletely through the respiratory tract
and enter the circulation. So far, how
ever, few effects on blood have been
demonstrated unequivocally in con
trolled exposure studies, except for
the formation of carboxyhemoglobin
in exposure to carbon monoxide.
Therefore, most attention is given to
the respiratory tract itself. Objective
quantitative measures of pulmonary
mechanics, such as pressure. volume,
and now relationships, are fundamen
tal to any controlled exposure study.
Subjective responses-symptoms re
ported by the subjects-also are of
considerable importance.

The most commonly used measures
of pulmonary mechanical function
are much the same as those used in
clinical pulmonary laboratories to as
sist in the diagnosis of disease (4).
Forced expiratory spirometry-re-
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unequivocal answers to questions of
health significance. Their primary job
is to provide a reliable answer to the
question of whether there is any effect
from an exposure. The issue of health
significance must be faced only when
the answer is positive. Of course, any
such answer-positive or negative
has meaning only within the context
of the experiment that provided it.

Ozone and other oxidants
Although the history of exposing

humans to 0) in the laboratory goes
back more than a century (6), the
field did not attract much serious at
tention until the early 1970s. D. V.
Bates and co-workers at McGill Uni
versity performed some of the first
modern 0) studies. They employed a
simple one-person exposure chamber,
with a stationary bicycle on which the
subject performed intermittent light
exercise typical of outdoor activity (7,
8). Their subjects were healthy young
adults. Irritation of the respiratory
tract and decreases in forced expira
tory performance developed gradual
ly during the two-hour exposure pe
riods, and disappeared slowly (over
periods of hours) afterwards.

The effects were slight with an 0)
level of 0.3 ppm (by today's measure
ment methods), but considerably
more severe at 0.6 ppm. Similar ef
fects have been found in a number of
other laboratories (4, 9-//). The irri
tation most noticeably affects the
lower respiratory tract, causing
coughing and chest pain, but upper
respiratory disturbances also are pos
sible. These results demonstrate un
equivocally that undesirable effects
can occur in typical healthy people
with light activity at 0) levels that are
attainable in ambient air during se
vere oxidant pollution episodes. Sub
sequent work has attempted to identi
fy physiological, behavioral, or
atmospheric factors affecting the se
verity of the response.

By increasing ventilation, exercise
increases the dose of0) inhaled at any
given exposure concentration. A typi
cal adult's ventilation rate may be
about 6 L/min at rest, but can in
crease more than 10-fold with heavy
exercise. Athletes or laborers under
going prolonged heavy exercise may,
therefore, have an especially high risk
of developing respiratory irritation
from 0) exposure. In studies employ
ing either continuous or intermittent
heavy exercise, statistically signifi
cant clinical and physiological effects
have been found at concentrations be
low 0.2 ppm (/2, /3); concentrations
of 0.3 ppm or higher are usually re-

b

way-constricting drug such as acetyl
choline. These procedures are
complex, and reproducibility is diffi
cult to establish.

A distinction must be drawn be
tween clinical and experimental uses
of the aforementioned tests. Theclini
cian usually tests one patient at a
time, for the purpose of detecting
chronic disease. For the clinician, a
poSitive (abnormal) finding must be
based on the statistical normal limits
of the measurement, determined in a
large, presumably healthy popula
tion. On the other hand, the experi
menter usually tests several subjects
before and after they are exposed to a
pollutant, comparing each person's
post-exposure measurement with his
or her corresponding preexposure val
ue, for the purpose of detecting a
short-term, reversible change due to
the exposure. A positive result is ob
tained if the subjects consistently
show short-term function decrements
attributable to the exposure-that is,
if a statistically significant change in
the group mean measur.ement is
found.

Sometimes, even when a highly sig
nificant change is found for the group,
all individual subjects' measurements
remain well within normal limits.
Thus, as suggested previously, there
may be doubt and disagreement con
cerning the health significance (as op
posed to the statistical significance)
of a "positive" experimental finding.
Investigators who conduct controlled
human studies cannot always provide

>----<
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FIGURE 3

Tracings of flow-volume curves recorded in a healthy adult male
volunteer who performed maximal forced expiratory maneuvers
with heavy exercise before (a) and after (b) one hour's exposure
to 0.32 ppm ozone a

cording the volume and now rate of a
maximal breath forced out-provides
easily obtained, fairly reproducible
indexes of overall respiratory physio
logical function (Figure 3). However,
because the results depend on motiva
tion as well as on several different
aspects of physiological status, the
test is not entirely objective and can
not readily identify the source of any
disturbance in function.

A more specific test is provided by
body plethysmography, in which the
subject is enclosed in a sealed pres
sure-measuring chamber called a
plethysmograph. The now resistance
of the airways can be measured in this
manner (5). Resistance measure
ments are especially useful in detect
ing constriction of the bronchial pas
sages, as occurs in asthma, for
example. The technique is more com
plex than spirometry, however, and
measurements are less reproducible.

Blood oxygenation is best evaluat
ed by sampling arterial blood and po
larographically determining its par
tial pressure of oxygen, but this
process causes some discomfort to the
subject. An indirect, nontraumatic al
ternative method involves spectro-'
photometric determination of oxyhe
moglobin in capillary blood within the
external ear, using an instrument
known as an ear oximeter. Tests for
more subtle effects of pollution on the
respiratory tract include measuring
the rate of clearance of inhaled tracer
particles, and determining the re
sponse to standardized doses of an air-
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quired to produce similar effects with
intermittent light exercise.

Ozone is not the only powerful oxi
dant in photochemical pollution, so it
is important to determine whether
other species may present health
risks. This is not an easy task. Oxi
dants other than 0 3generally occur in
lower ambient concentrations, are
more difficult tl.' monitor, and are
more difficult to generate in the labo
ratory than 0 3itself. Only peroxyace
tyl nitrate (PAN) has been employed
in controlled human studies. Little ef
fect was found at concentrations of
0.24-0.27 ppm, which probably equal
or exceed maximum ambient levels
(14,15).

Another way to assess the toxicity
of air contaminants accompanying
0 3 is to expose volunteers to ambient
oxidant pollution and compare their
responses to what would be expected
in controlled exposures to 0 3alone at
similar concentrations. A movable
laboratory equipped with extensive
air monitoring equipment, clinical
support facilities, and an exposure
chamber that can be ventilated with
polluted ambient air or purified air,
has been developed by the present au
thors (16). It has been employed in a
neighborhood of metropolitan Los
Angeles where oxidant levels are
high. Volunteers recruited from the
surrounding area showed mild but
statistically significant irritant effects
from ambient air, relative to control
experiments with purified air (17.
18). Ozone, particulate nitrate, and
particulate sulfate were prominent in
the ambient air exposures; no on-site
measurements of PAN or other trace
photochemical oxidants were avail
able. The biological effects were com
parable to those seen in controlled 0 3
studies, but without a direct compari
son, it was not possible to confirm or
deny an additional effect of the ambi
ent mixture relative to 0 3 alone.

Subsequently, a direct comparison
was made: Healthy, heavily exercis
ing adult volunteers were exposed to
several controlled levels of 0 3 as well
as to purified air and ambient air.
Their responses to ambient air, on the
average, were nearly the same as pre
dicted by the dose-response curves
obtained from the controlled 0 3expo
sures (13). Thus, at least for typical
healthy people exercising in Los An
geles-type smog, respiratory irrita
tion seems entirely attributable to 03.

Because preexisting respiratory
impairment seems likely to increase
the risk of ill effects from air pollu
tion, volunteers with asthma (epi
sodes of reversible airway obstruc-
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tion) and others with chronic
obstructive pulmonary disease (irre
versible airway obstruction due to
chronic bronchitis or cmphysema)
have been studied in 0 3 exposures
(19-23). Ethical concerns have limit
ed the 0 3 doses used in studies of
people with chronic diseases to com
paratively low levels, at which only
slight or equivocal effects have been
found. Thus, while direct compari
sons have not been made, the avail
able evidence suggests that people
with respiratory diseases are not nec
essarily much more susceptible 10
0 3 than arc healthy people. In fact,
although substantial individual dif
ferences in reactivity to 0 3 have been
documented, very little progress has
been made in identifying the biologi
cal characteristics that govern them.
Reactivity is known to be modified by
frequent exposure, however, as dis
cussed later.

Ethical concerns have also inhibit
ed studies of another potentially high
risk group-children. A few epidemi
ologic investigations of children have
suggested physiological impairments
even at only mildly elevated ambient
oxidant levels, but factors other than
air pollutants may have contributed
to these apparent effects. No con
trolled 0 3 studies with children have
been published to date. However, suc
cessful studies of children exposed to
S02 have been reported (24), and
adolescents have been exposed to am
bient air in our mobile laboratory. in
formation on the effects of 0 3 in chil
dren may be available soon.

Adaptation to repeated 0 3 expo
sures (also known by other terms,
such as "tolerance" and "desensitiza
tion") is a well documented but poorly
understood phenomenon. If volun
teers are exposed on several days in
succession to comparatively high
0 3concentrations, for example, 0.4 or
0.5 ppm with light exercise, their re
sponses usually are most severe on the
second day of exposure. Thereafter,
responses diminish, and after three or
four exposures the subjects are adapt
ed-unresponsive to a dose of OJ that
previously produced substantial irri
tation.

Adaptation has been demonstrated
using forced expiratory performance,
response to airway-constricting
drugs, and symptoms as measures of
response (25-27). This lasts only a
few days or weeks in the absence of
frequent 0 3 exposure, and develops
incompletely or not at all in some peo
ple, even with daily exposure (28-30).
The underlying biological mechanism
of adaptation, its relevance to ambi-

Technician administers spirometric
(maximal forced expiration) lest to
s"hject in Rancho Los Amigos No.,pital
exposure ('hamb{)r.

ent 0 3 exposure, and its long-term
health consequences, if any, remain
uncertain.

Sulfur dioxide and particulates

Epidemiologic studies have often
shown associations between elevated
ambient levels of S02 and particulatc
maltcr, and incrcased ratcs of illness
or premature death. Since S02 and
particulates may beclosely associated
in the atmosphere, it is often difficult
to separate their effects epidemiologi
cally. This is not a problem in con
trolled experiments, which have stud
ied the effects of S02 alone, various
partieulate species alone, and gas
particulate combinations.

Particulate pollution is exceedingly
diverse and complex, and thus pre
sents a vast array of questions about
possible health effects, only a few of
which have been investigated so far in
human studies. To our knowledge,
only slight and equivocal effects, if
any, have been observed in exposure
to any particulate species at a coneen
tration likely to occur in ambient air.
Until fairly recently the same could
have been said about S02. 1\ number
of studies ofS02during the I960s and
1970s indicated that inereased airway
resistance and symptoms of irritation
could occur with exposure, but only at
concentrations of I ppm or higher
(above the common ambient range) in
most subjects.

In 1980, however, D.Sheppard and
assoeiates of the University of Cali
fornia at San Francisco reported that
asthmatic subjects were consistently
and markedly more reactive to
S02 than similarly exposed healthy
subjeets (31). These investigators



subsequently reported finding statis
tically significant increases in airway
resistance in a group of moderately
exercising asthmatics who were ex
posed to as little as 0.25 ppm for 10
min (32). Their reports renewed sci
entific and regulatory interest in the
health effects of S02 and brought
about a number of follow-up investi
gations, some of which are still in prog
ress.

The first S02 exposures of asthma
tics in our laboratory failed to show
significant effects at 0.25 or 0.50 ppm
(33). This inconsistency with the re
sults of Sheppard et al. most likely
related to differences in the mode of
breathing during exposure (34. 35).
Mouthpiece breathing, as employed
originally by Sheppard's group, typi
cally produces more severe responses
than natural unencumbered breath
ing, which was employed by our
group. The difference is at least partly
explainable in terms of the high solu
bilityofS02in aqueous media. Natu
ral breathing occurs at least partly
through the nose, even during heavy
exercise. The moist surfaces of the
nasal cavity scrub S02 effectively, re
ducing the dose to the bronchial pas
sages where constriction occurs.

But even natural breathing of
S02 can cause some asthmatics to ex
perience symptoms and increased air
way resistance at concentrations at
least as low as 0.4 ppm, with suffi
ciently heavy exercise (36). In some
cases, constriction of bronchial pas
sages may perhaps occur as a renex
response to nasal irritation, even if
little S02 penetrates to the lower res
piratory tract. The effects develop in
less than five minutes, that is, much
more quickly than the effects of expo
sure to 0 3. Their severity appears to
depend on the dose ra te of S02 (con
centration times the subject's ventila
tion rate), rather than on the total
dose. In most asthmatic subjects, the
effects disappear in less than an hour,
with rest, even ifS02exposure contin
ues (37). Many asthmatics experi
ence symptoms and airway constric
tion with exercise even in very clean
air, so care must be taken to differen
tiate the effects attributable to exer
cise from those attributable to S02·

Recent controlled S02 exposure
studies leave little doubt that respira
tory effects can occur at concentra
tions within the possible ambient
range, in a particular small minority
of the population-asthmatics who
exercise heavily. Whether these
"positive" findings have any connec
tion with earlier positive epidemio
logic fi nd ings (not rela ted speci fica II y

to exercising asthmatics) is not yet
clear.

A current concern: "acid fog"

Most human exposure studies have
been conducted at moderate levels of
relative humidity. However, in past
episodes of extreme air pollution ac
companied by substantially increased
death rates, the weather was foggy. In
London in December 1952, an epi
sode lasting several days was associat
ed with at least 3000 premature
deaths in people with preexisting res
piratory disease (38). Similar though
smaller-scale incidents had occurred
previously in Donora, Pa., and in the
Meuse Valley of Belgium. No specific
pollutant was ever identified as a
cause of premature deaths and ill
nesses. Particulate and S02 levels are
far lower today than they were in
these instances and the effects of pe
riods of extreme pollution on illness
and death rates are no longer so obvi
ous, although they may not have dis
appeared entirely.

Recent atmospheric studies, how
ever, have redirected attention to pos
sible health risks from fog-associated
pollution, presenting a new challenge
to the field of controlled human expo
sure studies. M. R. Hoffmann and co
workers at the California Institute of
Technology collected fog water from
a number of sites in southern Califor
nia during winter nights and early
mornings (39). They found substan
tial concentrations of acidic species in
some of their samples, with pH values
sometimes near 2 (compared with 5or
6 in water from typical unpolluted
fog). Nitrates appeared to be the pre
dominant acidic species in most of
these samples, renecting the relative
ly high levels of oxides of nitrogen
prevalent in urban southern Califor
nia. In other industrialized urban
areas, sulfates might be expected to
predominate.

The total acidity of water from pol
luted California fogs may approach
that of London's 1952 incident, al
though in California such extreme
conditions typically persist for only a
few minutes rather than for several
days. Analysis of fog water by itself
does not, of course, provide much in
formation about the dose of potential
ly toxic pollutants inhaled by people
breathing the fog. One still needs to
know what the atmospheric concen
tration of inhalable pollutants is, and
in what physical form the pollutants
occur. Monitoring foggy atmospheres
toobtain such information is difficult,
but may be essential to understanding
the health implications of acid fog.

The size of the water droplets in
polluted fog may strongly affect the
fog's respiratory toxicity. In theory,
respirable droplets (a few microme
ters or smaller in diameter) may con
centrate soluble toxic gas or aerosol
species, and when inhaled, may de
posit preferentially at certain sites in
the respiratory tract (40). Such hot
spots of deposition might then receive
far higher local doses of toxic agents
than they would in the absence of wa
ter droplets. On the other hand, many
fog droplets are too large to be in the
respirable range. Any pollutants dis
solved in these large droplets should
be prevented from reaching the lower
respiratory tract, in which case the
fog might have a mitigating effect on
the risk to health.

Nitrate and sulfate concentrations
during pollution episodes in Los An
geles typically are on the order of tens
of p.g/m3. Controlled exposures to
sulfuric acid aerosol-presumably
the most irritating sulfate-have
shown little effect even at concentra
tions somewhat higher than this (4/
43). Ammonium nitrate has shown no
meaningful effect at 200 p.g/m3 (44),
but nitric acid has not been studied.
None of the aforementioned studies
included fog, and most of them did not
investigate a range of high-risk sub
ject groups, such as heavily exercising
asthmatics. Thus, neither the avail
able evidence suggesting a health risk
from acid fog nor the available con
trary evidence is definitive.

New investigations will be needed
either to confirm or to allay present
concerns. Such experimental work is
now being considered by several regu
latory agencies and industry-spon
sored research organizations. The
biomedical aspects of acid fog expo
sure studies can be similar to previous
studies of other pollutants, but the
atmospheric aspects will be more
complex. More extensive ambient air
monitoring studies will be needed to
provide more complete understanding
of the physical and chemical proper
ties of polluted fogs. In addition, tech
niques will have to be developed to
generate and monitor polluted fogs in
the laboratory.

Summary
Controlled exposure of human vol

unteers to air pollutants can provide
the definitive scientific evidence of
health risks that isessential tosupport
air quality regulatory policy deci
sions. However, controlled studies are
applicable only to short-term expo
sures with mild, temporary effects.
Longer term exposures and effects
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must be investigated through animal
toxicology and epidemiology. To
maximize overall understanding of
air pollution hazards, links should be
established between short- and long
term biological effects, and between
different fields of investigation.

Among the numerous pollutants
that have been studied in controlled
exposures, only 0 3 and S02 have
shown clear untoward effects on the
respiratory system at concentrations
likely to be attained in polluted ambi
ent air. The most obvious effect of 0 3
is irritation of the lower respiratory
tract, which develops and resolves
slowly. This response is more or less
proportional to the total 0 3 dose: Peo
ple who exercise heavily, and thus
breathe heavily, for prolonged periods
seem most susceptible. The typical ef
fect of S02-constriction of the bron
chial passages-has been observed at
ambientlike exposure concentrations
only in exercising asthmatics. This ef
fect develops quickly and usually re
solves quickly with rest. Its intensity
seems to be proportionate to the dose
rate, rather than the total dose, of
S02. Acid fog has provoked concern
recently over its possible effects on
health. Controlled human studies
provide a way to address this concern,
but should be preceded by atmospher
ic monitoring studies and the develop
ment of new exposure methodology.
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EPA's FY'85 budget
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Richard M. Dowd, PhD, is a Wash
ington, D.C., consultant to Environ
mental Research and Technology,
Inc.

government's acid rain program,
which will total $55 million in 1985.

Other increases in the ORD budget
consist of salaries and expenses for a
larger staff. Extramural funding for
other research programs remains es
sentially constant, with some changes
in priorities. More emphasis will be
placed on toxic pollutants research,
particularly health and risk assess
ments of potential hazardous air pol
lutants in order to list chemicals under
NESHAPS; increasing work on haz
ardous waste, particularly engineering
and technology evaluation; and con
tinued development of test methods for
new toxic chemicals-although an
increase of $2.7 million for the latter
can hardly be characterized as large.
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get has increased from last year's level
of $245 million, it is still at only 60% of
the fiscal year 1980 level.

It is interesting to trace EPA's ORD
funding over the past 10 years (see
chart). The chart shows that, despite
the good news (increases for fiscal year
1985 over the previous year), the
overall level of total research and de
velopment expenditures is still at an
almost historic low: roughly 50% of the
average of fiscal years 1975 through
1981, in constant dollars.

Since research provides such a fun
damental basis for regulatory action,
it is useful to examine which program
areas are proposed for increases and
which still need additional funding.

Acid rain is the primary area of in
creased research funding in fiscal year
1985. The president's budget proposes
a $34.4-million acid rain research
program, an increase of $19 million
over the level of fiscal year 1984. This
effort constitutes more than 50% of the

The president's EPA budget for
fiscal year 1985 carries a "good news,
bad news" message for the agency's
research and development program.
The good news is that the research
budget will increase by 14% over the
previous year's level. President Rea
gan's budget increases funding for the
entire agency both above his own re
quest and congressional appropriations
for 1984. This reverses the downward
trend, both in dollars and in personnel,
of the past three years.

The bad news is that, in the context
of national environmental research
needs, the proposed budget is still
considerably below the levels of fiscal
years 1980 and 1981, both in program
resources and in personnel.

The one significant exception is
Superfund, where dollar and personnel
resources have been substantially in
creased. The Superfund budget shows
an increase of $230 million and 350
work-years over the fiscal year 1984
appropriation, largely to expand the
number of Superfund sites under
construction and to increase the num
ber of enforcement personnel.

As in the past, in fiscal year 1985
EPA's overall monitoring program will
receive essentially no increase in
funding (though a modest addition to
the Air Office budget will increase
monitoring for air toxies). The need for
a major monitoring program for
comprehensive measurement of am
bient concentrations of potentially
toxic chemicals in air, land, and water
will again be unmet in 1985.

President Reagan has proposed a
budget for EPA's Office of Research
and Development (ORD) of $278
million; the budget for fiscal year 1980
was roughly $463 million (in 1984
dollars). Thus, although ORD's bud-
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Water quality uncertainties
The movement of toxics underground

and the health effects ofcertain
organic toxics are not well understood

The dominant impression conveyed
by a water conference held in late
January in Philadelphia is that scien
tists understand very little about cer
tain aspects of water quality, particu
larly groundwater quality. The
amount of groundwater that is con
taminated is not known; in many
cases the movement of toxics through
the ground and in the aquifers is ex
tremely difficult-if not impossible
to predict; and the human health ef
fects, if any, caused by many organic
contaminants are known either
vaguely or not at all.

The conference, entitled "The Fate
of Toxics in Surface and Ground Wa-

. ters," was the Second National Water
conference. It was sponsored by the
Academy of Natural Sciences, the
American Water Works Association,
and the Water Pollution Control Fed
eration.

The speakers held diverse views
about the seriousness of current
groundwater contamination. Former
EPA Deputy Administrator John
Quarles of the Washington law firm
of Morgan Lewis & Bockius seemed
to have a very optimistic attitude to
ward the subject. He said that "most
of the contamination that does exist is
highly localized," and the majority of
the aquifers that have been contami
nated can't be cleaned up. "In most
respects, that won't make any differ
ence," he noted, because the "ground
water that 'is contaminated won't be
needed." But contaminated isolated
residential wells are a problem, he ad
mitted.

Glenn Paulson of the National Au
dubon Society holds a rather different
view of groundwater. He mentioned
an unreleased EPA survey of ground
water in 954 cities greater than
10000 people which found contami
nation in 29% of the underground wa-

ter supplies and said that there are
large numbers of industrial impound
ments and hazardous waste sites
which could cause contamination
over time.

Many of the speakers mentioned
that, according to current estimates,
1-2% of the groundwater in the U.S.
is contaminated. This figure is not
based on a comprehensive survey of
groundwater quality because none
has been done. Marian Mlay, acting
director of EPA's groundwater office,

said that it would cost half a billion
dollars to do an accurate survey.

Some observers consider the 1-2%
figure low or uncertain when viewed
in light of the number of hazardous
waste sites, surface impoundments,
underground injection wells, and gas
oline storage tanks-many of them
leaking-in the U.S. Ruth Patrick,
senior curator at the Patrick Center
for Environmental Research, Acade
my of atural Sciences, mentioned
that tens of thousands of sites have
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received hazardous wastes and hun
dreds of sites arc conI inui ng to receive
them. In addition, surface impound
ments containing toxic lillUids num
ber approximately 59 000, according
to an EPA review in the late 1970s
cited by Paulson.

Many of these surface impound
ments and hal.a ruous waste sites, even
those that contain a small amount of
toxic material, could become sources
of groundwater contamination if the
sites uescribed by John Cherry of the
University of Waterloo arc represen
tative. He tuld about experiments in
which an alluircr was contaminated
by just a few millilitersofa halogenat
ed hydrocarbon so that it exceeded
drinking water standards. "It only
takes a drum or two, given time, given
dispersion, given dissolution, to pro
duce large duma ins of contaminated
groundwater when we arc louking at
ha logena ted hyd roca rbons tha tare of
concern at ppb levels," he said.

A number of the speakers men
tioned sources of surface and ground
water contamination that up to the
present have not been highly visible
concerns of the general public. Pat
rick said that spraying or spreading
sludges un land may cause contami
nation from the water that passes
through the sludge and enters the
ground and hence the ground or sur
face water. She also noted that im
properly designed or maintained sep
tic tanks often pollute water not only
with human waste, but with metals
and complex organic compounds that
arc used in the home. She especially
emphasized nonj1oint sources. "Feed
lots where a thousand or more head of
cattle arc fattened" were mentioned
in particular as important nonpuint
sources of nitrates that orten seep di
rectly into groundwater. Nitrate con
centrations as low as 50 mgl I. can
cause intestinal upsets in children or
the birth of blue babies if the expec
tant mother drinks the water.

Unpredietabll' mOVl'ml'nt

Cleanup activities to prevent the
contamination of alluifers arc orten
predicated onlhe assumption that sci
entists have some ability to predict
what happens to contaminants once
they enter the ground. Cherry de
scribed a number of situations in
which such predictions arc impossible
or nearly so. Sa nd anu gravel arc often
considered the must predictable me
dia for contaminant movement. Ilow
ever, in these media, "'blobs' of con
taminants split off into separate blobs
in unpredictable ways, but the move
ment of each individual blob can be
predicted more accurately," Cherry

said. Those contaminants that he calls
sinkers or floaters those heavier or
lighter than water-arc a special
problem. They seem to be almost en
tirely unpredictable, even in sand and
gravel.

The movement of contaminants in
clay is sometimes even more difficult
to predict. It is generally believed that
clay is a good place to put toxies be
cause in the laboratory they move so
slowly through clay that their move
ment is virtually zero. In the ficld,
however, the situation is often lluite
different. Here, the clay is usually
cracked, at least down to a consider
able depth, so the pollutants may
move just as fast through clay as they
do through sand and gravel. Cherry
showed many sites where clay was
deeply fractured from weather or
from tunnels created by decayed tree
roots. He deseribed a site in Oregon
where drums containing lillUids were
bulldozed into trenches in clay soil.
From these, a plume of 2,4-diehloro
phenol was moving 100 ftly at a con
centration of mgl I. -a high level.

Fractured rock is an e(jually serious
problem, he noted. It is a medium
where it is almost impossible to pre
dict the movement of plumes. Cherry
also said that knowing where the inor
ganic contaminants go tells you very
little about the movement of organic
contaminants ,ind therefore these
need to be monitored. As a result of
these observations, Cherry said, '"
think there arc going to be a lot of
cleanup activities that arc going to be
done in the absence of very good sci
entific information." This will lead to
"many, many more wells and water
supply systems going bad" because of
groundwater contamination that is
unpredictable and unexpected.

Wayne Pettyjohn of Oklahoma
State University spoke in a similar
vein. He noted that it has become
"common practice within the past few
years to develop manuals and tech
nillues for regulatory personnel ... to
predict concentration distributions in
the subsurface" and that many of
these teehni(jues involve the usc of
cumputer programs. When computer
programs arc used to predict the
movements of contaminants under
ground, he said, the results arc often
extremely uncertain or limited be
cause the inputs to the program arc
uften very uncertain, limited, or sim
ply unavailable. He advised that it is
far more realistic to enter data into
computer programs that have lower
and upper bounds of uncertainty so
that the results arc expressed in a kind
of risk probability curve rather than
as definite numbers.

Lial Tischler, vice president and
manager, Southwest Operations, En
gineering-Science, Inc., nuted re
search needs in the area of waste
treatment. He said thai "the proper
conditions of biodegradation, or pos
sibly adsorption, of many complex or
ganic compounds are still not well un
derstood." On the other hand, he
concludcd from a rcvicw of thc litcra
ture that thc numbcr of organic com
pounds that arc resistant to biodegra
dation is much smaller than was
believcd a few years ago.

Unknown health effects

Many of the speakers emphasized
how little is known about the effects of
organic water contaminants on hu
man health. Gordon Wolman of
Johns Hopkins University said, '"
think it is safe to say that the data on
the health effects of hazardous
wastes, particularly the chronic ef
fects, are exceedingly limited." Wil
liam Lynch, president of the Ameri
can Water Works Association,
echoed the same idea. "Wecan identi
fy substances in water with incredible
accuracy, but as to their significance
as potential threats to human health,
we have only somc very shaky ex
trapolations from some very vague
ideas."

Abel Wolman, professor emeritus
at Johns Hopkins University, men
tioned that many of the diseases that
could be caused by organic chemicals
in water arc in the carcinogenic group
and that if we wait for cpidemiolog
ical evidencc, we might havc to wait
60 years. "Sufficicnt data arc turning
up to indicate thattoxics in water ex
ist and that their presence is certainly
not salutary," he said. He expressed
particular concern about the genetic
damage that chemicals in the water
might cause to future generations.
"The genetic risk causes special con
cern," he said, "becausc ... the bulk
of the risk is not to our immediate
children but to our remote grandchil
dren."

Dr. Norton Nelson of New York
University Medical Center noted that
sometimes the allention given to toxic
chemicals has been inflated, but that
"there is enough actuality for these to
be of concern." He said that the medi
cal center is especially concerned
about chronic exposures to various
chemicals and mentioned in particu
lar trihalomethanes (TH Ms) in
drinking water. He observed that in
epidemiological studies of TH Ms,
positive results abound and that none
of the results arc negative, although
none of the studies arc as definitive as
epidemiologists would like to see. He
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mentioned Kenny Crump's (Science
Research Systems) idea that rather
than TH Ms, the eause of the cancers
may be the nonvolatile organic com
pounds and other volatile organic
compounds not yet lested that often
coexist in water with TH Ms.

To test the effects of contaminants
on aquatic organisms, John Cairns,
Jr., of Virginia Polytechnic Institute
recommended that scientists begin
multispecies testing followed by vali
dation in the field. Single-species tests
in the laboratory have been relied on
almost exclusively in the pas!. In the
natural environment, we sometimes
see fish swimming around in 10 times
the "lethal doses" that were calculat
ed using single-species tests in the lab
oratory, Cairns observed. Therefore,
he believes that the single-species test
may be vastly overprotective. He said
the first suitable multispecies toxicity
tests are now available for both aquat
ic and terrestrial systems.

Society's response
Scientists and other experts in the

water field seem to agree that little is
known about the human health ef
fects of many organic contaminants
found in water, but they disagree
greatly about how much society
should be willing to pay to clean up
the water supplies or how urgent a
priority it should be.

Earnesl. Gloyna, president of the
Water Pollution Control Federation,
defines acceptable pollution control
as controlling those pollutants that
cause demonstrable harm. But some
scientists point out that, if it takes
several decades to demonstrate an ac
tual cause and effect relationship be
tween certain organic chemicals and
cancer, many cancers will have to oc
cur before these pollutants are con
trolled.

Abel Wolman's approach to the
question is entirely different from
Gloyna's. His philosophy can be
summed up in a few words: "Take it
ou!." He said that as a result of a
National Science Foundation inquiry,
he was drawn to an old maxim "that
the consumer should be given the
benefit of the doubt when contami
nants are being assessed." He also be
lieves that keeping contaminants out
of drinking water is not nearly as ex
pensive as some suggest, especially
when you consider that drinking water
is a cheap commodity, now costing an
average of 25 cents a ton.

The proceedings of the conference
will be available this month from the
Academy of Natural Sciences, Phila
delphia, Pa. 19103.

-Bette Hileman
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The reasons are simple. Dionex Ion
Chromatography provides selective,
accurate analysis of anions such as
chloride, phosphate, nitrate and sulfate,
from ppb to high ppm concentrations.
And it does it in as lillie as 10 minutes,
with minimal or no sample preparation.
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Dionex systems are also used in over
150 power plant facilities to monitor
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process steam
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Sample-handling pipetting system
Pipets avoid the hazards of mouth pi
petting and are convenient for the
dispensing, transferring, and holding
of macro-scale samples. They can be
used with disposable Sarpette tips or
adapted for standard glass or plastic
pipets. Sarstedt 108

Laboratory potentiostats
Both models perform all advanced
techniques of potential or current
control in electrochemical cells and can
accurately measure extremely low
current. The power output of both is
sufficient for most laboratory work.
X-Y recorders with an input resistance
higher than I X 10-6 ohms can be
connected to the output terminals.
Brinkmann Instruments 107

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

Ion chromatograph
This system is especially designed for
applications where high sample
throughput, sensitivity, and rugged
reliability are primary considerations.
Standard features include a chemically
inert flow system, mechanical pulse
damping, and a nonmetallic pump
with flow rates from 0.53 to 5.3
mL/min. Dionex 106

handle corrosive and difficult-to-han
die liquids and gases. The capacities
arc from 3 to 25 000 mL/h, the ad
justable flow rates are constant, and
only stainless steel or Teflon touches
the material being pumped. Andersen
Samplers lOS

Need more information about any
items? Ifso. just circle the appropriat£'
numbers on one of the reader service
cards bound into this issue and mail in
the card. No stamp is necessary.

Micro-bellows metering pumps
Designed for laboratory and chroma
tographic applications, these pumps

Precision laboratory balances
Four models of balances are designed
to accept LabPac, Mettler plug-in
software. LabPac allows the balances
to be used for net total weighing, per
centage determination, animal
weighing, mean value, and standard
deviation. Two of the models have a
fine weighing range that can be re
called at the touch of a button. Mettler
Instrument 104

Liquid-metering system
This unit provides automatic contin
uous set-point control of process vari
ables in chemical or biological systems.
Easily programmed, it can be inter
faced directly with process monitor
instrumentation. One of the typical
applications is in wastewater control.
Ivek 103
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Radiation exposure standards
Direct-reading standards are accurate
to ±2%. They do not have to be cor
rected for temperature and baroliletric
pressure because they are sealed ion
chambers. Dosimeter 101

FTIR analyzer
Fourier transform infrared analyzer
consists of a portable interferometer,
which uses a rotating optical element.
The opt ica I sensi ng head ca n be ba t
tery operated, and up to four interfer
ometers can be controlled from a cen
tral data station. The spectral resolu
tion of the analyzer is better than
5 cm-I. Janos Technology 102
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Water treatment polymers. TECII
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Membrane linings. Brochure.
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Wastewater samplers. Brochure fea
tures TC-2 continuous-now waste
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catalog lists a varicty of meteorologi
cal, environmental contro!. and hy
drological systems and instrumcnts.
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Kinetics of Monobromamlne Dlsproportlonation-Dibromamlne Formation in
Aqueous Ammonia Solutions

Guy W. Inman, Jr.,t and J. Donald Johnson"

Department of Environmental Sciences and Engineering, School of Public Health, The University of North Carolina at
Chapel Hili, Chapel Hili, North Carolina 27514

• Dibromamine is a major constituent of brominated
wastewater and a toxic, though unstable, intermediate
produced by the chlorination of seawater containing am
monia. Factors affecting the rate of dibromamine for
mation are relevant to the optimization of disinfection and
antibiofouling processes that employ bromine either di
rectly or indirectly from bromide oxidation. The formation
kinetics have been studied by the method of initial rates
in solutions wherein ammonia was present in molar excess
over oxidizing bromine. The reaction was observed to be
strongly catalyzed by phosphate and to have no ammonia
dependence beyond that required for monobromamine
formation. The empirical rate law was found to be
d[NHBr21/dtlt_o = ke[W][PO.][Br~F + ku[W][Br~F
where [PO.l = total phosphate.concentration, [Br~l =
[HOBrlO + [OBr-10, ke =9.9 X lOll M-a s-\ and ku =2.4
x lOS M-2 S-1 at 25°C.

Introduction

Bromine has been proposed as an alternative disinfec
tant for drinking water, wastewater, swimming pools, and
cooling water (1-3). Hypobromous acid, formed when
chlorine oxidizes bromide, is also the active chemical
constituent of chlorinated seawater. Most waters that
require disinfection typically contain significant quantities
of ammonia which rapidly reacts with bromine or hypo
bromous acid according to the following net reactions:

HOBr + NHa --+ NH2Br + H20 (1)

HOBr + NH2Br --+ NHBr2 + H20 (2)

HOBr + NHBr2 --+ NBra + H20 (3)

Dibromamine, NHBr2' and tribromamine, NBra, are the
major products produced at pH values less than 8.5 and
molar concentrations of bromine equal to or greater than
5 times the ammonia concentration (4). Galal-Gorchevand
Morris (5) showed that all three bromamines form in
aqueous solution and given well-defined UV spectra. They
noted the difficulty of kinetic measurement of formation
and decomposition rates because of the sequential nature
and rapidity of the reactions and the instability of the
products produced. Cromer et al. (6) measured dibrom-

'Present address: Analytical Resources, P.O. Bolt 2642, Green
ville, NC 27834.

amine decomposition kinetics. Because of the instability
of dibromamine, the formation kinetics of dibromamine

.have been followed by the method of initial rates. A
stopped-flow system was used to measure the formation
of dibromamine after the very rapid initial formation of
monobromamine. The disappearance of NH2Br and ap
pearance of NHBr2 were followed by monitoring the
wavelength of maximum absorbance of each compound at
232 and 278 nm, respectively. The effect of excess am
monia, pH, chloride, and phosphate was determined.

Experimental Section
Reagents. Hypochlorite stock solutions were prepared

by diluting Fisher Reagent-grade sodium hypochlorite
(5%). Their titers were determined by amperometric ti
tration. Hypobromite solutions (10-20 mM) were prepared
by mixing stoichiometric amounts of NaOCI stock with a
known amount of potassium bromide and allowing 24 h
for the reaction to go to completion. The pH was adjusted
to 11.2 with 0.25 N NaOH and the stock stored in the dark.
Concentrations were determined both by spectrophotom
etry from the absorbance at 329 nm, Am.. for OBr-, and
more accurately by amperometric titration with phenyl
arsine oxide. A 0.20 M potassium phosphate buffer stock
was prepared by adding enough 0.02 M KH2PO. to 0.20
M K2HP02 until the desired pH was obtained. The
reagents were Mallinckrodt analytical reagent-grade K2H
PO.·3H20 and Fisher primary standard KH2PO.. The
stocks were filtered (0.45 &tm), chlorinated, and irradiated
with UV light in order to eliminate trace amounts of re
ducing agents. A 2.50 M stock of NaCI was prepared from
Fisher biological grade sodium chloride and demand-free
water. The solution was filtered (0.945 I'm), chlorinated,
and then dechlorinated with UV light.

Apparatus. A potentiostat-electrometer circuit was
constructed from RCA CA-3140 operational amplifiers and
used in conjunction with a rotating platinum hook elec
trode (Sargent 8-30421), a saturated calomel reference, and
a Houston Model X-Y recorder. A detailed description
of the two-electrode system and circuitry is given elsewhere
(7). An Orion Model 601A digital pH meter was used to
measure and monitor the pH of reagents and reaction
solutions. An Orion conbination pH electrode was used
for all pH measurements made in low ionic media. A
Fisher glass electrode (623) was used in conjunction with
a Fisher reference electrode (423) in saline solutions. The
stopped-flow system consisted of the optics from a Beck-
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man DU UV-vis spectrphotometer, a Beckman 96280
deuterium source, a Hammamatsu R-106 potted photo
multiplier tube, Pacific Instruments high-voltage power
supplies, an Aminco-Morrow stopped-flow mixing device,
a thermistor temperature sensor, and associated photo
metric amplification circuitry. The photomultiplier cur
rent was processed by a two-stage operational amplifier
circuit with variable gain and offset (7,B). The first stage
converted the current to a voltage, and the second stage
amplified the signal to fill the ± 10-V window of an ana
log-to-digital converter (ADC). The ADC, a Data Trans
lation Model DT-2762, was part of a microcomputer data
acquisition system dedicated to the stopped-flow spec
trophotometric system. The data system was comprised
of a Charles River Data Systems LSI-ll/2 microcomputer,
the ADC board, a programmable real-time clock, 32 KB
of memory, and an LA-36 Decwriter terminal.

The temperature of all solutions and the stopped-flow
cell was controlled at 25.0 ± 0.2 °C by using a constant
temperature bath.

Methods. Total oxidant concentrations were deter
mined by amperometric titration using phenylarsine oxide
as a titrant according to standard procedures (9). However,
the KI was always added first to the diluent water and the
pH 4 buffer added immediately prior to adding the sample
aliquot.

Although absolute absorbance values could not be ob
tained directly from the stopped-flow system, absorbance
changes, ~A, relative to product absorbances at final
equilibrium were obtained from the equation (B)

(E~ - EOS2 + EOSl)GAIN
~A = ±log (E

2
_ EOS2 + EOS1)GAIN (4)

where each variable in the expression has the following
definition: E~ is the second stage output voltage at "T =
00" or complete reaction. In practice, E~ was taken as the
average value of the last 10 points on the decomposition
curve. EOS1 is the offset voltage applied to the first stage.
This value was always -2.000 ± 0.001 V. EOS2 is the offset
voltage applied to the input of the second stage in order
to ensure that E 2 was ±8.000 V. A positive value is re
quired if a product appearance is being monitored and a
negative value for a disappearance. GAIN is the gain of
the second stage. E2 is the final output voltage. So that
~A was always positive, eq 4 was given a positive sign for
disappearance and a negative sign for an appearance.

Monobromamine Formation. Concentrations of
NH2Br (eq 5) and OBr- (eq 6) were computed from
stopped-flow ~A values at the respective wavelengths of
278 and 329 nm from the from following equations:

[OBr-] = M329/(E~2~' - E~9/C) (5)

[NH2Br] = (~A~78 - ~A278) /(E~8 - E~7~'-C) (6)

where C = 1/(1 + [W]/K~') and K.s, = [Wj[OBr-l/
[HOBr] = 2.0 X 109 M (10). These equations were derived
on the assumption that the reaction goes to completion.
Values for MO were obtained by extrapolation of M plots
to zero time. Values for the molar extinction coefficients
are given in Cromer (6) except new values (EM) were es
timated for monobromamine to be 163 and 45.9 M-I cm-I

at 232 and 329 nm, respectively. The coefficient (EOS,) for
OBr- at 278 nm was found to be 30.3 M-I em-I.

Monobromamine Disproportionation-Dibromamine
Formation. The concentrations of dibromamine in the
presence of monobromamine and excess ammonia were
computed by using eq 7. Derivation of eq 7 is based on
the assumption that oxidizing bromine is conserved during
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the course of the reaction and that I mol of NHBr2 is
produced for every mol of NH2Br that disproportionates
([Br~] = [NH2BrJ + [NHBr2])' Equation 8 yields the rate

-dI NHBr21 D' M d(~A232)
dt = -1/h~2 - 2E2:12)--d-t- (8)

of dibromamine formation. An alternate expression re
quiring ~A values at two wavelengths and not based on
assumption about stoichiometry is given by eq 9. Both

d[NHBr2]

dt

E~8 [_ d(~A232) E~2 d(~A278) ]
M Di M Di d - M d (9)

E278E232 - E232E278 t E278 t

equations were derived on the assumption that mono
bromamine does not disproportionate completely but ap
proaches an equilibrium with dibromamine. In practice,
the differences between rates computed with each equation
were negligible; therefore, eq 8 was normally used since
the necessary data could be obtained at one wavelength.
In all cases, initial rates were calculated by fitting an ex
ponential function to the early portion (5-10% of complete
reaction) of absorbance, absorbance change, or concen
tration vs. time curves.

Procedures. The following general procedure was
followed in all experiments to measure the formation rates
of mono- and dibromamine. Two reactant solutions, one
containing ammonium chloride and the other containing
hypobromous acid/hypobromite, were prepared by adding
an appropriate amount of stock solution to a 300-mL
beaker. According to the desired experimental conditions,
aliquots of phosphate buffer and sodium chloride were
added, and the solution was diluted to 240 mL with de
mand-free water. The pH was then adjusted to the desired
value with either 0.1 N HCl or 0.1 N NaOH. The solution
was then transferred to a 250-mL volumetric flask (clear
glass for NH4Cl and amber for HOBr) and diluted to 250
mL. The concentration of oxidizing bromine in the
reactant solution was determined amperometrically before
and after a set of stopped-flow kinetic runs. Both solutions
were introduced into the reservoir syringes of the
stopped-flow mixing device, and the mixing chamber/
quartz cell was purged with reatant solution. This step
was repeated 4 times before a set of runs were begun and
data acquired. Reactant solutions inside the reservoir
syringes were equilibrated for 5 min, and the monochro
mator was set for either 232, 258, or 278 nm. A number
of test runs were made while observing the second stage
photometer output on an oscilloscope. During these runs
the slits on the Beckman DU and the second stage gain
were adjusted until the signal filled the ±10-V window of
the ADC. At this point, the data acquisition program,
STPFLO, was executed and data acquisition begun. Five
replicate runs were made and the raw data stored on a
floppy disk. Following a series of stopped-flow runs, 50-mL
portions of each reactant solution were manually mixed
with vigorolls stirring, and the pH of the mixture was
measured.

Additional experiments were also done to measure the
equilibrium between mono- and dibromamine by meas
uring the absorbances at 232 and 278 nm. A manual
mixing device (6) was used to introduce initial concen
trations of bromine and ammonia into a I-em cell in a Cary
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210 to 300 nm from 45 s after reaction until 15 min.

Results and Discussion
In order to resolve rate constants for the formation of

dibromamine, it was neceeeary to rely almost solely on the
method of initial rates. Past work (6) has shown that
dibromamine decomposition was well under way within
a minute or 80 after formation. Furthermore, preliminary
experiments revealed a complex time dependence for the
absorbance changes associated with the appearance of
dibromamine. Additional constraints were placed on the
pH range of the experiments. Since initial rate were being
used, it was imperative that the rate of formation of mo
nobromamine, NH2Br, must be forced to be much greater
than the rate of formation of dibromamine. Experiments
confirmed that pH values above 7 were necessary to com
pletely resolve the two reactions. Because of the limited
buffer capacity of phosphate, the upper pH limit was re
stricted to 8.5.

Monobromamine Formation Rate. Experiments were
done to confirm that the rate of monobromamine forma
tion was fast enough so as to have an insignificant effect
of the measurement of the rate of dibromamine formation.
Two experiments were done at 329 nm and pH 11.0 with
[OBr-]O = 0.143 mM and [NHg]O = 0.300 mM. Four more
runs were made at 278 nm and pH 6.0 with [HOBr]O =
0.100 mM and [NH.+]0 = 0.200 mM. On the basis of the
assumption that the mechanism for monobromamine
formation between pH 7 and pH 8 is identical with that
of monochloramine formation (11), the rate constant, hi'
was found to be (4 ± 1) X 107 M-I s-t, where hi is defined
according to the rate equation

d[NH2BrJldt = hl[NHg][HOBr] (10)

Monobromamine formation rates computed for the pH
range 7-8.5 were much larger than the rates observed for
dibromoamine formation. Therefore, it would be possible
to resolve rate constants for the two reactions.

Order with Respect to Oxidizing Bromine. The
order with respect to the initial concentration of total
bromine (OBr- + HOBr) was determined at pH 7.0 for
concentrations between 0.019 and 0.190 mM. The phos
phate concentration, 20 mM, determined the ionic
strength, and the excess ammonia concentration was
1.81-1.96 mM. The least-squares slope, 1.94, of the loga-
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Figure 3. Order of dlbrornamlne formation with respect to (H+)[Br~j2

or (~)[NHPJ". Inttlal rate (.0 =+d[Nter.]/dl) In molar per second.
Slope = 2.26 X 10'0 M'" s-', Intercept = 1.42 X 10' M 5-', and,'
= 0.999. Total phosphate = 0.02 M, pH 7.0-6.4, and [Br~l =
0.019-0.190 mM.

rithm of initial rate va. logarithm of concentration suggests
an order with respect to concentration of 2 (see Figure 1).

Order with Respect to Hydrogen Ion. The order
with respect to hydrogen ion concentration was found to
be lover the pH range 7.0-8.4 (Figures 2 and 3). Below
pH 7 the observed initial rates no longer responded linearly
to pH changes (Figure 4). A possible cause was intrusion
of the monobromamine formation reaction curve into the
beginning of the dibromamine formation reaction. How
ever, as will be discussed later, there may be other con
tributing factors.

Order with Respect to Excess Ammonia. The con
centration of excess ammonia had no effect on the initial
rate of dibromamine formation. However, it strongly af
fected the equilibrium between monobromoamine and
dibromamine. At higher ammonia concentrations there
was a higher proportion of monobromamine present when
the dibromamine reaction had reached completion. This
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is shown graphically in Figure 5 where the ratio of
[NH2Brleq2/[NHBrleq is plotted against the excess am
monia concentration at constant pH 7.0. The slope of
Figure 5 is the equilibrium constant for eq 11. K eq =2.02
X 10-10 M at 25.0 ± 0.2 ce.

K
NHBr2 + NH/ .--:... 2NH2Br + H+ (11)

Order with Respect to Phosphate. The first-order
effect of phosphate on the formation of dibromamine was
discovered during a series of runs to determine the effect
of varying chloride concentrations. In order to obtain a
low ionic strength for some runs, the phosphate buffer
concentration was reduced, and the result was an extreme
decrease in the rate of NHBr2 formation. As Figure 6
shows, the chloride effect is egligible whereas the depen
dence on phosphate is marked. A plot of normalized initial
rate vs. total phosphate revealed a linear dependence and
a small intercept (see Figure 7). In order to more accu
rately compute a rate constant for the uncatalyzed reaction
suggested by this intercept, an experiment was done at pH
7.55 with no phosphate buffer. In spite of the lack of
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buffer the pH variation was no more than ±0.04 unit
throughout the reaction which required approximately 16
min to reach equilibrium. If 0.02 M phosphate had been
present, the reaction would have been complete in 30 s,
and dibromamine would have begun decomposing.
Phosphate apparently affects the stability as well as the
formation of dibromamine. Past studies (6) on the de
composition of dibromamine in phosphate-buffered sys
tems should be reexamined in light of this discovery.
Future studies of monobromamine and dibromamine
formation and decomposition should also consider possible
effects of other oxyanions.

Rate Law. On the basis of the results shown graphically
in Figures 3 and 8, the empirical rate law for the rate of
dibromamine formation over the pH range 7.0-8.5 was
found to be

d[NHBr2Jjdt = ke(W)[PO,][Br~F + ku(W)[Br~F

(12)

where [PO,) is the total phosphate concentration, [Br~l
is the total initial oxidizing bromine, ke = 9.9 X 1011 M-3
S-I, and ku = 2.4 X lOs M-2 S-I at 25 ± 0.2 ce. The un
catalyzed rate constant was estimated from the initial rate
of dibromamine formation depicted in Figure 8.
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the phosphate effect on pH. For this reason, the terms
K p [P04I, which represents a composite of other terms, may
be utilized in the rate equation. The expression may be
written to include [Br~l if the following assumption is
made

and substituting equilibrium equations produce

[Br~l = [NH2Brl + KHI [NH2Br](W) +
KH,Kp[NH2Br](W)[P041 (21)

[Br~l = [NH2Br][1 + KHI(H+) + KH,Kp(WHP0411
(22)

figure 8. Dibromamlne lormation at 232 nm lor pH 7.55. [N~l = 2.0
mM, and [Br~l =0.088 mM In the absence 01 buffer or sa~.

which at high pH where the variables in the denominator
are less than 1 reduces to

d[NHBrMdt =
k3KHl(H+HBr~F + ksKH,Kp(WHP04][Br~F (24)

The rate expression becomes

d[NHBr21

dt
k3KHI(WHBr~F+ ksKH,Kp(WHP04][Br~F

+ + (23)
1 + KHI(H ) + KHlKp(H HP041

where ke =ksKHl =9.9 X lO" M-3 S-I and ku =kaKHI =
2.4 X 10sM-2 S-I. At low pH when the variable terms in
the demoninator are dominant, the initial rate should be
invariant with pH. This behavior was only suggested in
our low pH data due to interferences from monobrom
amine formation.

(13)

(14)

Reaction Mechanism. The following reaction scheme
represents a possible mechanism for NHBr2 formation that
is consistent with the observed rate law:

70 L....L-L-'--'--'-'---'--'----'-L_L-i-L...J

00 20 40 60 80 100 120 140

TIME (minutes)

Since either HPO/-, H2P04-, or POl- probably catalyzes
the reaction, there should be a negligible dependence of

d[NHBr2l!dt =
k3[NH3Br+][NH2Brl + ks[NH3BrP04-n][NH2Brl (18)

When the appropriate equilibrium equations are substi
tuted, the rate may be expressed in terms of NH2Br and
H+.

Conclusions

Over the pH range 7-8.5 the rate of monobromamine
formation was very rapid compared to the rate of mono
bromamine disproportionation and subsequent dibrom
amine formation. Below pH 7 the rate of dibromamine
formation was difficult to measure independent of mono
bromamine formation, but the proposed rate equation
predicts a decrease in pH dependence of lower pH. Above
pH 7 dibromamine formation was first order in hydrogen
ion and second order in monobromamine or initial bromine
in the presence of excess ammonia. Ammonia had no
effect on the rate of dibromamine formation but increased
the rate of the back-reaction of monobromamine. As
predicted in earlier qualitative studies (4) monobromamine
and dibromamine are in equilibrium, although the mixture
decomposes. The formation of dibromamine is also in
dependent of chloride ion but highly dependent on
phosphate. In fact, the phosphate catalysis terms domi
nate experimental rates measured in phosphate-buffered
solutions. Phosphate catalysis must also affect the rate
of dibromamine decomposition. A possible decomposition
mechanism may involved protonated di- and tribromamine
molecules which would be stabilized by phosphate. Other
oxyanions such as carbonate should also be considered in
any future work for possible effects. The low concentra
tions of phosphate found in environmental samples
probably would not be significant compared to the high
buffer concentrations used in the laboratory. If ions such
as carbonate behave similarly, the environmental signifi
cance would be higher. For this reason, extrapolation of
these and earlier results to natural and wastewater bro-

'-n
NH3 + HP04

(17)

- NHBr2 +
*5 t H
- NH3Br.: ...... ~Br

"'0- :
o=p-o

0-

where P04represents H2P04-, HPO/-, or POl- and n is
the charge on phosphate. The protonation step (eq 14)
is consistent with the known behavior of monochloramine
at low pH (12). Since monobromamine is a stronger base,
the protonated form should be present in greater concen
trations at higher pHs. Phosphate probably stabilizes the
bromammonium ion, facilitates nucleophilic displacement
of Br+, and may also accept a proton as dibromamine is
formed. The theoretical rate expression derived from the
mechanism is

d[NHBr21/dt =

k3KHdW][NH2BrF + ksKHIKp[H+][P04][NH2BrF
(19)
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mination should be done with care.

Registry No. NHBr2' 14519-03-0; NH3, 7664-41-7; NH2Br,
14519-10-9; PO" 14265-44-2.
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• The use of water-based foams for removal of gaseous
pollutants from air has been investigated. Hydrogen
sulfide, formaldehyde, and acetaldehyde can effectively be
absorbed in a foam containing substances that react
chemically with the gaseous pollutant. The influence of
the foam characteristics on the absorption of gas has been
studied for a single continuously flowing liquid film.
Formaldehyde, acetaldehyde, and propionaldehyde were
used as model compounds. It was found that the chemical
structure of the foaming agent did not influence the rate
of gas absorption. To achieve efficient absorption of
slightly soluble gases, it was necessary to use a high renewal
rate of the liquid film. The presence of a liquid-crystalline
phase in the film increased the solubility of hydrophobic
gas molecules.

Introduction

The aim of this work has been to investigate if gas
pollutants can effectively be removed from air by blowing
the air through a foam bed. The removal can be achieved
either by simple absorption or by a chemical reaction, in
the liquid foam lamella.

In order to investigate the effect of foaming agents on
the gas pollutant absorption, we have also studied the
absorption into a single continuously flowing liquid film.

Reactive foams have been used by Viles (1) and Sil
verman (2, 3) to encapsulate air contaminated with ra
dioactive materials and by Pozin (4) and Helsby and Birt
(5) for absorption of CO2, Several patents deal with the
removal of nitrous oxides (6) or particles (7-10) from air
by a foam technique.

The main advantage of using a foam as an absorption
medium is the large contact area between the gaseous and
the liquid phase (1, 11). In addition, the rapid destruction
and renewal of bubbles in a dynamic foam lead to efficient

mass transfer (12). A low liquid/air ratio can be main
tained (typically, 6 X IO~ m3/m3) (13). This implies that
a pollutant can be removed from a large gaseous volume
to a very small liquid volume. With the proper choice of
foam density, foam height, and process equipment the
pressure drop in a foam column can be kept quite low, i.e.,
less than 0.5 kPa (I I, 13).

In a brief survey Jackson (12) has compared the mass
transfer operations in a foam with other equipment such
as packed towers. For many processes, e.g., absorption of
N20 a or conversion of S02 into H2S04 , he found a 10
lOO-fold increase in the absorption rate coefficient.

Model equations for the calculations of the mass transfer
(11, 14, 15) or foam ratio (16) from measurable physical
quantities in dynamic foam columns have been proposed.
Weissman (17) found that the mass transfer is decreased
by high foam stability and high viscosity of the liquid in
the foam. This is probably due to a decreased gas/liquid
contact and an increased diffusion barrier.

According to Cullen (18), impurities in technical surface
active agents may cause up to 25% variation in the ab
sorption of gas into a flowing liquid film. Sidorova (19)
found that the mass transfer coefficient for desorption of
NH3, S02, CO2, and N2from the liquid in a foam increased
with increasing solubility of the gases.

Experimental Conditions and Equipment
Chemicals. Table I lists the surfactants used as foam

ing agents. Formaldehyde, HCHO (35%), acetaldehyde,
CHaCHO (for synthesis), and propionaldehyde, CHaC
H2CHO (purum), were obtained from Merck AG. The
hydrogen sulfide, H2S, was supplied by AGA, Stockholm.
Other chemicals were of reagent grade.

Foam Column. Figure 1 is a schematic drawing of the
foam column. A foam bed of 50D-600 cma was generated
at room temperature (22 ± 1°C) by passing a gas flow (Vi)
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Other cmc values are taken from Mukerjee and

Table I. Foaming Agents

type of surfactant trade name

sodium decyl sulfate (NaC,.SO,)
sodium dodecyl sulfate (NaC"SO,)
sodium tetradecyl sulfate (NaC"SO,)
polyethylene glycol (9-10)-p-octylphenol Triton X-100
hexadecyltrimethylammonium bromide, CTAB
sodium decyl sulfate Empicol0137
sodium dodecyl sulfate Empicol LZV
sodium alkyl sulfate (C,,-C,,) Sulfatol33
secondary sodium alkanesulfonate (C,,-C,,) Hostapur SAS60
sodium alkylbenzene sulfonate Berol 496
sodium alkyl ether sulfate Berol475
ethoxylated primary alcohol (30 e.o.) Berol081
alkyl phenol-ethylene oxide (14. e.o.) Berol263

° These cmc values are measured with a Du Noiiy ring balance at 22°C.
Mysels (27) standard reference data of emc values.

manufactured by

Merck AG
Merck AG
Merck AG

Fluka AG
Albright & Wilson
Albright & Wilson
Aarhus Oljefabriker
Hoechst AG
Berol Kemi AB
Berol Kemi AB
Berol Kemi AB
Berol Kemi AB

quality, %

99 (p.a.)
99
99

technical
purum

90
85

60
80
39-41

100
100

erne,
g/dm,

8.64
2.36
0.65
0.15
0.34
2.0-2.2°
0.42°
0.58°
0.33°
0.32°
0.16°
0.01°
0.035°

Table II. Absorption of Form· and Acetaldehyde
in Foamu

foaming agent

sodium decyl sulfate
sodium decyl sulfate
sodium decyl sulfate
sodium decyl sulfate
sodium decyl sulfate
sodium decyl sulfate
Sulfatol 33
Sulfatol 33
Empicol LZV
Empicol 0137
Berol496
Berol081
Berol263
Berol475
Hostapur SAS60

eoncn of
foaming

agent,
g/dm'

HCHOb
0.060
0.060
0.060
0.060
0.060
0.060
0.030
0.030
0.066
0.256
0.017
0.046
0.013
0.049
0.027

eonen of
aldehyde
in the gas,

vol %

0.02
0.1
0.14
0.33
0.017
0.02
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

removed
pollutant,

%

98.4
97.9
96.9
97.5
87.5d

90.2e

97.8
99.2'
96.7
98.3
96.1
96.9
97.1
80.5
80.5
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Flgwe 1. Foam column. (1) Foam column (heig1t = 0.58 m; liarneter
= 0.05 m), (2) glass fitter (porosity 1), (3) sprayer, (4) gas inlet, (5) gas
outlet lor analysis, (6) vessel lor the loam liquid, (7) dropping lunnel
lor additives, (8) pump lor recirculating liquid, (9) thermostatic water
bath, (10) glass wool fitters, (11) flowmeter, liquid, (12) air, (13) gaseous
pollutant, (14) f1owmeters, gas, and (15) mercury manometer.

CH,CHOC
sodium decyl sulfate 0.060 0.05 75.2
sodium decyl sulfate 0.060 0.2 74.4
sodium deeyl sulfate 0.060 0.21 85.9
sodium decyl sulfate 0.060 0.07 99.6'
sodium decyl sulfate 0.060 0.26 99.8'
sodium decyl sulfate 0.060 0.36 99.3'
sodium decyl sulfate 0.060 0.32 92.5d ,f

° Vl/yg =0.015 m'/m', and yg =0.6 m'/h. No react·
ant in solution (if not otherwise indicated). b Mean
values of two to three determinations. C Analysis during
first 10 min of experiment. d yg = 1.2 m'/h; V1/Vg =
0.0075 m'/m'. e yg = 1.2 m'/h; VI/Vg = 0.015 m'/m'.
(Na,S,O, added.

through a glass filter, into the absorption liquid. The
absorption liquid was an aqueous solution of the foaming
agent and the reactant with a total volume of 150--200 cm3•

The concentration of the foaming agent was adjusted to
give the desired foam height and, hence, was varied as
shown in the second column of Table II. The foam ex
pansion factor (foam volume/liquid volume) was between
4 and 6. The foam level was kept constant by recirculating
the drained liquid at constant flow (0) and spraying it on
top of the foam bed. Solid reaction products were removed
with glass wool filters.

The gas flow was a mixture of air and pollutant. Sam
ples for analysis were absorbed in liquid and analyzed. In
each experiment, which lasted for 3G--60 min, the input
flow was analyzed at the beginning and at the end. The
output flow was analyzed 2-3 times during the experiment.

7<-11&:.... 2.1 .' •
' •• ' • 3
.... .. It .... 'E--6

.",-:;:~ Wg

.' .

@:• •• ' 5

". -:.*
.. .-::.:.

• Aldehyde in gas
• --00 --liquid

Figure 2. Liquid 111m equipment. (1) Gas box (~0.6 dm3), (2) liquid
111m (~7 em"), (3) PI frame, (4) liquid flow, inlet, (5) sampling 01 liquid
lor analysis, (6) gas Ilow, inlet, and (7) gas flow, outlet.

Apparatus for the Study of a Liquid Film. The
absorption of gaseous aldehydes into a single liquid film
was studied in the apparatus shown in Figure 2. The
solution flows into the gas box and spreads as a liquid film
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4 6 8 10

Molar ratio CUSCliIHzS

Figure 4. Removal of hydrogen sulfide in a foam w~h CuSO, as a
reactant. V. = 0.6 m'th, and V'tV· = 0.015 m'tm'. Concentration
of H2S in air: (*) 0.22 vol %. (e) 0.1 vol %. (.) 0.054 vol %. and
(0) 0.026 vol %.

much higher to.7S vaues than the other foaming agents.
They also give poorer absorption of formaldehyde. The
reason for this is probably that stable foams imply a de
creased surface renewal of the foam films. The importance
of surface renewal for gas absorption is discussed further
in connection with the film experiments.

The removal capacities of both form- and acetaldehyde
decrease if the flow rate of the gas increases (Table II).
The experiment was conducted with two gas flows. The
residence times of the gas in the foam (foam volume/gas
flow) were approximately 3.5 and 1.75 s, respectively.
These are several orders of magnitude larger than the
estimated time for diffusion of a gas molecule across an
average foam bubble. Thus, diffusion through the gas
cannot be the limiting factor for absorption. Our conclu
sion is that too high flow rates lead to a decreased contact
area due to the formation of holes and channels in the
foam.

The liquid flow rate seemed to have minor influence on
the removal capacity, which probably was due to the fact
that a high liquid flow was needed to regulate the foam
height.

Hydrogen sulfide was removed from the gas by precip
itation of CuS (CuSO, was added to the foam liquid). The
precipitation product, CuS, did not affect the stability of
the foam. Above a limiting molar ratio CuSO,/H2S ab
sorption becomes independent of the CuSO, concentration.
Maximum absorption efficiency with this foam column is
>90% and requires a molar ratio CuSO,/H2S higher than
2 (Figure 4).

It was found that the pressure drop over the foam col
umn (glass filter plus foam bed) was considerably higher
in the H2S experiments (>6 kPa) than for the aldehydes
(~2kPa).

Figure 5 shows that the pressure drop increases and the
removal of hydrogen sulfide decreases rapidly when the
liquid/gas flow ratio is reduced. This is explained by the

Table Ill. 10 .7< Values for the Foaming Agents

foaming agent

sodium decyl sulfate
Sulfatol33
Empicol LZV
Empicol 0137
Berol 496
Berol 081
Berol 263
Berol475
Hostapur SAS60

<5
<5
20
<5
<5
60
60

270
130

l U.751

min
COllen,

g{dm 3

0.060
0.030
0.066
0.256
0.017
0.046
0.013
0.049
0.027
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over a platinum frame. The liquid flow rate, W' (cm3/min),
is regulated with a peristaltic pump and collected for
analysis outside the box. The gas passes the liquid film
in counterflow and can be collected for analysis as in the
foam column. The gas flow, Wg (10 dm3/min), was mea
sured with a flowmeter. The experiments were carried out
at room temperature (22 ± 1°C).

Preparation of Gaseous Mixtures. The hydrogen
sulfide was introduced into the air stream from a gas
cylinder. The aldehydes were mixed with air by passing
an air stream through an aqueous solution of the aldehyde.
The concentration of aldehyde in the gas was varied by
changing the concentration of aldehyde in the solution, the
flow rate of the air, and the temperature of the solution.

Chemical Analysis. The sample collection and analysis
of the aldehydes followed standard methods recommended
by the Swedish National Board of Occupational Safety and
Health (20). Formaldehyde was analyzed by a spectro
photometric method in which a chromotropic acid forms
a colored complex with formaldehyde. In the film ex
periments another spectrophotometric method was used
for acet- and propionaldehyde; 3-methyl-2-benzo
thiazolinone hydrazone (MBTH) was reacted with the
aldehydes to a colored complex. In the foam column ex
periments the titrimetric hydrogen sulfite method was used
to determine the concentration of acetaldehyde (20).

To determine the concentration of absorbed hydrogen
sulfide, the method described by Skoog and West (21) was
used. CdS is precipitated from a Cd(NH3)l+ solution
followed by titration of the remaining Cd2+.

Results and Discussion
Experiments with the Foam Column. In Table II are

listed the results of several experiments in which aldehydes
were absorbed into foams with different foaming agents.
Na2S20S was used as a reactant in the foam liquid. Be
cause of its large solubility in water, formaldehyde was
removed very efficiently (96-98%) without any reactant.
Addition of Na2S20S increases the absorption to >99%.
Efficient removal of acetaldehyde, >99%, is obtained only
by addition of Na2S20S' This efficiency lasts as long as
the molar ratio Na2S20S (in the foam liquid) /CH3CHO (in
the gas) is >0.5 Figure 3. Absorption of acetaldehyde into
solutions without Na2S20S, however, decreases rapidly with
time (Table 11).

The absorption of formaldehyde and acetaldehyde is
dependent on the foaming agent (Table II) and its foam
stabilizing effect. This effect was investigated by shaking
10 cm3 of solution in glass tubes for 1 min. Table III shows
the time required for the foam to decrease to 75% of its
initial height, to.7S' Berol 465 and Hostapur SAS 60 give

2 4 5

MoIor ratio Na.flAjCH.ptO

Figure 3. Percent removal of acetaldehyde in a foam with Na2S20.
as a reactant. Concentration of CH,CHO in air = 0.3-0.4 vol%. (e)
v. = 0.6 m'th, and V'tV. = 0.015 m'tm'; (.) V· = 1.2 m'th. and
V'tV. = 0.0075 m'tm'.
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(7)

(5)

(8)
QI(exptl)
---
QI(calcd)

QI = Ql.ot_K_(_W--,-/-,-W_
g
_)_

1 + K(W/Wg)

rtt - P').ut

{= P,ft - ~

Combining eq 5 and 6 gives

0.1 02 0.3 0.4 I 25 sO 75 100 Wi
KVjll

Figure 6. Calculated liquid uptake 01 aldehyde as a lunction 01 liquid
Ilow rate. The working areas lor lorrn-, acet-, and propionaldehyde
at constant gas llow (10 dm3/min) are indicated in the ligure.

where g and I denote gas and liquid, respectively.
Therefore, at equilibrium

QI = K W
Qg wg

The total aldehyde flow in the gas box is expressed by

Ql.ot = Qg + QI (6)

where p~t is the initial partial pressure of the aldehyde and
PAut is the experimental partial pressure in the gas outlet.
~ and Ql(calcd) are the calculated partial pressure of the

Thus, at constant flow rates of gas and liquid the aldehyde
uptake in the liquid, QI, should depend linearly on the
aldehyde concentration in the gas phase, or Ql.ot, with a
slope given by the constants in eq 7.

Equation 7 can also be used to predict the dependence
of the aldehyde uptake in the liquid on the flow rate of
the liquid film. Figure 6 shows the predicted relative
aldehyde uptake in the liquid film, QI/Ql.ot, as a function
of the liquid flow rate, or K(W / wg), keeping the gas flow
rate, wg, constant, In this calculation kH = 7.14 mmHg
for formaldehyde (22), kH = 2.3 X 103 mmHg for acet
aldehyde (23), and kH = 5.6 X 103 mmHg for propion
aldehyde (24) were used. The figure shows clearly that,
keeping Ql.ot constant, there are two extreme cases:

(i) K(W/Wi)« 1; i.e., kH is large. The aldehyde uptake
in the liquid will be directly proportional to the liquid flow
rate, and the small equilibrium value of the aldehyde
concentration in the liquid phase is immediately reached,
Hence, the liquid film works at a maximum capacity. An
increase in the liquid flow rate therefore increases the
aldehyde uptake because a larger liquid volume per unit
time is exposed to the gas, This is the case of acet- and
propionaldehyde as will be discussed below.

(ii) K(W/Wg) » 1; i,e., kH is small, The aldehyde up
take in the liquid will be almost independent on the liquid
flow rate and almost equal to the maximum possible value
(Ql.ot). In this case the absorption capacity of aldehyde in
the liquid is very large, and the aldehyde content of the
gas in equilibrium will be very low. This is the case of
formaldehyde as will be discussed below.

An intrinsic efficiency, {, of gas uptake in the film may
be defined by

(2)

(4)

(3)

(1)

80

40 100 at
Qlot F~

.. 1.0

~ 30 80
:IJ

~ ~
~ ~.. 20 60 rt 0.5 Propionaldehyde

~ Acetak1ehyde..
il: >f-

lO 40

20 40 60

Absorption tine ( rOO.)

Figure 5. Comparison 01 pressure drop (-) and percent removal 01
hydrogen suilides (- - -) as a lunction 01 absorption time in the loam
column. CuSO. was used as a reactant lor H,S. Molar ratio
CUSO~IH,S = 2.5-5.0, concentration H,S = 0.054 vol % and V. =
0.6 m /h. (0, A) Vi/V. = 0.015 m3/m3; (e, &) Vi/V. = 0.0075
m3/m3.

where PAis the aldehyde partial pressure, XAis the mole
fraction of aldehyde in water, C~ is the aldehyde concen
tration in the gas phase, kH is the Henry law constant, and
R and T have their usual meaning, At low concentrations

where C~ is the molar concentration of aldehyde in the
liquid and VH,o is the molar volume of water.

Inserting eq 2 into eq 1 we obtain

RT
C~ = ---C~ = KC~

kHVH,o

Experimentally, however, the flow rate rather than the
concentration of aldehyde is of interest. The aldehyde
flow, Q, is related to the gas or liquid flow, W, by

increased amount of precipitated CuS in the column which
increases the flow resistance in the filter as well as in the
foam, We conclude that efficient absorption of gaseous
pollutants with reactants that form solid products is also
possible, but it is necessary to ensure an efficient removal
of the precipitate from the foam column.

Experiments with a Single Foam Film. The ab
sorption of gaseous pollutants in the foam column is ob
viously dependent not only on the properties of the foam
lamella and the solubility (absorption capacity) of the
impurities in the foam liquid but also on the parameters
of the equipment used such as foam height, gas/liquid flow
ratio, pressure drop, volume ratio of the foam, etc. In order
to study the absorption process independently of these
parameters, we also investigated absorption into a single
liquid film as a model for the foam lamella in the exper
imental setup shown in Figure 2.

Theoretical Considerations. The cell in Figure 2 is
not designed to ensure that equilibrium prevails in all
experiments. Rather, it allows one to draw conclusions
concerning the rate-determining factors in different cases.
To show this, we will derive equations for equilibrium
conditions and compare the calculated and experimental
results.

If the distribution of aldehyde molecules between the
gas and the liquid phase reaches equilibrium, Henry's law
may be used:
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dot_ CH:fH:FHO-f1ow (~mol/min. )

Figure 9. Uptake of proplonaldehyde into a flowing liquid film, Q' (W'
= 2.5 X 10-3 dm3/mln), at various concentrations of aldehyde in the
gas flow, Q'o,. See Figure 7 for symbols and details.
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the chemical composition nor the concentration of sur
factant has any significant effect on the rate of absorption
as long as the surfactant is dissolved in homogeneous so
lution below the critical micelle concentration, erne. (The
values of erne are given in Table I. The results for
CTAB-hexanol are discussed below). Since there is no
variation in the aldehyde uptake on changing surfactant,
we conclude that the variations in efficiency of absorption
indicated in Table II must be due to variation in the
properties of the foam bed. It is also obvious that the rate
of transport across the surfactant film cannot be a rate
determining step in the absorption process.

Using eq 7, we can calculate the aldehyde uptake in the
film at equilibrium as a function of Qtot. The predicted
uptake is shown in Figures 7-9. The predicted slopes are
respectively 5, 0.1, and 0.04 for form-, aceto, and pro
pionaldehyde. The experimental slopes are 0.18, 0.05, and
0.04, respectively. The predicted faster uptake of the
formaldehyde is confirmed experimentally. The intrinsic
efficiencies according to eq 8 are 0.04 for formaldehyde,
0.5 for acetaldehyde, and ~1 for propionaldehyde. Hence,
in the case of formaldehyde the system is far from equi
librium, and the experimental line in Figure 7 probably
describes the maximum uptake made possible by the de
sign of the gas box.

1 2 3 4 5

wL Liquid flow in the film

( 103dn't\omin,)

Figure 10. Aldehyde uptake in the liquid film, Q', as a function of the
flow rate of the film, W. W· = 10 dm3/min. (_) HCHO, (e) CH3CHO,
and (0) CH3CH2CHO.
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aldehyde in the outlet and the calculated liquid uptake of
the aldehyde assuming equilibium conditions.

Influence of Type of Surfactant in the Film. Fig
ures 7-9 show the uptake of form-, aceto, and propion
aldehyde into the liquid films formed by 12 different
surfactants with varying concentrations. No reactant was
added to the film liquid. In all experiments the flow rate
of the liquid film, W, was 2.5 X 10-3 dm3/min. Neither

20 40 60 80

Q tot _ HCHO-flow ( !JfOOl/mn. )

Figure 7. Uptake of formaldehyde into a flowing liquid film, Q' (W' =
2.5 X 10-3 dm3/min). at various concentration of aldehyde in the gas
flow. Q lot. The following surface active agents and concentrations
(g/dm3) were used as film stabilizers: (0) NaC,oSO. (7.5), «() Na
C,oSO. (5.12), (e) NaC'2S0. (1.8), «» NaC12SO. (1.2), (ll.) NaC,.SO.
(0.25), (A) Trllon X-l00 (0.05), (V) Empicol LZV (0.066), (T) Empicol
LZV (0.264), (ha~-filled up triangle) Emplcol 0137 (1.12), (ha~-filled down
triangle) Hostapur SAS60 (0.08), (0) Serol496 (0.113), (II) Serol 081
(0.046), (left half-filled squares) Serol 475 (0.05), (right half-filled
squares) Serol 263 (0.01), (181) Sulfatol33 (0.294), (crossed box) CTAS
(0.192), (solid star) CTAS + hexanol (32 + 32). The calculated lines
show the maximal absorption of the aldehydes into the film at equi
librium conditions.

100 200 300

dot - CH:fHO-flow ( ~mol/min. )

Figure 8. Uptake of acetaldehyde into a fiowing liquid film, Q' (W' =
2.5 X 10-3 dm3/min), at various concentrations of aldehyde in the gas
fiow, Q tot. See Figure 7 for symbol and details.
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Figure 11. Theoretical possible absorption at equilibrium conditions
(calcd) compared with experimental results lor absorption 01 lorm- and
acetaldehyde In the loam column. v. = 0.6 m3/mln, and Vi/V" =
0.015 m3/m3.

Influence of the Liquid Flow Rate in the Film.
Figure 10 shows clear differences between formaldehyde
and the two other compounds. The uptake of form
aldehyde is independent of the liquid flow rate, corre
sponding to K(WjWi) » 1 (Figure 6). (With Wi = 10
dm3jmin and W =2.5 X 10-3 dm3jmin, K(WjWi) =36
for formaldehyde.) Thus, the uptake in the film confirms
that conditions for formaldehyde are far from equilibrium.

The uptake of acet- and propionaldehyde, on the other
hand, increases linearly with increasing flow rate. This
corresponds to K(WjWi) « 1 (Figure 6). (With Wi = 10
drn3jmin and W =2.5 X 10-3 dm3jmin, K(WjWi) =0.11
for acetaldehyde and 0.046 for propionaldehyde). The
conclusion is that the uptake of both acet- and propion
aldehyde is at its maximum possible value; i.e., the rate
of uptake is determined by the rate of flow in the lamella,
and there is equilibrium between gaseous and dissolved
aldehydes.

Equilibrium Calculations for the Foam Column.
Using eq 3 for equilibrium calculations in the foam col
umns shows that similar conditions as in the film prevail.
Formaldehyde is far from maximum uptake and acet
aldehyde much closer (Figure 11). The experimental
values CA(\) were calculated by assuming a liquid volume
of 0.2 dm3 in the foam and for the measured removal
capacities after 10 min of absorption.

Lamellar Liquid Crystal in the Film. For slightly
soluble gases the absorption may be increased by (a) in
creasing the solubility of the gas in the liquid film or (b)
adding a reagent that removes the free dissolved compound
by a chemical reaction. The latter possibility was dem
onstrated by the experiments with pyrosulfate or copper
sulfate. The former possibility was demonstrated in the
film experiments by using a foam agent in such concen
trations that a lamellar liquid-crystalline phase occurs in
the film.

Figure 12 shows the three-component phase diagram for
the system water j cetyltrimethylammonium bromide
(CTAB)jhexanol at 20°C (25). In this system two types
of lyotropic liquid crystals are formed. The hexagonal
structure (E) which is in equilibrium with concentrated
(micellar) aqueous solution (L1) is able to incorporate about
5 wt % hexanol. The other liquid-crystalline structure (D)
is lamellar and is formed only by all three components
together at this temperature. In addition, solutions of
CTAB and water in hexanol occur (area L2). The D-phase
region extends to very high concentrations of water
(",,95%) and at these very high water contents is in
equilibrium with an aqueous micellar solution. It is very
easy to form a stable film from CTABjhexanoljwater
mixtures in which this type of equilibrium obtains (marked

20

1 ---
1~ HCHO calc.

0.1

with a ring in the left corner of the phase diagram in Figure
12). The absorption of formaldehyde and propionaldehyde
into such lamellae is shown in Figures 7 and 9, respectively.
The absorption of the highly water-soluble formaldehyde
is much less than in water, while propionaldehyde ab
sorption increases strongly.

It was shown by Saito and Friberg (26) that when foam
lamellae are prepared from mixtures of the type described
above, they consist of multilayers of the lamellar liquid
crystalline phase. Such a lamella will offer an amphiphilic
environment into which an amphiphilic molecule, like
propionaldehyde, can be incorporated with its hydrophobic
parts in contact with the hydrophobic parts of the mul
tilamellar structure, and the hydrophilic part in the polar
layer. A strongly polar compound like formaldehyde, on
the other hand, would not be incorporated in this way, and
the volume of the aqueous environment into which the
formaldehyde can be dissolved would be much less in a
lamella containing a liquid-crystalline phase than in an
aqueous lamella which is stabilized by a single surfactant
layer. This clearly explains the reversed absorption ca
pacities for form- and propionaldehyde.

Conclusions
The results from the column experiments together with

the absorption studies in a single liquid film indicate the
following conclusions about the foam characteristics:

(i) The chemical composition of the foaming agent does
not influence the rate of absorption, probably because thick
foam lamellae that would decrease the permeability of the
gas do not develop in the time available in a dynamic foam.

(ii) The rate of surface renewal in the foam is important
for slightly soluble gases. Such gases reach equilibrium
conditions in the foam lamella very rapidly. In this case
an increased surface renewal increases the rate of ab
sorption. A high surface renewal is obtained if the stability
of the foam is low. Then mechanical agitation such as
caused by gas flow or a water spray will break the foam
lamellae easily and new gasjliquid contact areas are con
tinuously created. Thus, the choice of foaming agent is
important in the sense that it controls the foam stability.

(iii) A reactant mixed into the foam is an effective way
to increase the gas absorption. This is particulary im
portant for the slightly soluble gases. Another possibility
is to increase the solubility of the gas in the lamella. For
this purpose liquid crystals can be utilized in the case of
hydrophobic gas molecules. As liquid-crystalline phases
also enhance the foam stability, thus decreasing the rate
of surface renewal, the optimum combination of the dif-

L, w/w %

Figure 12. Phase diagram 01 CTAB/hexanol/H20.
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ferent parameters will be specific to every system.
(iv) Precipitated reaction products must be effectively

removed from the foam, so that pressure drop and removal
capacity are not negatively affected. The main advantage
of particulate reaction products is that they can easily be
removed by filtration from the foam solution.

The foam technique seems to be applicable to different
types of pollutants. The problem of obtaining a high ab
sorption efficiency of the foam is probably a question of
finding an effective reactant for the pollutant. If this can
be found, the foam technique has great advantages in
combining a large surface area with a low pressure drop
and a low water consumption. A practical problem, how
ever, is that holes and channels may rather easily be cre
ated because of the mechanical weakness of the foam.
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Nomenclature
V' gas flow in the foam column, m3/min
VI liquid flow in the foam column, m3/min
VI/V' liquid/gas flow ratio in the foam column, m3/m3

WI liquid flow in the film, dm3/min
W' gas flow around the film, dm3/min
QI velocity of aldehyde absorption in the film,

"mol/min
Qto, initial aldehyde flow in the gas, "mol/min
Q' aldehyde flow in the gas after absorption in the film

at equilibrium conditions, "mol/min

Registry No. Na2S20s, 7681-57·4; CuSO., 18939-61-2; H2S,
7783-06-4; HCHO, 50-00-0; CH3CHO, 75-07-0; CH3CH2CHO,
123-38-6; NaC\llSO., 142-87-0; NaCI2SO., 151-21-3; NaC14SO.,
1191-50-0; CTAB, 57-09-0; Triton X-loo, 9002-93-1; Sulfatol33,
88495-87-8; Bero1496, 88495-86-7; Bero1475, 67894-03-5; Berol
081, 88495-84-5; Berol 263, 88495-85-6.
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Comparison of Solvent Extraction and Thermal-Optical Carbon Analysis
Methods: Application to Diesel Vehicle Exhaust Aerosol
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Emily K. Heyerdahl, Richard L. Johnson, John A. Rau, and James J. Huntzlcker'
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• Filter samples of particulate emissions from two diesel
automobiles were analyzed by solvent extraction with a hot
toluene/I-propanol mixture, by thermal-optical carbon
analysis, and by X-ray fluorescence analysis. On the av
erage, carbon accounted for 83% of the particulate matter,
and organic carbon comprised 70% of the extractable
mass. The ratio of elemental carbon as measured by the
thermal-optical technique to unextractable mass was 1.05
± 0.04. For most of the filters the unextractable mass was
predominantly elemental carbon. However, for the filters
with the largest amounts of unextracted material the el
ements Fe, S, AI, Si, and Ca were present in significant
amounts (0.3-5% each of the unextractable mass when
expressed as oxides).

[ntroduction

It has become apparent in recent years that carbona
ceous aerosols play an important role in the chemistry and
physics of the atmosphere. Carbonaceous aerosols have
been implicated in the problem of climate modification
(submicron elemental carbon particles can change the
radiative transfer properties of the atmosphere), potential
health effects (a number of particle-bound organic com
pounds found in the atmosphere are known mutagens),
and visibility reduction (elemental carbon is an efficient
light absorber, and both organic and elemental carbon
aerosols scatter light). Because of this, a number of efforts
have been made to develop rapid and simple analytical
methods to determine the elemental, organic, and total
carbon content of aerosols. These techniques include
solvent extraction (1-7), thermal combustion (8-13), op
tical methods (14-21), and acid digestion (22-24).

Comparisons of several of the analytical techniques have
been reported by Cadle and Groblicki (6) and Stevens et
al. (25). Cadle and Groblicki (6) note that each of the
analytical techniques defmes organic and elemental carbon
in an operational manner; i.e., there is no accepted,
standard analytical definition of organic and elemental
carbon. Consequently, it is of interest to compare inde
pendent analytical methods for the determination of or
ganic and elemental carbon. This report presents the
results of such a comparison between a solvent extraction
method (1) and a thermal-optical technique (8, 9) on
samples of diesel vehicle exhaust aerosol.

Experimental Section

Diesel vehicle exhaust particulate samples were collected
on a chassis dynamometer/dilution tube facility (26). The
vehicles, a 1979 2.3-L Opel and a 1980 2.3-L Peugeot, were
run, using no. 2 diesel fuel, over a series of cruises between
20 mph and 60 mph, as well as over a portion of the
Federal Test Procedure (FTP), a test cycle which includes
idles, cruises, and hard accelerations to speeds in excess
of 50 mph.

Samples were collected on two different filters simul
taneously: 47-mm Teflon-backed Teflon membrane filters
(1.0 I'm pore size "Zefluor", Ghia Corp.) were used to collect
samples for solvent extraction, mass measurement, and
X-ray fluorescence analysis while 47-mm glass fiber filters
(type AE, Gelman Corp.) were used to collect samples for
carbon analysis. It has been found on the basis of a large
number of vehicle tests that both filters are equally effi
cient in the collection of submicron aerosol emitted from
diesel vehicles. The Teflon filters were used for the solvent
extraction and mass measurements because they minimize
artifact formation due to sorption of gaseous oxides of
nitrogen and sulfur.

Solvent Extractions. The organic-soluble fraction of
the particulate emissions was determined by 20-h Soxhlet
extractions of the Teflon filter samples in 1:1 (vIv) mix
tures of toluene/ I-propanol. This solvent system is highly
efficient for the removal of adsorbed organic material from
diesel particulate material (1). To minimize loss of par
ticulate material during the extractions, the sample filters
were wrapped in a second Teflon filter. The extractable
mass was determined by the difference in the two-filter
weight before and after extraction.

X-ray Fluorescence Analysis. Several of the Teflon
filters which had been extracted were subjected to energy
dispersive X-ray fluorescence analysis using an ORTEC
TEFA instrument. Concentrations of Fe, Zn, Pb, AI, Si,
S, and Ca were determined. The results were only semi
quantitative, however, because the solvent extraction
procedures produced both a nonuniform deposit of par
ticulate material on the filter and wrinkled filters. The
latter effect resulted in a nonuniform distribution of dis
tances between the X-ray source and filter and between
the X-ray detector and filter.

Thermal-Optical Carbon Analysis, The thermal
optical carbon analyzer (8, 9) is unique among thermal
methods in that it explicitly corrects for the pyrolytic
conversion of organic to elemental carbon (i.e., carboni
zation) which occurs during the organic analysis step in
most thermal methods. In the thermal-optical approach
a single glass fiber filter disk (0.25 cm2in area) was placed
in a quartz boat in the cool end of the analyzer. After
purging with He, the boat was inserted into the volatil
ization oven in which the initial temperature was 350°C.
Organic carbon that volatilized under these conditions
flowed through a Mn02 bed at 1000 °C where it was ox
idized to CO2, (For some analyses this step was conducted
in a 2% O2-98% He atmosphere. Continuous monitoring
of the filter reflectance as described below indicated no
oxidation of elemental carbon under these conditions.)
The CO2was subsequently reduced to CH4 and measured
with a flame ionization detector. Further volatilization and
measurement of the remaining organic carbon were
achieved at 600°C. Elemental carbon was analyzed by
lowering the temperature to 400 °C, changing the atmo
sphere to 2% O2-98% He, and measuring the amount of
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Table I. Chemical Analysis of Vehicle Particulate Emissions a

mass, )J.glcm' carbon, )J. g of Clcm'

run vehicle conditionc total b unextr. extract. total elemental organic

1 2.3-L FTP 296.7 164.2 132.5 253 181 72
2 Opel C-50 497.6 156.9 340.7 428 156 272
3 C-30 300.0 109.8 190.2 202 115 87
4 C-50 491.9 111.4 380.5 393 132 262
5 C-50 221.1 87.0 134.1 175 96 79
6 C-30 200.0 82.9 117.1 149 90 59
7 C-40 213.0 78.9 134.1 154 86 68
8 FTP 203.3 161.8 41.5 196 170 26
9 FTP 281.3 230.9 50.4 232 193 39

10 C-20 281.3 106.5 174.8 236 110 126
11 C-40 253.7 97.6 156.1 207 94 113
12 C-50 246.3 79.7 166.6 192 77 116
13 C-30 235.8 100.8 135.0 187 88 99
14 FTP 502.4 387.8 114.6 392 310 81
15 C-50 240.7 118.7 122.0 202 106 96
16 FTP 296.7 248.8 47.9 241 204 37
17 C-30 269.1 102.4 166.7 196 98 98
18 C-50 226.8 64.2 162.6 194 76 119
19 C-40 195.1 89.4 105.7 159 89 70
20 C-50 284.6 117.9 166.7 260 130 130
21 C-40 354.4 135.0 219.4 297 141 156
22 C-30 266.7 108.1 158.6 218 102 116
23 C-50 321.1 89.4 231.7 279 91 187
24 FTP 244.7 204.1 40.6
25 2.3-L FTP 125.2 76.4 48.8 153 97 56
26 Peugeot C-40 321.1 131. 7 189.4 271 128 143
27 C-50 386.2 111.4 274.8 343 138 205
28 FTP 97.1 48.0 49.1
29 C-50 314.6 119.5 195.1 283 131 152
30 C-45 515.4 185.4 330.0 414 166 248
31 C-50 340.7 113.0 227.7 320 140 180
32 C-60 346.3 98.4 247.9 263 103 160
33 FTP 99.2 61.8 37.4 78 53 25

a Carbon concentrations are rounded to the nearest whole number. b Average area of deposition of the filters is 12.3 cm' .
For #28 the area is 10.2 cm'. c FTP is a 505-second cycle including accelerations to 50 mph. C-50 is a 50 mph cru ise.

CO2 evolved at 400, 500, and 600 ac.
To correct for the pyrolytic conversion of organic to

elemental carbon the filter reflectance was continuously
monitored with a He-Ne laser (633 nm). The amount of
elemental carbon combustion necessary to return the filter
reflectance to its original value (i.e., before pyrolytic pro
duction of elemental carbon occurred) was taken to be the
correction. The three-step elemental carbon combustion
process permitted adequate resolution of the point when
the fIlter reflectance returned to its original value. For the
56 measurements (including replicates) the average cor
rection amounted to 3 ± 3% (10') of the total carbon on
the filter. This is considerably less than usually observed
for ambient air filters (9).

To assess the accuracy of the carbon analysis procedure
for total carbon, known amounts of sucrose were deposited
on fIlter disks and analyzed. The average ratio of measured
to expected carbon was 1.01 ± 0.04 (95% confidence in
terval).

Results and Discussion
The results are presented in Table I in terms of mass

(I'g) or carbon (I'g of C) loading per centimeter squared
of fIlter. Replicate carbon analysis (two to five per sample)
was performed on 13 filters. From these results the fol
lowing analytical precisions (±1 standard deviation, n =
38) were determined by analysis of variance: organic
carbon (OC), ±16%; elemental carbon (EC), ±5.4%; total
carbon (TC = OC + EC), ±4.0%; OC/TC and EC/TC,
±0.027. The large uncertainty in organic carbon was
caused by the three filters (numbers 9, 14, and 16) with
the highest concentrations of elemental carbon (193, 310,
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and 2041'g of C/cm2, respectively). For these filters small
fractional uncertainties in elemental carbon due to un
certainties in the speciation between organic and elemental
carbon resulted in large fractional uncertainties for organic
carbon, which was the minor species for all three filters.
When these filters were removed from the analysis of
variance, the uncertainty for organic carbon dropped to
±7.1 % while the uncertainties for elemental carbon, total
carbon, OC/TC, and EC/TC remained essentially un
changed.

It is apparent from Table I that the nature of the par
ticulate emissions is dependent on the vehicle operating
conditions. For the Opel the extractable fraction of the
total mass was 23 ± 4% for FTP's and 63 ± 2% for cruises
where the uncertainties correspond to one standard error
of the mean. For the Peugeot FTP runs the extractable
mass was 42 ± 4% of the total and for cruises 66 ± 2%.
These can be compared with the on-road vehicle results
of Szkarlat and Japar (27) in the 1981 Allegheny Tunnel
experiment in which extractable mass was 24% of the total
mass associated with diesel vehicles (primarily trucks). For
the FTP runs organic carbon comprised 19 ± 2% of total
carbon for the Opel and 34 ± 2% for the Peugeot and for
the cruise runs 53 ± 2% for the Opel and 58 ± 2% for the
Peugeot. For all runs carbon (i.e., organic plus elemental)
constituted 83 ± 2% of total mass. This is in good
agreement with the results of Pierson and Brachaczek (28)
for the 1977 Tuscarora Tunnel experiment (84% carbon)
and with the results of Szkarlat and Japar (27) for the 1981
Allegheny Tunnel experiment (76%).

Elemental Carbon/Unextractable Mass Relation
ships. In comparing the results of the carbon analyses and



Table II. Statistical Analysis of Elemental Carbon (EC)/Unextractable (UEM) Data"

EC = a(UEM) + b

data set (EC/UEM) a b

(1) all filters
(2) delete 14
(3) delete 9, 14, and 16
(4) delete 9,14,16, and 30
(5) delete 9,14,16,30, I, and 8
(6) delete 9,14,16,30, I, 8, and 2

1.03 ± 0.06
1.03 ± 0.04
1.05 ± 0.04
1.05 ± 0.04
1.05' 0.04
1.05, 0.04

0.74 ± 0.04
0.78 ± 0.05
0.96 ± 0.07
1.05 ± 0.08
1.00± 0.10
1.04 ± 0.12

32, 5
9 ± 8
9 ± 8
0.4 ± 9
5 ± 10
1 ± 12

0.96
0.94
0.93
0.93
0.90
0.88

"Uncertainties in (EC/UEM) correspond to 95% confidence intervals for the mean and in the regression coefficients to
one standard error. r is the linear correlation coefficient.

Elemental Concentrations ("g/cm') on
400

Table III.
Extracted Filters" N

~filter u
C7' 300

element 14 15 16 30 31 "-.

z
Fe 9.7 0.45 9.0 0.14 0.14 a

CD

Zn 0.50 0.23 0.34 0.20 0.10 ~ 200

Pb 1.0 1.2 0.87 0.10 0.04 u

AI 1.6 0.10 1.6 0.09 0.00 ...J
«

Si 3.0 0.38 3.3 0.26 0.21 ....
z

S 3.4 0.86 2.4 0.52 0.23 w 100

Ca 2.8 0.35 1.8 0.15 0.16
:>
w
...J

total 22 3.6 19 1.5 0.88
w

total as oxides b 38 6.2 34 2.9 2.8 00
unextracted mass - 78 ± 13 ± 45, 19, (-27 ±

elemental carbon 17 6 11 9 8)

o
o 0

100 200 300 400

UNEXTRACTABLE MASS p.g/cm 2

" The uncertainties in (unextracted mass - elemental
carbon) were taken to be the 5.4% uncertainty in elemen
tal carbon. b Assumed to be Fe,O" ZnO, PbO, AI,O"
SiO" SO;-, and CaO.

the extractions it can be assumed that the unextractable
mass on the filter represents an upper limit to the mass
of the elemental carbon determined by combustion. De
viations from a 1:1 relationship between the two values
would be expected if a significant fraction of the emissions
were unextractable organic or inorganic material, i.e.,
(elemental carbon)/(residual mass) < 1.

To investigate the relationship between elemental car
bon and unextractable mass, the data were subjected to
statistical analysis. As shown in Table II the average ratio
of elemental carbon to unextractable mass was 1.03 ± 0.06
(±95% confidence interval) for all filters. Least-squares
regression analysis, however, gave a slope of only 0.74.
Further investigation revealed that the deviation from unit
slope was strongly influenced by the three filters with the
largest unextractable mass concentrations (filters 9, 14 and
16). When these three points were removed, the regression
slope (data set 3) approached unity, and the average ratio
of elemental carbon to unextractable mass increased
slightly to 1.05 ± 0.04 (±95% confidence interval). i<'urther
removal of the high concentration runs produced only
small changes in the regression coefficients and the average

Figwe 1. Relatlon between elemental carbon (thermal--qJtical method)
and unextractable mass. The solid line corresponds to the regression
relation of data set 3 in Table II which excludes fi~ers 14, 16, and 9,
the tlYee points with the largest lIl8xtractable mass listed in descending
order. The dashed line is an extrapolation of the solid line.

ratio. The elemental carbon/unextractable mass results
are plotted in Figure 1 in which the solid line represents
the regression results of data set 3 in Table II.

To investigate the large differences between unex
tractable mass and elemental carbon for filters 9, 14, and
16, a selected group of filters (14, 15, 16, 30, and 31) was
analyzed for elemental content by X-ray fluorescence
analysis. The results of the analysis are given in Table III.
Filters 14 and 16 are clearly distinguished from filters 15,
30, and 31 by the concentrations of Fe, AI, Si, S, and Ca.
When the elemental concentrations are expressed as ox
ides, the totals for filters 14 and 16 account for a significant
share of the difference between elemental carbon and
unextractable mass for these two filters. The sources of
the major elements were not determined although it is
likely that S originated from the fuel, Fe, Si, and Al from
the exhaust train during the accelerations in the FTP cycle,
and Ca from the motor oil (28). In experiments prior to
the one reported here, aluminum-coated particulate traps
fabricated from cordierite (an aluminosilicate mineral) had
been used in the exhaust trains, and it is probable that the
AI and Si observed in this experiment resulted from debris

Table IV. Statistical Analysis of Organic Carbon (OC)/Extractable Mass (EM) Data"

OC =a(EM) + b

data set a b

(1) all filters
(2) delete 14
(3) delete 9,14, and 16
(4) delete 9, 14,16, and 30
(5) delete 9,14,16,30, I, and 8

0.70, 0.05
0.70 ± 0.05
0.70± 0.05
0.70, 0.05
0.71! 0.05

0.75 ± 0.03
0.75 ± 0.03
0.76,0.04
0.76 ± 0.04
0.75!. 0.04

-7.5' 6.4
-7.6, 6.6

-10.4 ± 7.5
-9.6 ± 7.9
-7.3 ± 8.8

0.97
0.97
0.97
0.96
0.96

"Uncertainties in (OC/EM) correspond to 95% confidence intervals for the mean and in the regression coefficient to one
standard error. r is the linear correlation coefficient.
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Figure 2. Relation between organic carbon (thermal-optical method)
and extractable mass. The line corresponds to the regression relation
of data set 1 in Table IV.

from the particulate traps which remained in the exhaust
trains after the traps had been removed.

The slight excess of elemental carbon relative to unex
tracted mass (with filters 9, 14, and 16 excluded) could be
due either to a systematic error in the carbon analysis
speciation or to wash-off of elemental carbon particles from
the Teflon filters during solvent extraction. Although the
solvent extraction procedure was designed to minimize
such wash-off, such a possibility cannot be excluded. The
results of Johnson (29) suggested that wash-off of ele
mental carbon particles from fibrous fJIters occurred during
extraction with a mixture of polar and nonpolar solvents.

Organic Carbon/Extractable Mass Relationships.
Statistical analysis of the organic carboniextractable mass
data was also performed, and the results are given in Table
IV and plotted in Figure 2. In contrast to the elemental
carbon/unextractable mass relationship the organic car
bon/extractable mass regressions are invariant with respect
to the selective removal of various runs and, in particular,
the removal of filters 9, 14, and 16. The slope of the
regression line was 0.75, and the average ratio of organic
carbon to extractable mass was 0.70 ± 0.05 (±95% con
fidence interval). Such a ratio is not unreasonable in view
of other vehicle emission studies (27) and is due to the
presence of both oxygenated organic compounds and
(possibly) inorganic sulfates in the extracted mass.

Conclusion

Elemental carbon concentrations as determined by the
thermal-optical carbon analysis procedure (2, 3) were
compared with the mass of material left on the filter after
extraction with a hot toluene/I-propanol mixture. As a
working hypothesis this residual mass was taken to be an
upper limit to the concentration of elemental carbon on
the filter. With the exception of the three most heavily
loaded samples which were obtained under FTP condi
tions, the average ratio of elemental carbon to unextracted
mass was 1.05 ± 0.04 (±95% confidence interval), and the
slope of the regression line was 1.05. Thus, for most of the
filters the unextractable mass was predominantly ele
mental carbon.
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Acetone-Sensitized and Nonsensitized Photolyses of Tetra-, Penta-, and
Hexachlorobenzenes in Acetonitrile-Water Mixtures: Photoisomerization and
Formation of Several Products Including Polychlorobiphenylst

Ghulam Ghaus Choudhry* and Otto Hutzlnger'

Laboratory of Environmental and Toxicological Chemistry. University of Amsterdam, 1018 WV Amsterdam, The Netherlands

• Photochemical reactions of tetra-, penta-, and hexa
chlorobenzenes in the presence and absence of acetone as
sensitizer at wavelengths ~ 285 nm have been studied. The
reductive dechlorination is the main photochemical path
way in both sensitized and nonsensitized photolyses.
l,2,4-Trichlorobenzene appears as the main photoproduct
of the nons~nsitized photolyses of 1,2,3,5-tetrachloro
benzene, while the major photoproduct of the sensitized
irradiation of this substrate is l,3,5-trichlorobenzene. The
nonsensitized photoreactions of tetrachlorobenzenes yield
photoisomerized chlorobenzenes and also give product
chlorobenzenes containing more chlorine atoms than the
starting material. Yields of up to 'several percent of po
Iychlorobiphenyls (PCBs) are obtained in the case of
sensitized irradiation of tetra- and pentachlorobenzenes,
but this reaction is less significant in the case of direct
photolysis.

Introduction

Polychlorobenzenes (PCBzs) are utilized on industrial
scale (1-5). PCBzs have also been identified in the
emissions from some municipal and industrial incinerators,
e.g. (6-8), as well as in various water bodies (9). Moreover,
acetone occurs in natural waters (10). Therefore, it is likely
that in our environment aquatic systems contaminated
with PCBzs also contain acetone.

Several reports on the studies of monochlorobenzene
photolysis have been seEm in the literature (11,12). Parlar,
Korte, and their co-workers have reported the solution
phase photochemical (A '" 254 nm) reductive dechlorina
tion of 0-, m-, and p-dichlorobenzenes (13, 14) and their
derivatives (13-15) containing one substituent such as CHa,
CH20H, OH, OCHa; CHO, NH2, N02, CN, and Ph.
Choudhry et al. (16) have demonstrated the reductive
dechlorination, isomerization, and formation of poly
chlorobiphenyls (PCBs) by exposing solutions of tri
chlorobenzenes in methanol and acetonitrile-water mixture
with radiation of A ~ 285 nm. The photoreduction of
pentachlorobenzene in organic solvents like hexane, cy
dohexane, acetone, and 95% ethanol by utilizing ultra
violet (UV) light of A =253.7 nm has been performed by
Crosby and Hamadmad (5). Plimmer and Klingebiel (4)
reported the reductive dechlorination of hexachloro
benzene in methanol and hexane carried out by light of
wavelengths greater than 260 and 220 nm, respedively.
Furthermore, Uyeta and his co-workers (17) have shown
the photoformation of PCBs by irradiating neat mono-,
di-, trio, tetra- (except the l,2,3,5-isomer), and hexa
chlorobenzenes by sunlight. .

• Address correspondence to this author at the Chair of Ecological
Chemistry and Geochemistry. University of Bayreuth, 0-8580 Bay
reuth. West Germany.

t This article is part 3 of the series "Photochemistry of Halogen
ated Benzene Derivatives". For part 2, see ref 18.

t Present address: Pesticide Research Laboratory, Department of
Soil Science, The University of Manitoba, Winnipeg, Manitoba.
Canada R3T 2N2.

In view of our interest in the photochemical fate of
halogenated pollutants (16, 18) we decided to further in
vestigate the photoc4emistry of PCBzs possessing four,
five, and six chlorine substituents. The present paper deals
with acetone-sensitized and nonsensitized photochemistry
of the three tetrachlorobenzenes, pentachlorobenzene, and
hexachlorobenzene in different acetonitrile-water mixtures
utilizing radiation of wavelengths ~ 285 nm.

Experimental Section
Substrates and Standards. The substrate (5) and

standard trichlorobenzenes (7) were supplied by Chemical
Service, Inc., West Chester, and Koninklijke/Shell-Labo
ratorium, Amsterdam, respectively. All other compounds
were purchased from Aldrich.

Solvents. Sources are described elsewhere (18).
Preparation of Solutions. Stock solution of a sub

strate was prepared with acetonitrile as solvent. To a
portion of the stock solution was added water drop by drop
with continuous manual shaking, until the required con
centration of the substrate, i.e., ca. 1 mM/L, was achieved.
In this manner, sample solutions of all substrates (com
pounds 1-5) in water-acetOnitrile using the maximum
volume of water were made. For both types of photolysis,
the ratios of acetonitrile-water used for the preparation
of solutions were as follows: 1:1 (vIv) for PCBzs 1 and 2;
6:4 (vlv) for PCBzs 3 and 4; 9:1 for hexachlorobenzene (5).
In the case of acetone sensitized irradiations (Table I),
concentrations of substrates 1-5 were 1.204, 1.065, 1.112,
1.119, and 1.194 mM/L, respectively, while each solution
contained 0.553 MIL acetone. For the direct photolyses
(Table II), concentrations of tetrachlorobenzenes 1-3 were
1.112 mM/L, whereas those of penta- and hexachloro
b.enzene (4 and 5) were 1.119 and 1.194 mM/L, respec
tively.

Irradiation Equipment and Experiments. Detailed
descriptions of irradiation equipment and experiments are
given in ref 18. Irradiation times in the case of acetone
sensitized photoreactions of substrates 1, 3, and 4 were 4
h, while such sample solutions of substrates 2 and 5 were
irradiated for 1.5 and 16 h, respectively. In the case of
nonsensitized reactions, sample solutions of substrates 1,
2, and 4 were irradiated for 40, 36, and 24 h, respectively,
while irradiation times for substrates 3 and 5 were 8 h.

Extraction Procedures. One milliliter of hexane each
was added to photolyzed samples. After the samples were
well shaken, the hexane layer was separated from the
water-acetonitrile layer. A few drops of n-nonane were
added to the hexane solution which was then reduced in
volume to approximately 0.2 mL by using a rotary evap
orator. The same procedure was also followed for un
photolyzed samples. n-Nonane was added to prevent loss
of volatile compounds. .

Gas Chromatography. Two types of GCs were used.
Qualitative and quantitative analyses of the photolysates
were carried out on a Hewlett-Packard 5830A instrument
with a flame ionization detector equipped with an 18850
GC terminal. The following three types of columns and
GC conditions on this gas chromatograph were used:

OOt3-936X/84/0918-0235$01.50/0 © 1984 American Chemical Society Environ. Sci. Techno!., Vol. 18, No.4, 1984 235



column A, glass column (2 m X 0.2 cm) containing 5%
Carbowax 20 M on 160-180 mesh Chromosorb WAW,
temperature 1 ('1'1) = 70°C, time 1 (tl) = 2 min, rate 8
°C/min, temperature 2 (Tz) =240°C, time 2 (tz) =30 min,
carrier gas (Nz) flow = 24 mL/min, injection temperature
= 260°C, and FID temperature = 300 °C; column B, glass
column (3 m X 0.2 cm) containing 10% Carbowax 20 M
on 160-180 mesh Chromosorb WAW, '1', =80°C, t1= 20
min, rate 8°C/min, Tz = 240°C, t z = 40 min, carrier gas
(Nz) flow = 18 mL/min, injection temperature = 260°C,
and FID temperature = 300°C; column C, glass column
(1.90 m X 0.2 cm) containing 3% Silicone OV 101 on
150-160 mesh Chromosorb WAW, '1', = 80°C, t1= 2 min,
rate 8°C/min, '1'2 = 240°C, tz = 40 min, carrier gas (Nz)
flow = 25 mL/min, injection temperature = 260°C, and
FID temperature = 300°C.

Photolyzed samples containing water were directly in
jected into column A for the determination of the disap
pearance of starting material and chlorobenzenes ap
pearing as photoproducts. Column B was used for the
quantitative analyses of the hexane extracts of photoly
sates, which contained 1,2,3,5- and 1,2,4,5-CI4-Bz (2 and
3, respectively). The CI4-Bz 2 and 3 were only partly
resolvable on column B; the retention time of both com
pounds differed by 0.20 min. Quantitative analyses of the
PCBs formed during the photolyses of substrates 1-4 were
carried out on column C by injecting hexane extract of the
corresponding photolysate. Chemical yields of photopro
ducts such as PCBzs and PCBs were calculated from the
amount of photoconverted starting material. For the de
termination of yields of PCBzs, appropriate standard so
lutions of authentic chlorobenzenes were used, while for
those of PCBs, the amount of undecomposed starting
material present in a photolysate was utilized as internal
standard. Polychlorobiphenyls from nonsensitized pho
tolysates (Table II) were detected on a Packard 428 gas
chromatograph utilized with a 63Ni electron detector (ECD)
and a capillary injection system according to Grob and
Grob (19).

The fused silica capillary column (25 m X 0.25 mm i.d.)
was coated with CP-SIL 7, film thickness being 0.4 lim
(Chrompack). The pressure of the carrier gas (N2) at the
inlet of the column was 0.9 atm, the gas flow in the column
being ca. 1-2 mL/min. The other GC conditions were the
following: '1'1 = 40°C, t1= 4 min, rate = 39°C/min, Tz
= 240°C, tz = 40 min, injector temperature = 250°C, and
ECD temperature = 300 °C. Two minutes after injection
the splitter was opened manually to flush the injector. The
splitter was kept closed manually for 2 min before injecting
each sample.

Gas Chromatography-Mass Spectrometry. Quali
tative analysis was conducted on a Hewlett-Packard 5894
A mass spectrometer operating in the electron-impact
mode at 70 eV. For the identifications of chlorobenzenes,
especially di- and trichlorobenzenes present in a photolyzed
sample, previously described (18) glass column and oper
ating conditions were utilized.

Although some other photoproducts like PCBs could be
identified on the above-mentioned column (0.2% Carbo
wax 20M (18), all photoproducts (except Clz-Bzs and some
Cla-Bzs) (documented in Tables I and II) were qualita
tively recognized on the GC-MS equipped with a fused
silica capillary column (25 m X 0.25 mm i.d.), which was
coated with CP-SIL 5, the film thickness being 0.4 lim

(provided by Chrompack). The procedure of Grob and
Grob (19) was followed for operating the capillary injection
system. The GC conditions for this capillary system were
the following: '1', = 70°C, t1 = 0 min, and rates = 32
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°C/min; after 2 min rate = 8°C/min, '1', = 300°C, and
t2 = 30 min.

The mass (M) ranges were 100 ~ M ~ 500. For the
search of chlorine-containing photoproducts present in the
total ion chromatogram (TIC) of a photolysate, the com
puter program for specific detection of organochlorine and
organobromine compounds (20) was used (e.g., see Figure
1).

Identification of Photoproducts. Photoproducts like
PCBzs were identified as mentioned previously (I8).
Because of unavailability of authentic standards, structures
to all other photoproducts (Table I and II) were tentatively
ascribed by interpreting their mass spectra.

Results
Acetone-Sensitized Photolysis. Results of irradiation

of 1.1-1.2 mM/L solutions of 1,2,3,4-tetrachlorohenzene
(l,2,3,4-CI 4-Bz) (I), l,2,3,5-CI 4-Bz (2), 1,2,4,5-CI4-Bz (:I),
pentachlorobenzene (CI5-Bz) (4), and hexachlorobenzene
(CI6-Bz) (5) in the presence of 0.553 M/L acetone as sen
sitizer at wavelengths (.\) ~ 285 nm are recorded in Table
I. Typical total ion chromatograms of the acetone-sen
sitized photolysates of the tetrachlorobenzenes (CI 4-Bzs)
(1-3) are shown in Figure 1. The peaks labeled with
numbers represent the compounds which have been
identified and are documented in Table I.

It is ohvious from Table I that, as expected, the ace
tone-sensitized photolysis of the investigated chloro
benzenes leads mainly to reductive dechlorination. The
usual reductively dechlorinated photoproducts of these
substrates are chlorobenzenes containing one and two Cl
atoms less than those of starting materials, the latter
chlorobenzenes appearing as minor products. For example,
tetrachlorobenzene I gives two trichlorobenzenes, 1,2,3
Cla-Bz (6) (9.2%) and 1,2,4-CI3-Bz (7) (32.6%) and two
dichlorobenzenes, namely, 1,3-C1T Bz (10) (5.2%) and
1,4-Clz-Bz (II) (1.5%), where the percentages in the par
entheses represent the chemical yields of the corresponding
product calculated on the basis of the amount of decom
posed starting material. It is noteworthy that 49.3% of
disappeared substrate 2 is photoconverted into 1,3,5-tri
chlorobenzene (8), the amount of which is approximately
10 times greater than those of the other two CI,,-Bzs (6 and
7). Likewise, during the sensitized photoreaction of
chlorobenzene 3, in addition to trichlorohenzene 7 as
principal product (25.3%), 1,3-Clz-Bz (10) appears in
amounts about 2 times larger than that of 1,4-CIT Bz (II),
the yield of the latter dichlorobenzene amounting to 3.6%.
In case of such photolysis of pentachlorobenzene (4),
among the three C14-Bzs, 1,2,3,5-Cl.,-Bz (2) is produced as
chief product (52.8%), while the yield of the photoproduct
1,2,4-CI:1-Bz (7) is about 3 times smaller than that of
1,3,5-Cl:i-Bz (8). Finally, 71 % of the degraded hexa
chlorobenzene (5) undergoes photoconversion to penta
chlorobenzene (4).

Table I and also Figure I clearly indicate that the
photoreactions of these polychlorohenzenes (except CI6-Bz,
5), sensitized by acetone provide considerable chemical
yields of polychlorobiphenyls (PCBs). Compound I gives
2 heptachlorobiphenyls, most prohahly 2,2',3,3',4,4',5
heptachlorohiphenyl (2,2',3,3' ,4,4' ,5-CI,- BP) and
2,2',3,3',4,5,6'-C1T BP (l2a and 12b; in Figure la) with a
total chemical yield (L:) of 3.74%,10 hexachlorohiphenyls
(10 CI6-BPs) (I3a-j) (L: = ~3.50%), and 5 pentachloro
biphenyls (14a-c) (L: = ~0.87%), the yields being de
termined, as mentioned above, from the amount of the
decomposed substrate. Similarly, tetrachlorohenzene 2
yields three heptachlorohiphenyls including
2,3,3',4,4' ,5',6-C1 T BP, 2,2',3,4,4',6,6' -CI,-BP, and



o status of the data does not permit us to decide whether
these tautomers are benzvalene, Dewar, prismane, or (and)
some other possible isomers. Thus, Table I indicates that
a tetrachloro valence-bond benzene could be detected in
the photolysates of I and 2 (see peaks 16 and 28 in Figure
1). Likewise, such irradiation of compounds 1-3 generates
two, one, and one trichloro valence tautomers, respectively
(peaks 15a,b, 27, and 37 in Figure 1).

In addition to the photoproducts described in the pre
ceding paragraphs of this section, products like trichloro
acetophenones and trichlorophenylacetonitriles are formed,
when acetonitrile-water solutions of tetrachlorobenzenes
1-3 containing acetone as sensitizer are exposed to UV
light. Moreover, in the case of substrates I and 2, 1
(trichlorophenyl)-2-propanes (23 and 31, respectively) and
unidentified compounds, viz., CaHsCI2NO and CaHsCINO
(for 1 only) together with several other products are ap
parent (see Table I and Figure 1).

Finally, in order to detect polychlorophenols among the
photoproducts, the sensitized photolysates of substrates
1-5 (given in Table I) were treated with the ethereal so
lution of diazomethane (CH2N2) and the ether plus ace
tonitrile layers were separated from the water layers. The
concentrated organic extracts were analyzed on column A
(see Experimental Section). Comparison of the retention
times of both authentic standard and photoproducts gave
evidence that either polychlorophenols are not formed
during the acetone-sensitized irradiation of substrates 1-5
under the present circumstances or these phenols undergo
further photoconversions.

Nonsensitized Photolysis. Again, reductively de
chlorinated compounds appear as main products of non
sensitized irradiation of PCBzs (see Table 11). For some
substrates, distribution of such products is altered com
pared to that of acetone-sensitized photolysis. For in
stance, under these conditions, 1,2,4-trichlorobenzene (7)
is produced as a major product of 1,2,3,5-CI.-Bz (2),
showing a chemical yield (determined from the amount
of disappeared starting material) of 24.3 %. Furthermore,
direct photolysis of chlorobenzenes 1-5 proceeds to yield
reductively dechlorinated benzenes containing one and two
chlorine atoms less than the starting materials. Such
photoreactions of CIs-Bz (4) and CIs-Bz (5) produce this
sort of products bearing even three CI atoms less than the
corresponding starting chlorobenzene. It is important to
note that during direct photolyses of some substrates,
especially 1,2,3,4-CI.-Bz (I) and CIs-Bz (4), photoproducts,
e.g., 1,4-CI2-Bz (11) (from l) and 1,2,4-CI3-Bz (7) (from 4)
formed via losses of two CI atoms are observed in large
yields (30.4% and 12.7%, respectively) (see Table 11).
Finally, nonsensitized exposure of C~-Bz (5) to UV light
results in the generation of pentachlorobenzene (4) (76.8%)
as principal product accompanied with the formation of
1,2,3,5-CI.-Bz (2) (1.2%), 1,2,4,5-CI.-Bz (3) (1.7%), and
trichlorobenzene 7 (0.2%) in minor yields.

Contrary to acetone-sensitized photoreactions, in the
case of nonsensitized irradiation of each isomer of tetra
chlorobenzenes 1-3, the process of photoisomerization with
the eventual formation of isomerized CI.-Bzs also takes
place. It can be seen from Table II that chlorobenzene 1
photoisomerizes to 1,2,3,5- and 1,2,4,5-CI.-Bz (2, 3), the
chemical yields of which are 2.26 and 0.72%, respectively.
Similarly, substrate 3 gives rise to the formation of two
other isomers, namely, 1,2,3,4-CI.-Bz (1) (0.45%) and
1,2,3,5-CI.-Bz (2) (1.11 %). However, during nonsensitized
photolysis of the 1,2,3,5-tetrachlorobenzene (2), only one
tetrachloro isomer, i.e., 1, with a yield of 5.99%, could be
detected as photoisomerized chlorobenzene. In addition
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Figure 1. Plots of the total ion chromatogram of hexane extract of
acetone--sens~izedphotolysates of (a) 1,2,3,4--tetrachlorobenzene (1),
(b) 1.2.3.5-tetrachlorobenzene (2). and (c) 1.2,4,5-tetrachlorobenzene
(3) subjected to the halogen test computer program (20) for searching
chlorine-containing compounds. GC-MS equipped with a capillary
column was used (see Experimental Section for further details).

2,2',3,3',4,5',6-CIT BP(24a-c) (L: = 7.01 %), four Cis-BPs
(25a-d) (L: = 4.69%), and a pentachlorobiphenyl (26)
(0.64 %). The sensitized irradiation of 1,2,4,5-CI.-Bz (3)
results in the formation of 2,2',3,4',5,5',6-CIT BP (33)
(4.19%), four C~-BPs (34a-d) (L: = 6.78%), four Cis-BPs
(35a-d) (L: =ca. 2.33%), and a tetrachlorobiphenyl (36)
(0.32%). Three nonachlorobiphenyls (CI9-BPs), namely,
2,2',3,3',4,4',5,6,6'-CI9-BP, 2,2',3,3',4,4',5,5',6-CI9-BP, and
2,2',3,3',4,5,5',6,6'-C~-BP(40a~) of L: = 2.42%, along with
a Cla-BP (41) (0.53%) and a CI7-BP (42) (0.49%) are
formed in the case of sensitized photodegradation of
pentachlorobenzene (4).

During acetone-sensitized photolyses of tetrachioro
benzenes 1-3 in H20-CH3CN mixtures, no photoisomer
ized tetrachlorobenzenes are formed. However, in each
case, photoisomerization leading to the production of
chlorinated valence tautomers, possible valence-bond
benzenes, has been noticed (see Table I and Figure 1). The
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to photoisomerized chlorobenzenes, compound 1 also
provides a trichloro valence-bond benzene.

During nonsensitized photolysis of these PCBzs, pho
toformation of PCBs is less significant as compared to the
case of the acetone-sensitized photoreaction. In Table II,
we have recorded only those PCBs which were observable
on GC with FID (column C) as well as on the capillary
GC-MS system. It should be noted that several additional
isomers of PCBs of trace levels are detected, when directly
photolyzed samples of compounds 1-4 are checked on a
capillary column with ECD utilizing acetone-sensitized
photolysates (from Table I) as standards. Moreover, in
preliminary photolysis of 1,2,3,5-Cl,-Bz (2) for 24 h in
H20-CH3CN (1:1 v/v) (5.61 mM/L), we have been able
to identify one ClTBP, four Cit;-BPs, two Cl,-BPs, and one
CI3-BP among the photoproducts. Likewise, in another
preliminary photoreaction of 4 for 24 h in H20-CH3CN
(4:6 v/v) (1.20 mM/L) containing benzene (6.0 mM/L),
the generation of four Cl,-BPs and one CI3-BP has been
observed. Identifications of the PCBs produced during
such preliminary studies were carried out on the previously
described GC-MS (18). In addition to the above cited
photoproducts, on exposing Cl,-BZ (1) and Cls-Bz (4) to
UV radiation without sensitizer, unidentified compounds
like CsHsCl2NO and CsH,CI3NO, two isomers of each, are
also obtained, the products of the latter type being of trace
levels (see Table 11). It is unexpected that direct photolysis
of tetrachlorobenzenes 1-3 proceeds also to provide more
highly chlorinated photoproducts. Thus, substrate 1 gives
hexachloro valence-bond benzenes, whereas chlorobenzenes
2 and 3 yield pentachlorobenzene (1.43% amd trace levels
(tr), respectively).

Polychlorinated phenols were not among the photo
products as shown by the method discussed above.

Discussion
Reductive Dechlorination. In general, the process of

reductive dechlorination during both acetone-sensitized
and nonsensitized photoreactions of the polychloro
benzenes (ClnC6H6-n, n = 4-6) in aqueous acetonitrile
mixtures described above appears to proceed through the
intermediacy of polychlorophenyl radicals (reaction 1)

. RH
ClnC6H~_n ~ Cln-1C6H6-n ~ Cln-1C6H7-n (1)

-el'

generated by the homolysis of C-Cl bonds. In reaction 1,
RH represents a hydrogen-donating solvent. The tentative
detection of products such as chlorophenylacetonitriles,
1-(chlorophenyl)-2-propanones, and chloroacetophenones
(documented in Table I) by us as well as that of penta·
chlorobenzyl alcohol and tetrachlorobis(hydroxymethyl)
benzene from 5 in methanol by Plimmer and Klingebiel
(4) strongly supports the concept of involvement of the
polychlorophenyl radical as an intermediate species.
Furthermore, our identifications of heptachlorobiphenyls
in the case of Cl,-Bzs 1-3 and nonachlorobiphenyls in the
case of Cls-Bz (4) is more evidence that chlorophenyl
radicals appear in these irradiations. It is interesting to
mention that the isotopic composition of biphenyl formed
by photodechlorination of 2-Cl1-BP in equimolar solvent
mixtures like CH3CN-H20, CH:1CN-D20, and CD3CN
H20 led Bunce (24) to conclude that only about 10-20%
of the hydrogen abstraction originates from water, whereas
the rest comes from acetonitrile. According to him, among
aqueous organic mixtures, acetonitrile appears to be a
promising cosolvent.

Acetone has been detected in many natural waters (10).
Since acetone is a well·known triplet sensitizer (10, 25-27,
and references cited therein), the product composition
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Environmentally Significant Conclusions
In the environment, the photodegradation of tetra- and

pentachlorobenzenes is possibly accelerated hy the pres
ence of acetone or similar sensitizers, while such a pho
toreaction of hexachlorobenzene is ca. 2 times slower than
its direct photolysis. For the evaluation of photochemical

in the photolyzed sample of 1,3,5-CI,,-Bz (8) in solution
phase. In the case of photolyses of chlorobenzenes 1 and
2, two and three isomers of trichlorophenyl radicals are
produced, respectively. Then chlorophenylation of 1So and
280 by these chlorophenyl radicals takes place, whereby two
and three isomers of CITBP are formed, respectively.
Likewise, the isomers of nonachlorobiphenyl (Clg-BP) in
the case of 4 are formed through the intermediacy of three
chlorophenyl radicals, namely, 2,3,4,fi-, 2,3,4,6-, and
2,3,5,6-tetrachloro isomers. In this manner, the tentative
structures of CITBPs generated from CI.,-Bzs 1-3 and of
Clg-BPs produced from Cls-Bz 4 were given. Similar
chlorophenylation of the reductively dechlorinated pho
toproducts also seems to happen; thus, PCBs containing
lower chlorine contents are formed. In addition, chloro
phenyl radicals arising as a consequence of primary pho
tochemical processes are also likely to attack a position
bearing a Cl substituent of the ground-state molecules of
the starting material, e.g., Cln-Bzs, as well as reductively
dechlorinated photoproducts, viz., Cln_I-Bzs and Cln'2"Bzs,
thereby Cln_2-BPs and Cln_:J-BPs being eventually formed
where n represents the number of CI atoms in a starting
chlorobenzene. Furthermore, hexa-, penta-, and tetra
chlorobiphenyls found in the photolysates of 1-3 can be
the consequence of the reductive dechlorination of the
primary CITBPs. Similarly, photodechlorination of Clg
BPs in the case of photolysis of 4 can be taken into account
in order to explain the appearance of octa and hepta iso
mers.

Photoisomerization. With the support of our own data
and data from existing literature, detailed mechanisms
explaining the process of photoisomerization in the case
of tetrachlorobenzenes which leads to the production of
tetrachloro valence-bond benzenes and eventually photo
isomerized tetrachlorobenzene(s) will be discussed in an
other paper (28).

Miscellaneous Processes. During these photocon
versions, the tentative identifications of chlorobenzene
derivatives containing substituenl~ like CH2--eN (recorded
in the last columns of Tables I and Il) are possibly pro
duced through the simple combination of chlorophenyl
radicals with CH 2CN, previously generated as a conse
quence of abstraction of the H atom from solvent CH~CN
by other free radicals. Likewise, the formation of tri
chloroacetophenones 20, 29, and 38 in the case of ace
tone-sensitized photolyses of Cl,-Bzs is probably the result
of an interaction between intermediate trichlorophenyl
radicals and acetyl radicals (CH/::=O), the latter radicals
being produced through the photolysis of acetone. The
molecular ion (M+·), in the mass spectra of these aceto
phenones, exhibited the losses of masses of 15 (i.e., CH"
group) and 43 (i.e., acetyl group), therehy providing the
clear evidence for the presence of acetyl substituents.
Isopropyltrichlorobenzenes can be considered alternative
structures for products 20, 29, and 38. However, under the
present circumstances, the photoformation of chlorinated
isopropyl benzenes seems unlikely. Likewise, l-(tri
chlorophenyl)-2-propanones 23 and31 are formed by the
combination of corresponding trichlorophenyl radicals with
CH2C(O)CH" radicals presumably generated via the abo
straction of H atoms by the intermediate free radical
species from acetone.+

[

(I (I (Il
---CI~

(I (I (I

44

(I

(I(19·
(I

43

--

from both types of photolyses of 1,2,3,5-tetrachlorobenzene
(2) in an acetonitrile-water (1:1 vIv) mixture (see Tables
I and II) is possibly understandable in terms of the fol
lowing concept. When molecules of substrate 2 are in the
first excited singlet state (SI), homolysis of a C-CI bond
on position 1 (or 3) of compound 2 takes place, whereby
2,3,5-trichlorophenyl radicals are produced. These radical
species subsequently abstract H atoms from the solvent
to yield 1,2,4-CI3-Bz (7). When molecules of the starting
chlorobenzene (2) have reached the first excited triplet
state (T1) through intersystem crossing from the S1 state
and by transfer of excitational triplet energy of molecules
of acetone to the ground state molecules So of substance
2 (in the case of acetone-sensitized reaction), the C--el bond
on position 2 of CI4-Bz 2 is preferably homolytically cleaved
leading to the production of 2,4,6-trichlorophenyl radicals,
thereby 1,3,5-CI3-Bz (8) being eventually produced.
However, acetone sensitization of 2 does also account for
the formation of substantial amounts of 1,2,4-trichloro
benzene (7) (see Table I) which clearly cannot be explained
by the presented concept. Direct photolysis of 2 could have
led to C13-Bz 7, but this has to be ruled out by the fact that
the sensitizer absorbed nearly all of the radiation available.

Our results on the direct photolysis of pentachloro
benzene (4) (1.1 mM/L) in aqueous acetonitrile (Table
II) are different from the results of Crosby and Hamadmad
(5) on 4 in hexane (1 giL) at 254 nm. They obtained only
two CI4-Bzs, namely, 1,2,4,5-CI4-Bz (3) (50%) and 1,2,3,5
CI.-Bz (2) (13%) at a ratio of ca. 4:1, while we gained these
two isomers at a ratio of 1:5 accompanied with CI4-Bz I,
two C13-Bzs, viz., 7 and 8, and CI2-Bz II. Likewise, Plim
mer and Klingebiel (4) could identify among C14-Bzs one
tetrachloro isomer, probably compound 2, as the photo
product of the suspension of hexachlorobenzene 5 in
methanol, while we have been able to detect 2 isomers,
namely, 2 and 3, in the nonsensitized photolysates of 5 (see
Table Il).

Further discussion on the reductive dechlorination of
polychlorobenzenes (PCBzs) giving rise to the production
of chlorobenzenes having one CI and especially two CI
contents less than the starting PCBzs will be presented
elsewhere (28).

Formation of Polychlorobiphenyls (PCBs). The
detection of PCBs in our photochemical studies of tetra
and pentachlorobenzenes (1-4) can best be explained via
free radical mechanisms. For instance, in the case of
photolyses of 1,2,4,5-tetrachlorobenzene (3), light-excited
molecules of substrate 3 yield 2,4,5-trichlorophenyl radicals
(43), which then attack ground-state molecules of 3, i.e.,
380, to produce u-complex intermediate 44. Intermediate
species 44 in a subsequent step suffered loss of the H atom
to yield 2,2',3,4',5,5' ,6-heptachlorobiphenyl
(2,2',3,4',5,5',6-CI7BP, 33) (as explained in reaction 2).

6'

CI

:u
Although the structure designated as PCB 33 is tentative,
only one isomer, heptachlorobiphenyl (CI7-BP), formed via
reaction 2 is expected. In a previous study (16), we have
detected and confirmed the presence of 2,3',4,5',6-Cls-BP
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fate of tetrachlorobenzenes present in aquatic environ
ments, the process of photoisomerization needs to be
considered. For instance, nonsensitized photolysis of
1,2,3,4-tetrachlorobenzene yields 1,2,3,5- and 1,2,4,5
tetrachloro isomers, each photoisomerized CI,-Bz being
readily photodegradable and more effectively converted
to polychlorobiphenyls than the starting tetrachloro
benzene. The identifications of PCBs and chlorinated
phenylacetonitriles, acetophenones, l-phenyl-2
propanones, etc., presumably formed through the inter
mediacy of polychlorophenyl radicals, show that relatively
stable intermediate chlorophenyl radicals produced from
PCBzs in the aquatic environment are likely to interact
with the free radical centers of humic substances which
are known to have JOI7 to 10'8 spinsjg (29) and aryl aro
matic compounds, viz., substituted benzenes derived from
humic substances and lignins (30) and aromatic hydro
carbons frequently found in natural water bodies. Al
though the photogeneration of PCBs from PCBzs seems
to be dependent on the concentration of the chloro
benzenes, the appearance of PCBs in the acetone-sensitized
photolyses of 1,2,3,4-, 1,2,3,5-, and 1,2,4,5-tetrachloro
benzene and pentachlorobenzene with total chemical yields
(calculated from the photodecomposed chlorobenzene) of
ca. 8.11 %,12.34%,13.62%, and 3.44%, respectively, in
dicates that acetone which occurs in many natural waters
may play an important role in the photoformation of PCBs
from PCBzs present in lower concentrations.
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Numerical Simulation of a Sedimentation Basin. 1. Model Development

Iraklls A. Valloulls and E. John List"

W. M. Keck Laboratory of Hydraulics and Water Resources, Division of Engineering and Applied Science, California Institute of
Technology, Pasadena, California 91125

In the ahsence of coagulation a settling basin operating at
a detention time of practical interest will remove only the
settleable and some of the supracolloidal particles. How
ever, flocculation transfers mass through the part.icle size
spectrum toward larger particle sizes with II subsequent
increase in the removal efficiency of the tank. Thus,

which agrees well with experimental results (IS). < is
needed in the collision function for turbulent shear induced
coagulation and for determining the maximum allowahle
floc size for a given shear strength.

(b) Coagulation. Particles in wastewater are classified
as the following (16):

2. Fundamental Mechanisms
In this section we discuss the hasic features of the model.
(a) Flow Field. Any empirical or observed velocity

distribution in the tank can be incorporated into the
model. However, for this analysis the logarithmic velocity
profile is used to demonstrate the model capabilities. We
assume that the local mean longitudinal velocity through
the tank is given by

(2.1)

(2.3)
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1-100 ~m
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essential in achieving high suspended solid removal (I I) .
Rigorous analysis of the performance of a settling basin
must be based on the detailed spatial behavior of the fluid
and the particles in the tank and take into account the
fluid-particle and particle-particle interactions.

The aim of this computer simulation of a rectangular
settling basin is to describe the spatial and temporal de
velopment of the influent particle size distrihution toward
the outlet of the tank. It is based on the fundamental
mechanisms that govern particle motion and growth. The
model accounts for the variability of the flow field and the
particle size distribution in the tank and, from the local
development of the particle size spectrum, predicts the
overall performance of the settling basin.

where 11 is the cross-sectional mean velocity, u* is tbe shear
velocity, H is the depth of the tank, u the time-averaged
velocity at the vertical coordinate z, and K = O.~8 is von
Karman's constant, reduced to account for the suspended
mass (12).

The cross-sectional turbulent mixing coefficient Ecan
be derived from the logarithmic velocity profile (13)

j;; = KU*Z( 1 - ~ ) (2.2)

Longitudinal turbulent mixing is neglected hecause it is
insignificant when compared with the shear flow dispersion
caused by the vertical velocity gradient (13).

An estimate of the rate of turhulent energy dissipation
<, per unit mass of fluid, can be obtained from (14)

• A method for the numerical simulation of a rectangular
sedimentation basin operating under steady or unsteady
conditions is described. The computer model follows the
spatial and temporal development of the influent particle
size distribution toward the outlet of the tank. It is based
on the fundamental mechanisms which govern particle
motion and grow1h. The model accounts for the variability
of the flow field and the particle size distribution in the
tank and, from the local development of the particle size
spectrum, predicts the overall performance of the settling
basin.

1. Introduction

Settling is the most common unit treatment process in
a wastewater treatment plant. Settling basins are used
both as primary clarifiers to remove particulate matter and
as secondary tanks following the activated sludge unit for
biological floc removal. They are also used to settle the
chemical floc in the chemical coagulation process.

Most settling tanks are siz~d on the basis of standard
detention periods and overflow rates under ideal conditions
(steady-state inflow, plug flow, and no particle flocculation)
using a safety factor in the range 1.5-2 (1). Pilot units,
or data from actual plants, are often used to develop re
lations between loading and performance. Oversized tanks
occur frequently as a result of attempts to meet effluent
standards under variable load conditions. The need for
dynamic simulation arises, and numerous un-steady-state
mathematical models for the performance of settling tanks
under transient inflows have been developed (2).

Regression models (3) are empirical. They use data from
operating tanks to derive a relationship between loading
and effluent characteristics. Hydraulic scale models (4),
if successful, are applicable only to the sedimentation
basins they simulate. Dispersion models (5, 6) use an
experimentally determined eddy dispersion coefficient to
characterize the flow field in the tank. Mechanistic models
(2, 7) assume a weill-mixed settling basin and use a one
dimensional unsteady diffusion equation to predict the
effluent quality under variable load. The physical con
figuration of the tank is taken into account and the re
suspension of sediment related empirically to the average
cross-sectional mixing coefficient. Ramaley et al. (8) in
corporated coagulation in simulating the settling basin in
their numerical model for integral water treatment plant
design. Their model does not account for scouring and
turbulent transfer of mass through the tank; it assumes
a constant density for all particle sizes and uses a collision
efficiency of unity. Dick (9) noted that the utility of the
model of Ramaley et al. is limited because of the simpli
fications involved.

Hazen's (10) early theory predicts that all particles with
settling velocity greater than the overflow rate of the tank
are removed provided that the flow is uniform, no short
circuiting currents or scouring occurs, and particles of
uniform density and shape settle discretely. In reality,
inlets, outlets, wind, and density differences induce cur
rents or create dead regions in the tank. High forward
velocities resuspend the deposits and reduce the efficiency
of the basin. Regardless of surface loading coagulation is
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collision function (1(ri,r.;)
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Smoluchowski (J 8)

Pearson et al. (J 9)

Findheisen (20)

U Values of Ii are for collision mechanisms acting individually. 1-,'b' Esh ' and Eds exprcss the influence of hydrodynamic
and other inlt·rpart.iclr forcrs on the collision procc!-\s. k, Boltzmann's constant; T absolute temperature; rj,rj. particle
radii; J.1. copfficiC'nl of fluid viscosity; IJ j , particle diffusivity; c, viscous dissipation rate per unit mass; iJ, kinematic viscosity
of fluid ( P/N); "f, fluid density; 1'", particll' density; g, acceleration of gravity.
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rj

where

d

0.331
1.547
0.775
0.557

c

-3.431
-0.006
·1.137
-1.442

ri~ 20 I'm

(/

1.189
0.766
0.145
0.0017

C4 Ie.: ,b:/x ,) CI +81/X )')

b

0.118
0.007

. 0.0006
- 0.0001

Esh ..

E2 =-1.5 exp [ -(0.0015r; + 8)~ ]

E3 = -(1- 0.007r;) exp [ -0.65r{ 1 - ~) ]

Eo = 0.95 - (0.7 - 0.005r;)4 (7.92 - 0.12r; + 0.00Ir,2)

(

r. )2
E, =- f. -0.5

where r; > rj and r; and rj are in micrometers. This ex
pression can be used for r; > 10 I'm. Davis (24) computed
collision efficiencies for two spherical particles smaller than
10 I'm. His results suggest that efficiencies for collisions
between particles rj and rj such that rj < rj < 10 I'm are
essentially equal to those with rj < r; = 10 I'm.

In hydrosols only the smaller particles can be assumed
nearly spherical. These particles coalesce and form loose
aggregates rather than solid masses. The volume of the
aggregate is larger than the sum of the volumes of primary
particles it contains due to inclusion of water. The size
density relationship and the structure of the nocs depend
on their physical and chemical characteristics. This has
important implications with regard to particle-particle and

shear induced collisions between particles with sizes up
to 10-4 m. For larger particles differential settling induced
coagulation becomes dominant.

Neiburger et al. (23) obtained an analytic expression for
theoretical collision efficiencies induced by differential
sedimentation of hard spherical particles, computed as
suming Stokes' flow (with the slip-flow correction), and
modified to be consistent with experimental results:

Ed,(r"r) =Eo + E, + E 2 + E 3 + E 4 (2.5)

1I/(144npr('C)

10 2

10''>
10'
10 '

Table I I. Approximations for Collision Efficiencies Esh
for Hard Spherical Particles in Laminar Shear

where rj > rj and for A/(kTj = 1; A is the Hamaker con
stant, k Boltzmann's constant, and T the absolute tem
perature. For particle size ratios larger than 100, where
rj = 0.05 I'm is the minimum particle size considered here,
Brownian diffusion is no longer important in inducing
particle collisions (21).

Adler (22) used Stokes' equations to compute the col
lision efficiency E,o(r;,r) for two unequal hard spheres in
simple shear now. His results are a function of the ratio
of the size of the interacting particles r;/ rj, where rj > rj,
and either the van der Waals' energy of attraction (Table
II) or the distance between the spheres at which collision
is assumed to occur. The Monte Carlo simulation of the
evolution of the particle size distribution by Pearson et al.
(J 9) showed that, for particles much smaller than the
Kolmogorov microscale, isotropic turhulent shear is
equivalent in coagulation power to a rectilinear laminar
shear, G, of magnitude 1.72 times the characteristic strain
rate (,/v)I/2 given by the rate of dissipation of turbulent
kinetic energy, l, per unit mass of nuid and the nuid
kinematic viscosity v. In primary clarifiers, even at high
forward velocities, (,/v)'/2 is rarely larger than 10 s-' (J I);
, is then on the order of 10 4 m2/s:1 and the Kolmogorov
length microscale (v"/d'/4 = 3 X 10- 4 m. This suggests the
use of Adler's results with G = 1.72(,/v)I/2 for turbulent

particles in the size range traditionally referred to as
suspended solids (> 1 I'm) may be generated within the
tank from coagulation of colloidal material.

Brownian motion, nuid shear, and differential settling
cause relative motion of the particles through the nuid and
bring them into close proximity. Short-range interfacial
forces act then between the particles to bring about their
coalescence. Analytic estimates of the probability (collision
function) {3(rj,r} that two spherical particles of radii rj and
rj will collide in unit time are shown in Table I; {3(rj,r}
represents the geometry and dynamics of the collision
mechanisms. The collision efficiency E(rj,rj) renects the
innuence of hydrodynamic and van der Waals' forces on
the collision probability of two approaching particles.

Published work on E deals with interactions between
hard spherical particles. For Brownian diffusion induced
collisions Valioulis and List (I 7) reported the best-fit ap
proximation to their numerical calculations

Eb(rj,r) =

0.4207 + 0.031(~ ) _ 0.0009 (~ )

2

Eo(r;,r) = 0.652 + 0.0055( ~ ) -

(3.035 x 1O-5
{ ~r
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(2.6)

DoN = n(d)Dod

n(d) = (DoN/Dod) = Cd-"

where c is the radius of the primary particles (or denser
regions) in the aggregate, assumed to be 1/20th of its di
ameter, and e its porosity computed from

(2.9)

(2.11)
Pp - Pr

e= --
fJ p - fJw

drainage cross section, i.e., the cross section at infinity for
streamlines which cross the aggregate, is equivalent to the
collision cross section of the particles.

By use of the argument advanced by Pearson et al. (J 9),
Adler's tabulated numerical results for simple laminar
shear are used here for turbulent-induced coagulation.
Adler's results are approximated with

E'h(r"r) = 1.1616 - 0.288~ + 0.01l2e ri» rj (2.8)

where ~ = rilpl/2.
For differential settling the collision efficiencies for

particles with large difference in size are computed from
(31)

where DoN is the number of particles with a diameter in
the size interval Dod, per unit volume of fluid. Atmospheric
aerosols (34) and hydrosols (35) are found to exhibit the
power law

where Pp is the density of the primary particles (or denser
formations) which compose the aggregate.

The efficiencies given by eq 2.8 and 2.9 have been used
for particle encounters with relative size less than 0.1 and
when the larger particle possesses a relative density lower
than 2.65; that is, it is considered a floc. To the knowledge
of the authors, collision efficiencies for two porous spheres
of comparable size do not exist. Since such particles will
interact hydrodynamically as they approach each other,
it is assumed that the collision efficiencies for hard spheres
(with the 20% increased coalescence radius assumption)
can be used.

In summary the following hypotheses are used here with
regard to particle dynamics: Particles smaller than 3.5 JIm
in diameter are assumed to behave as solid spheres. Larger
particles are considered floes with reduced density and an
amorphous shape which increases the collision radius of
the equivalent in mass sphere by 20%. The increased
chances of collisions between a porous aggregate and a floc
or a solid particle are taken into account only for en
counters between particles with relative size less than 0.1.

For this simulation the collision mechanisms are as
sumed additive, although this may not be strictly true (33),
and only binary particle encounters are assumed to occur.
It is also assumed that the ionic strength of the suspension
is large enough that double-layer electrostatic forces do
not influence the coagulation rate.

(c) Particle Size Distribution. The size distribution
function n(d) of a population of coagulating particles is
defined by

b a
Ed (rr) = 1 - - - -, ') ~ (I

where 1= 2e + 3 - 3(tmlh ~)/~, a = -(l/lm5 + Be - [(tmlh
V/~](3e + 6{')], and b = (l!ll3(l11 - (tanh V/~l. For
aggregates with high porosity the permeability p can be
estimated from Brinkman's equation applicable to a cloud
of spherical particles (32):

p = ~[3 + 1 ~ e - 3C ~ e - 3t 2

] (2.10)

fluid-particle interactions. Floc densities observed (9,2.5),
or computed numerically (2.5-27), indicate almost neutrally
buoyant floes for sizes larger than about 100 JIm. For this
model particles smaller than 3.5 JIm in diameter are con
sidered solid spheres with a density of 2650 kg/m3. For
larger particles the size-density relationship proposed by
Tambo and Watanabe (25) is used:

1.3
Pr-Pw = --

(200ri)09

where Pr and Pw are the densities (kg/m3) of the floc and
the water, respectively, and ri is the particle radius (JIm).
In order to assure a smooth variation of particle size with
density, it is assumed in the simulation that eq 2.6 holds
for ri ~ 1.75 JIm; all smaller particles have Pr - Pw = 1650
kg/m3.

The very low aggregate densities are characteristic of
particles with an expanded structure. Sutherland's (28)
computer simulation of floc formation and observations
under an electron microscope (29) revealed an open net
work of filaments joining denser regions. Collisions of such
clusters create a chainlike framework. Void (26) and
Sutherland and Goodarz-Nia (27) characterized their nu
merically generated floes by a core radius, where about
60% of the primary particles are contained, and by
branches or tentacles with a mean length from 0.1 to 1
times the diameter of the core. Void suggested that co
agulation of such particle formations can involve only
mechanical entanglement of their branches.

The above discussion suggests that the collision effi
ciencies for hard spheres can be used in the simulation of
particles smaller than 3.5 JIm in diameter but will under
estimate the collision frequency between floes. The in
creased chances of collisions of such nonspherical aggre
gates are accounted for in the simulation by assuming that
they behave like solid spheres with a 20% larger effective
coalescence radius. The value of 20% is only a rough
estimate, suggested by the length of the tentacles observed
in ref 27, and is used due to lack of better experimental
information. The collision rate of Brownian diffusion in
duced collision is not altered by this assumption, since both
the collision function and the efficiency depend only on
the size ratio of the interacting particles. For shear-in
duced collisions and for particles larger than 3.5 JIm in
diameter, the best-fit approximation to Adler's (22)
graphical results for the collision efficiency (assuming that
coalescence occurs at an interparticle separation of 0.2ri)
is used:

E'h(r"r) = (r o
) (r.)2 (r)3

-0.4036 + 9.423 ~ - 17.214 ~ + 9.444 ~

(2.7)

where ri > rj. Hocking and Jonas (30) showed that the
efficiency for differential settling induced collisions is a
weak function of the interparticle separation at which
coalescence is assumed to occur. Thus, the collision ef
ficiencies for hard spheres can be used.

The open structure of the aggregate indicates that flow
streamlines will cross the aggregate. Small particles
moving on these streamlines are likely to be captured by
purely hydrodynamic effects. Adler (31) computes the
streamlines around a porous sphere of radius rand
permeability p. A reasonable approximation is that, when
the two approaching particles are very different in size,
the flow field is determined solely by the presence of the
larger one. For such particle encounters Adler's (31)
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(2.12)

where C = (,/p)I/2 and 'max is in micrometers.

15 I'm < 'max < 250 I'm

and for conventional activated sludge flocs

(2.14)

400 I'm < 'max < 1000 I'm (2.15)
2250

, =--
max GO.35

in organic flocs the polymer bridge holding primary par
ticles on the floc surface breaks when the shear strength
of the polymer bridge is exceeded (filament fracture).
Parker et al. (38) obtained experimental relationships
between the maximum size of the aggregate and the local
shear. For inorganic flocs they found

. 3.6 X 105
fernc floc: 'max = C

2

100 I'm < 'max < 15000 I'm

6 X 103
alum floc: 'max = --C-

3. Compute, Model
The settling tank is segmented into k equal rectangular

cells with length a and height b (Figure 1). The flow field
and the size distribution of the particles are uniform across
the width of the tank, and the suspension is spatially ho
mogeneous within each cell. The continuous particle size
(radius) spectrum is divided into q logarithmically equal
spaced sections within which all particles have the same
mass (39). This procedure reduces the number of con
servation equations to be integrated and renders the
problem tractable for computer solution.

The discrete conservation equation for the development
of the particle size distribution in any cell k = (m, n) at
time tis

dQl,m,n

dt

[

1/-11-1 I-I

-2 L: L: (la~ij.IQjQi + Ib~ij,IQiQ) -L: (2a~i.IQiQI -
1=1)=1 1=1

2b- ! 3- ~ 4- ] ~
(Ji,IQIQ) - 2 {JI,IQIQI - QI. '- {Ji,IQi + b QI,m,n+l -

1=1+1 m,n

Sl Um-1,nQt,m-l.n Um,nQl,m,n

/;QI.m,n + a - --a-- +

E
n
.
n
+

1
QI,m,n+~: QI,m,n + E

n
-

I
•
n

QI.m,n-l

b

: QI,m,n (3.1)

where m and n denote, repectively, the horizontal and
vertical index of the cell and are subscripts to all variables
in the square brackets, QI m n is the concentration of the
suspension in section I in' cell (m, n), The coagulation
coefficients la~ij,I> IbfJij.I> 2a~i,I> 2b~i,I> and 3~1.1' and 4~i,1 and
settling coefficients SI are weighted averages of the collision
functions (Table I) over the size ranges in each interval
and l1!:e listed in Table III. En n+1 is the vertical turbulent
mixing coefficient for the exchange of momentum and
mass between cells (m, n) and (m, n+l) and is computed
on the line separating the two cells. um'" is the horizontal
velocity assigned to the cell (m, n), calculated at its center,

Term 1 represents the flux of mass into section I by
coagulation of particles from lower sections (i,e" particles
of smaller size). Term 2 accounts for the loss of mass from
section I when a particle in section I coagulates with a
particie from lower sections. Term 3 represents the loss
of mass from section I due to intrasectional coagulation
and term 4 the loss of mass from section I when a particle
from section I coagulates with a particle from a higher
section. Terms 5 and 6 represent respectively gain and loss

where the exponent l¥ is a constant and the constant C
depends on the total particle mass per unit volume of fluid.
The surface t:.S, volume t:. V, and mass tlQ of particles in
the size range t:.d, per unit volume of fluid, are then ex
pressed as

t:.S = C~d-·+2t:.d
4

t:. V = C~d ,,+2t:.d
6

t:.Q = C~fJ(d)d-"+:lt:.d
6

where the particle density p(d) is in general a function of
particle size.

In hydrosols l¥ ranges from 2.5 to 5.6 (21) and depends
on one or more physical mechanisms which induce particle
collisions. Lawler et al. (8) stressed the significance of a
for the water quality: some pollutants are expressed as
mass concentrations (suspended solids), some concentrate
on surfaces (trace metals), and for others the total number
is important (pathogenic organisms).

(d) Resuspension. Strong fluid shear near the bottom
of the tank results in resuspension of material previously
deposited. Work on entrainment of sediments has focused
on the determination of the critical conditions for the
initiation of motion of the deposits (for an extended review,
see ref 36). Individual particles resist resuspension by their
weight while fine, cohesive sediments (incorporating
fractions of silt or clay, for example) offer additional re
sistance to entrainment due to cohesive forces. It is widely
accepted that the critical shear stress for the initiation of
motion of noncohesive sediments can be obtained from
Shields' curve. The critical velocity near the bottom is,
in general, an increasing function of the grain size.

Knowledge of the resuspension of cohesive sediments
is primitive. Experimental data for the critical conditions
for the entrainment of cohesive sediments is not consistent,
mainly because the cohesive forces depend on factors such
as shear strength, mineral content, plasticity, and elec
trochemical condition of the deposits. Results of several
experimental studies suggest that cohesive sediments ex
hibit increasing resistance to erosion with decreasing grain
size (36).

For the simulation model the resuspension flux of the
deposits is needed. To the knowledge of the authors,
published information on the amount of entrained material
from cohesive or noncohesive sediments does not exist. For
the purpose of testing the sensitivity of results to scouring,
a reduced deposition mass flux per unit volume of fluid
is defined:

deposition mass flux = -wp(l - s)Qp (2.13)

where s is a scouring parameter and Qp the mass concen
tration of the suspended solids. For s = 0 only deposition
takes place; for 0 < s < 1 partial scouring occurs; s = 1
implies that deposition is balanced by scouring; s > 1
implies that scouring dominates. For a typical simulation
run a value of s = 0.15 was chosen; this value of s agrees
well with the experimental results of Takamatsu et al. (37)
in a model settling tank. In addition, simulation runs with
s = 0, s = 0.4, and s = 0.8 were performed.

Floc Breakup. Strong local fluid shear may cause the
aggregates to break up. The effect is more important in
the flocculation basin which often precedes the settling
tank but can be significant in regions of the clarifier where
turbulence levels are high.

Two floc breakup mechanisms are distinguished (38):
Inorganic flocs tend to disintegrate due to surface erosion;
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Table III. a Sectional Coagulation Coefficients with Geometric Constraint (Uj" ~, 2Ui, i ~ 0, 1, 2, ... q - 1)

symbol remarks coefficient b

S,

i</-l,j</-1

1 < / <; q, i < / - 1

1 < / <; q, i = / - 1

1 < I <; q, i < I - 1

1 < I <; q, 1 <; i < /

1 < / <; q, 1 <; i < I

1 .;; I < q, / < i <; q

1<::/<q

o
r"i )->:,., uP(u.u) d d

J Xi., «u,_, -u) IW(Xi' Xi_' )(X,_, x,_,) Y x

UP(u.u) oX' X UP(u,u)
f{(Ui·Uj.,)[;,-, --'--'--- dydx +) , J /., tlydx
xi·, {(vI •• -"') UU(X'.l _ Xl_~)l' ((vi-vi_I) X'_2 UU(XI_ 1 -- XI_1 )2

uP(U,U)J..i [;,-' dydx
xi_, «uI·, -u) UU(Xi - Xi_, )(X,_, - XI_,)

.. UP(U,U)
t:'. 1,/u .u) dydx

• ,-, I UU(Xi ..- Xi_. )(X/- X/_,)

UP(U,U)
JXi J'(uru) dydx

xi_I xl_I UV(Xj·· Xi_tXX,- x,_.)

J'(UrUI-,)J..I (u + u)P(U,U) dydx + r' r' _(_U_+_U_)_Ii(_U_,U_)dydx

xi_, «uru) UU(XI - XI_,)' «uruI_,) xI·, UU(XI - XI_,)'

i r"1 uP(U,U)t:. J XI dydx
,., -, UU(Xi" xi., )(XI - x/.,)

X
w(u)

J I dx
xI·, (XI-XI_,)

Q Adapted from ref 39. b Where xi:::: log fJ; --{(Vi)' Ll....:: exp(y), U - cxp(x), and /l,U c!PIlO!C particle mass, the maSs Pj is
the upper limit of section i, lJ(u,v) is the collision function ohtained frorn Table I, and we/)) is Slokps' seUling' v('lncit~1 or
particles with mass u.

m:.1 m=2 m::3 m::4 m= 5 m=6
L

Figure 1. Schemat:c diagram of tank partition.

~H
n'l tttttij

of mass for the cell (m, n) resulting from particles sedi
menting at their Stokes' settling velocity w =2/gg [(Pr
Pw) / J1.]i2. Term 7 corresponds to the advective transfer of
mass and term 8 to the turbulent transport of mass from
cell to cell.

The accumulation of particle mass at the bottom of the
tank is obtained from

where Q7m 1 is the deposited mass is section I from cell
(m,l). Th~, the computer model predicts the particle size
distribution in the deposits and the thickness of the sludge
blanket along the length of the tank. For simplicity it is
assumed that the tank volume does not change due to
sludge accumulation throughout the calculations.

Due to coagulation particles may exceed the maximum
size allowed by the local shear (as suggested by eq 2.15).
Their mass is then distributed equally among the smaller
size fractions.

Incoming particles of a given size distribution can be
introduced selectively at any height. Particles reaching
the end of the tank are removed in the effluent from one
or more cells.

The core of the computer program is the MAEROS code
developed by Gelbard (40) at Sandia National Labora
tories. This code simulates the evolution of the size dis
tribution of a multicomponent aerosol in a completely
mixed air chamber. The code is adapted here to water
suspensions and modified to incorporate the spatial in-

homogeneity of the tank and the exchange of particle mass
and fluid volume between the cells.

For k cells and q sections a system of k·q first-order
ordinary differential equations results. The Runge-Kut
ta-Fehlberg integration routine that MAEROS uses proved
to be inefficient, because the introduction of advective and
turbulent mass fluxes renders the system of equation stiff.
Instead, Gear's (41) modification of Adams's multistep
variable order predictor-corrector method is used. Gears
method uses information from previous steps to predict
the derivative functions and extrapolate them into the next
interval, therefore allowing a larger step size.

The geometric constraint Vi+1 > 2v; (i = 0, 1, ... q - 0,
where the mass Vi is the upper limit of section i, is imposed
in the code on the sectionalization of particle mass, thus
minimizing the number of sectional coefficients to be
computed (39). The latter depend on the section bound
aries, the collision function (J(r,.,r), and the physical di
mensions of the cells. Normally 15 sections are used
covering the particle size diameter range from 10-7 to 1O-~

m. The higher size range contains insignificant mass
throughout the calculations, so the particle mass is con
served.

From the three coagulation mechanisms listed in Table
I only shear induced particle collisions are influenced by
the flow. For the cells where turbulent shear induced
collisions are comparatively unimportant, the same sec
tional coefficients are used, thus reducing the computa
tional work.

The ability of the computer model to reproduce the
actual operating characteristics of a settling ba~in depends
on the mesh size used, both in the physical space and in
the particle size-space. A finite cell size introduces an
artificial mixing in the tank. Increased vertical mixing and
reduced longitudinal mixing enhance the settling rate. The
selection of the number of cells and particle size sections
represents a comprise between accuracy and computational
cost. Eighteen cells (3 rows and 6 columns) and 15 particle
size sections are used; thus, a total of 270 ordinary dif-

(3.2)
dQ?m,1 (l - s) _
-----Q Sdt - b I,m,l I
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Figure 2. Numerical diffusion. The removal efficiencies for a non
coagulating suspension are compared wrth the predictions of Hazen's
theory.
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I'f -- I'w c 1.;;/(2001")"'"

whe"e I'f and (lw are til<' densities (kg/m ') of the floe and
the water, respectively, and I" is the particle radius (~m).

For smaller particles, fir - fJ w ..:..: 16fiO k~/rn.1. C fJr - fJ w 

1000 kg/m'.

performance. For the standard plant steady-state opera
tion is reached after about 5 h of constant inflow. Under
section 4 the dynamic response of the sedimentation basin
to a temporally variable flow rate or concentration of inflow
is examined.

a The size distribution function I/(d) of the influent
suspension follows the power law I/(d) - (:,X/:,d) - Cd ",
where j"N is the numbl'r of particles with a diameter in
the size range I1d, per unit volume of fluid, the exponent
(,' is a constant, and the constani C deppnds 011 the
influent mass concf'lltration. b For I' . ] .75 ,urn, the
relationship proposed by '['ambo and Watanabe (2) is used
(see ref 1):

density

variahle /J

constant ("
variable
variable

4
~

'I
3

400
~OO

200
400

Standard Plan t
~m

40 m
2 h

48 m'/(m' day)

Influent Suspensions
slope

total solid parameipl"
conen, mg/L 0(/

depth
length
dctpntion time
overflow rate

Table I

raw water

3. Steady-State Operation
(a) Constant/Variable Particle Density. The ef

fluent particle size distributions of two suspensions, one
following the size-density relationship of Tambo and
Watanabe (2) (suspension A, standard case) and one with
a constant particle density of 2000 kg/m~ for all particles
sizes (suspension B), are compared in Figures 1 and 2; Q
is the mass concentration, and d is the particle diameter.
The curves are best-fit approximations to the results of
the simulation. For both suspensions the efficiencies for
collisions between flocs are used. The influent size dis
tribution has a slope parameter of a = 4 which gives the
same influent number size distribution but different in
fluent mass distributions. The solid removal efficiencies
are RTS = 61 % and Rss = 44% for the variable density
suspension and RTS = 53% and Rss = 45% for the con
stant density suspension. Large particles (larger than 20
I'm) are removed less effectively in the case of the variable
density suspension because of their reduced density. Their
presence, however, increases the coagulation rate and the
transfer of mass toward larger size sections. As a result,
the number of particles in the size fraction 0.5-20 I'm
remaining in the effluent is lower for the variable density
suspension, and the overall mass removal efficiency is
higher. However, note that suspended solids analysis
would, contrary to this result, indicate a similar tank
performance in the treatment of the two suspensions.

suspension A
suspension B
suspension C
suspension D

2. Sensitivity Analysis

A standard wastewater treatment plant with parameters
representative of treatment practice (Table I) is selected
to illustrate the capabilities of the model. A logarithmic
velocity profile is assumed. The influent particle mass flux
is proportional to the influent fluid flux. Particles are
removed as deposits when they reach the bottom of the
tank or as effluent from all three cells at the end of the
basin. Suspended solids, as traditionally defined, include
all particles with diameters larger than 1 I'm; colloidal
particles range in size from 0.1 to 1 I'm.

It is common practice to evaluate the performance of
a settling tank by the fraction Rss of suspended solids
removed. This is only one measure of tank efficiency since
the effectiveness of the settling process depends on how
the mass is distributed in size space. Rss is reported here
for all cases examined together with the total solids re
moval efficiency RTS' The relative magnitude of Rss and
RTS indicates the importance of flocculation in transferring
particle mass from the colloidal particle size range «1 I'm)
to the suspended size range (>1 I'm).

Sensitivity analysis is performed to determine the in
fluence of selective variables on the steady-state plant

1. Introduction

Current design of settling tanks is empirical, based
mainly on experience obtained from operating basins. Cost
analyses cannot be performed, and frequently sedimen
tation basins fail to accomplish the goal they have been
designed for. In part 1 of this work (1) we developed and
described in detail a numerical simulation of a rectangular
settling tank based on the fundamental mechanisms that
govern particle motion and growth. The numerical model
follows the spatial and temporal development of the in
fluent particle size distribution through the tank, predicts
the overall performance of the system, and gives detailed
information on the particle size distribution at any location
in the tank.

In this paper the simulation is applied to an actual
system and reveals the importance of properties of the
suspension and design parameters on the tank performance
while demonstrating the capabilities of the simulation
model.

• A numerical model of a rectangular settling tank is used
to study the importance of selective variables on the set
tling process while demonstrating the capabilities of the
computer simulation. The computer model follows the
spatial and temporal development of the influent particle
size distribution toward the outlet of the tank based on
the fundamental mechanisms which govern particle motion
and growth. It is shown that both the removal efficiency
of a flocculating suspension and the effluent particle size
distribution are influenced strongly by the mass concen
tration in the inflow, the influent particle size distribution,
the floc size-density relationship, and the collision effi
ciencies of the particles. It is suggested that future ex
perimental work should focus on obtaining information on
the size-density relationship, the reentrainment of the
deposits, and the collision efficiencies of flocs.
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Figure 4. Mass accumulated at the bottom of the tank when variable
density suspension A and constant density suspension B are treated
under steady-state conditions.

Fig.... 3. Evolution of the mass distribution functions of variable d1ensity
suspension A and constant density suspension B through the tank.
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Figure 1. Comparison of variable density suspension A with constant
density suspension B. Number distribution function.
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density suspension near the middle of the tank and some
time is required before settleable particles are created and
settled. In contrast, a sludge blanket of decreasing
thickness accumulates when the variable density suspen
sion is treated.

The average particle number distribution in the deposits
is depicted in Figure 5. Clearly this is not the particle size

Figure 5. Number distribution in the deposits when variable density
suspension A and constant density suspension B are treated under
steady-state conditions.
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The development of the mass size distribution of sus
pensions A and B along the tank, averaged over its cross
section, is shown in Figure 3. Two distinctive peaks in
both mass size distributions develop near the particle sizes
0.5 and 10 I'm. The constant density suspension loses all
particles larger than 10 I'm by the time it reaches the
midpoint of the tank, but coagulation recreates such
particles near the end of the basin. This is further illus
trated in Figure 4 where the total mass (per unit width)
deposited along the tank during the 2-h detention time
under steady-state conditions is shown. For both sus
pensions most of the removal takes place in the first
quarter of the tank length. Depletion of the large particles
in suspension reduces the deposition rate of the constant
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Figure 2. Comparison of variable density suspension A with constant
density suspension B. Mass distribution function.
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Figure 6. Effect of the collision efficiency on the effluent mass dis
tribution function of variable density suspension C.

distribution expected in the sludge since hindered motion
and compression settling in the high density zone near the
bottom of the tank will alter the sludge size distribution.
It provides the input parameters, however, for the mod
eling of these settling processes. Information on the
quantity and quality of the sludge blanket is useful in
designing the sludge removal facilities of the tank.

(b) Hydrodynamic Efficiencies. In modeling particle
coagulation in hydrosols the collision efficiencies are com
monly either assumed unity or constant, independent of
the absolute and relative sizes of the interacting particles.
A variable density suspension (suspension C) with half the
total solid concentration of the standard case is used to
evaluate the importance of employing the proper collision
efficiencies. Two cases are compared in Figure 6, one using
the rectilinear coagulation functions (efficiency unity) and
one the collision efficiencies for floes (see section 2b in ref
1). The effluent particle size distributions are completely
different in shape, and the reduction in the removal ef
ficiency of the tank is dramatic. When the collision effi
ciencies for floes are used, only 16% of the suspended and
39% of the total solids are removed, compared with 87%
and 82%, respectively, for the hydrodynamically nonin
teracting suspension.

It is interesting to compare the removal efficiencies of
the tank with suspensions A and C (where in both cases
the collision efficiencies for flocs are used). Suspension
A has a total solid concentration of 400 mg/L of which 250
mg/L is defined as suspended solids. For this influent
61 % of the total solids are removed in the tank and 44 %
of the influent solids larger than 1 !Lm (the suspended
solids), i.e., Rss =44%. For influent suspension C with
200 mg/L total solids and 125 mg/L suspended solids,
39% of the total solids are removed and 16% of the sus
pended solids (Rss =16%). Thus, halving the initial solid
concentration reduced the effluent concentration by a
factor of 1.28 for total solids and 1.33 for suspended solids.
The low figure (16%) for the suspended solid removal for
suspension C is indicative of the production of suspended
solids by the coagulation process. A noncoagulating sus
pension gives removal efficiencies RTS = 20% and Rss =
33%. Coagulation transfers mass through the particle size
spectrum toward settleable particle sizes so that the total
solid removal efficiency is increased but the suspended
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where !:lNi and gi are respectively the number and the
geometric mean diameter of the particles in section i. The
development of d. along the length of the tank for sus
pensions A and D is shown in Figure 8. The volume
average diameter increases continuously in the case of
suspension A, indicating that coagulation transfers mass
through the size spectrum toward large particle size sec
tions at a faster rate than sedimentation removes sus
pended mass. The situation is reversed for suspension D
which has relatively more mass at large particle sizes.

(d) Longer Tank. For the same detention time a longer
but more shallow tank with reduced overflow rate can be
used. Longitudinal dispersion is enhanced and vertical

solids removal efficiency is reduced. Coagulation is re
sponsible for this paradox. For the hydraulic conditions
and the size-density relationship used here only particles
larger than about 20 !Lm are removed by settling. Coag
ulation accumulates particle mass in the size range 1-40
!Lm, and this is characteristic of all simulations presented
above. The rate of mass transfer to particle sizes larger
than 40 !Lm is slow since the number of large particles
which will extract mass from the immediately smaller size
fractions is reduced because of settling, hence the re
markable reduction in suspended solid removal efficiency
for the coagulating suspensions.

(c) Influent Particle Size Distribution. Suspension
D has a total solid concentration of 400 mg/L, as for
suspension A, but a flatter particle size distribution with
a = 3. This value of a implies a uniform surface area
concentration distribution and increasing volume and mass
concentrations with increasing particle size (see eq 2.12 in
ref 1). Both coagulation and settling are enhanced, and
so 98% of the solids are removed when suspension D is
treated under the standard hydraulic conditions. Figure
7 illustrates the change in the mass distribution when
suspensions A and D pass through the tank.

The volume average diameter is defined as
q

L!:lNg,
i=l

d =--• q

L!:lNi
;=1
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Figure 7. Comparison of the effluent mass distribution functions of
suspension A with slope parameter " = 3 and suspension D with slope
parameter" = 4.
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Figure 11. Effect of the flow field on the effluent mass distribution
function of variable density suspension A.
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Figure 9. Comparison of the effluent mass distribution functions for
the standard and the shallow tank both treating variable density sus
pension A.

turbulent mixing reduced. Large particles spend less time
suspended, collecting fewer particles as they fall.

Suspension B was treated in a settling basin 64 m long
and 2.5 m deep. The solid removal efficiencies were RTS
= 50% and Rss = 27%, indicating a reduction in the re
moval efficiency of the basin. Figure 9 compares the ef
fluent characteristics for the standard basin and the longer
one, both treating suspension A. The stronger shearing
in the shallow tank promoted coagulation of particles in
the size range 0.5-10 I'm, but larger particles, whose co
agulation rate depends largely on differential settling in
duced collisions, tend to remain in suspension.

(e) Recirculation. The logarithmic velocity distribu
tion is not realistic near the inlet and outlet of the basin
and has been used above only to provide a convenient flow
regime in order to examine other parameters of interest.
Published data on the flow fields in settling tanks do not
satisfy continuity of fluid mass. Thus, a flow field is as
sumed, including a circulation current, as shown in Figure
10. This is obviously one of an infinite number of possible
flow patterns that can develop in a sedimentation tank and
assumes that the inflow has a jetlike behavior. A variable
mesh size is used in the vertical direction, and it is as
sumed, first, that one-fourth of the inflow moves hori
zontally along the upper row of cells and, second, that all

vertical velocities in the tank are equal. This crude flow
pattern enhances the mixing and the turbulence intensity
at the lower section of the tank. The vertical mixing
coefficient is estimated by using the mixing-length argu
ment from

E = (bn + bn+1)(un + un+t ) n =1,2

where bn and Un are, respectively, the depth and the
horizontal velocity in the cells in row n. The turbulent
energy dissipation rate, per unit mass of fluid, is estimated
by using eq 2.3 in part 1 of this work (1). The intense local
shearing enhances the coagulation rate but also breaks up
any floes which, according to eq 2.15 in ref 1, grow larger
than about 1000 I'm in diameter.

Figure 11 compares the tank effluent when suspension
A is subjected to the recirculating flow field with the ef
fluent of the standard case. The increased mixing in the
tank, induced by the circulating current, causes more large
particles to be carried over the effluent weir. Enhanced
coagulation rates and the breakup of floes exceeding 1000
I'm in diameter-their mass is equally distributed among
the other sections-result in smoother number and mass
distributions in the effluent- The total solid removal ef
ficiency remains 61 %, but the suspended solid removal
efficiency is increased to 54 %, as compared with the
standard case.

(f) Scouring. The sensitivity of the tank performance
to scouring was investigated by performing simulation runs
at various values of the resuspension parameter s (see eq
2.13 in ref 1), all other parameters remaining the same.
The removal efficiencies obtained when suspension A was
treated are listed in Table II. Included in the same table
are the results for a noncoagulating suspension with the
same characteristics as suspension A. In the case of the
noncoagulating suspension the tank performance deteri-
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Table II. Sensitivity of the Tank Performance to Scouring

resllspension
parameter, ft..{J

coagulating suspension

noncoagulating suspension

o
0.15
0.4
0.8
o
0.15
0.4
0.8

% total solids
removed, llTS

60.1
60.6
60.8
55.7
21.6
20.0
18.8
13.8

% suspended solids
removed, /Iss

42.8
43.6
44.1
38.2
33.9
33.0
29.7
21.3

a See eq 2.13 in ref 1.

Influent
Effluent
Effluent; Non-Coagulating Suspension

5. Conclusions
A numerical model has been developed capable of sim

ulating all of the essential features of the operation of a
sedimentation tank. The model is based on a computer
solution of an extended general dynamic equation de
scribing the collisions and coagulation of particles in
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Figure 13. Nondimensional flow rate and effluent mass concentration.
The flow rate is nondimensionalized w~h its time-averaged value, and
the concentration with the steady-state effluent concentration is ob
tained when the flow rate is steady and equal to the time-averaged
flow rate. The frequency of the sinusoidal input is equal to the inverse
of the detention time (2 h), and its amplitude is equal to half the
steady-state flow rate.
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effluent characteristics of a noncoagulating suspension,
plotted in the same figure, indicate that numerical diffu
sion and turbulent dispersion and mixing are mainly re
sponsible for the filtering action of the tank, while coag
ulation reduces significantly the time-averaged effluent
concentration. Coagulation also reduces the time between
the effluent and influent peak concentrations (modal time)
from 90 min for the noncoagulating suspension to about
60 min. In both cases the modal time is smaller than the
theoretical detention time; observed dispersion curves in
model settling tanks show the same trend (4, 5).

Figure 13 illustrates the effluent response to a sinu
soidally varying flow rate. In this figure the flow rate,
nondimensionalized with its time-averaged value, and the
effluent mass concentration, nondimensionalized with the
steady-state effluent concentration obtained when the flow
rate is steady and equal to the time-averaged flow rate, are
plotted against time. Note the very short modal time,
about 30 min, and that the time-averaged effluent con
centration is slightly higher than the one obtained when
the flow rate is steady.

Figure 14 shows the mass distribution at the maximum
and minimum effluent concentrations for the two time
variable input simulations performed. The variation in
the mass concentration function is larger when the flow
rate varies with time.
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Figure 12. Temporal variation of the effluent mass concentration for
a sinusoidally varying concentration in the inflow. The frequency of
the sinusoidal input is equal to the inverse of the detention time (2 hI,
and its ampl~ude is equal to han the steady-state influent concentration.

orates as the rate of resuspension increases. The sensitivity
of the solid removal efficiency to s is in accordance with
the results of Takamatsu et al. (3) for a nonflocculating
suspension. On the contrary, when a suspension that
undergoes coagulation is treated, resuspension of the de
posits improves slightly the tank performance for small
values of the resuspension parameter s; for large s the tank
performance deteriorates.

Coagulation in the high mass concentration regions near
the bottom of the tank, resulting from resuspension of
previously deposited material, transfers mass toward larger
particle size sections with a subsequent improvement in
the tank performance. As the resuspension flux increases,
however, a critical situation is reached, where coagulation
cannot compensate for the reduced settling rates and so
the solid removal efficiency of the basin is reduced.

4. Unsteady Response
In actual wastewater treatment plants the flow rate and

the concentration in the inflow may vary considerably with
time. The computer simulation is capable of predicting
the dynamic response of the settling tank to a temporally
variable input. For the purpose of demonstrating the
capabilities of the computer model the effluent charac
teristics are investigated when a periodic variation in the
influent concentration or the flow rate occurs.

The variable density suspension A is used to investigate
the response of the tank to a sinusoidal variation in the
influent concentration or the flow rate. The frequency of
the sinusoidal input is equal to the inverse of the residence
time of the suspension in the tank (2 h) and its amplitude
equal to half the steady-state input.

Figure 12 shows the temporal variation in the effluent
concentration when the mass concentration in the inflow
varies sinusoidally with time. The tank acts as a filter and
smooths the variations in the influent concentration. The
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of the floes and will be unique for a particular suspension,
so their determination requires experimental work.

Scouring was modeled empirically, so conclusions cannot
be drawn. Experimental and theoretical work on resus·
pension of cohesive sediments is in progress (6), and the
results can be easily incorporated in the simulation.

The simulations of tank operation under un-steady-state
inflow conditions suggest that moderate variations in in
fluent concentration and flow rate do not significantly
affect the quality of the effluent.

In summary, the model appears to give realistic simu
lations of the operation of a specific sedimentation tank.
Clearly, further modifications, improvements, and trials
will be necessary before it can be used with confidence in
the design of new facilities. At this juncture, it appears
that more experimental work on the nature of the particle
size-density relationship, the resuspension of deposits, and
the particle collision efficiencies is the crucial next step
in improving the realism of the model.
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suspension. In this paper the model has been applied to
a specific sedimentation tank design for the purpose of
elucidating features of the model.

From the limited number of simulations presented here
it is evident that particle collision efficiencies, the particle
size-density relationship, and the shape of the influent
particle size distribution affect dramatically both the
characteristics of the effluent size distribution and the
overall tank performance. The collision efficiencies be
tween particles and the particle size-density relationship
were modeled, of necessity somewhat arbitrarily, since, to
the knowledge of the authors, no related published results
exist; both depend on the physical and biochemical nature

lOa 101 102 la'

DIAMETER d (JLm)

Figure 14. Effluent mass distribution functions for sinusoidally varying
influent concentration and flow rate.

Analysis for Trace Elements in Magnetohydrodynamic (MHO) Pilot Power
Plant Effluents

Tom E. Clevenger,· Edward J. Hlnderberger, Jr., Dennis A. Yates,t and W. Dennis James.

Environmental Trace Substances Research Center, Columbia, Missouri 65201

• Instrumental neutron activation analysis and inductively
coupled argon plasma emission were evaluated as to their
applicability for the multielement analysis of coal, slag, and
fly ash from the University of Tennessee Space Institute's
Magnetohydrodynamic pilot plant. Both techniques were
successfully used in the analysis of these samples. The
agreement between results from the instrumental neutron
activation analysis and inductively coupled argon plasma
emission methods was excellent, as was their agreement
with NBS standard reference material values. The solu
bilization procedure developed for the ICAP analysis was
capable of dissolving totally any of the MHD coal, slag,
and fly ash samples. There is still a problem with the loss
of the volatile elements and silicon when this technique
is used.

Introduction
Magnetohydrodynamics (MHD) (1) is an energy alter-

t Present address: Perkin-Elmer Corp., Norwalk, CT 06856.
I Present address: Department of Chemistry, Texas A&M Univ

ersity, College Station, TX 77840.

native in which electricity is generated directly from
thermal energy. This is accomplished by passing an
electrically conductive fluid through a magnetic field,
thereby inducing a voltage drop across the fluid stream.
Electrodes convey the electricity to an inverter where the
direct current power, naturally produced by the system,
is transformed into alternating current, which can be
transmitted directly into an electric power grid. MHD
eliminates the energy loss due to the conversion of thermal
to mechanical energy. When used in combination with a
conventional steam plant, the efficiency is predicted to be
about 50% or greater, as compared to 33-40% for the
conventional power plant.

Initial development of MHD began during the late
1950s. Programs exist both in this country and abroad,
notably in Japan and the U.S.S.R. The basic distinction
between the U.S. and foreign programs is the emphasis on
the type of fuel. The U.S.S.R. is currently using natural
gas, while Japan is using fuel oil. In the U.S., emphasis
is on coal as the primary fuel due to its abundance.

The range of pollutants from a MHD system is expected
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to be similar to that associated with direct combustion
processes. However, due to the extremely high tempera
tures required in the MHD process as compared to the
relatively low-temperature direct combustion technology,
different amounts and species of various contaminants may
be produced. In order to analyze these new waste products,
new analytical methods may need to be developed.

The objective of this work was to evaluate the applica
bility of the analytical multielemental techniques of in
strumental neutron activation analysis (INAA) and in
ductively coupled argon plasma emission spectroscopy
(ICAP) for the analysis of the waste products produced
from MHD power plants. The following elements were
capable of being determined when these methods were
used: (a) trace elements, lead, cadmium, nickel, beryllium,
mercury, arsenic, antimony, tin, chromium, manganese,
cobalt, copper, zinc, selenium, molybdenum, boron, and
vanadium; (b) major constitutents, silicon, aluminum, iron,
calcium, sodium, titanium, potassium, and magnesium.

The types of samples analyzed during this study in
cluded coal, slags, and fly ash from the University of
Tennessee Space Institute's MHD pilot plant as well as
several standard reference materials.

Experimental Section
Instrumental Neutron Activation Analysis. The

samples underwent two separate procedures. One was the
short pneumatic transfer tube irradiation and the second
involved a long irradiation.

(1) Short Procedure. A total of 20-40 mg of each
sample was weighed and sealed into a precleaned poly
ethylene irradiation vial. Standards were prepared by
evaporation of the liquid primary standards onto filters,
which were then sealed in vials. Each sample, standard,
etc., was irradiated for 10 s in a pneumatic transfer position
in the reactor's reflector at a thermal flux of 101• neu
trons/(cm2.s) and counted for 250 s after a lO-min delay.

(2) Long Procedure. A total of 20-40 mg of each
sample was weighed and sealed into a Suprasil quartz
irradiation vial. For standards, a metal solution was
evaporated onto either purified Al20 3 or Si02 by using very
low heat. Low heat had to be used since it was found that
Se was lost when exposed to high heat. Samples, stand
ards, etc., were placed in an aluminum can, which was
positioned for 20 h at a thermal flux of 101• neutrons/
(cm2·s). After the samples were returned to the laboratory,
the quartz vials were cleaned with aqua regia. Mter 2-3
weeks, they were counted to obtain information on in
termediate half-lived nuclides. They were counted again
after 2 months for measurement of longer lived nuclides.

All radioactive counting was done on a Nuclear Data 600
pulse height analyzer system, on Ortec lithium-drifted
germanium detector, and associated electronics. All sam
ples were counted with a system dead time of less than
10% and normalized to a pulser. Data reduction was
performed by transferring the raw spectral data via mag
netic tape to the University of Missouri's IBM system
370/168 computer. The GAM ANAL computer program was
used for the data reduction. The isotopes used for the
analyses are listed in Table I along with other pertinent
information.

Inductively Coupled Argon Plasma Emission
Analysis. The sample preparation procedure consisted
of grinding the sample and running it through a 4oo-mesh
screen. For coal 1-g sample was placed in a platinum
crucible and dry ashed at 500 °C overnight. The dry ashed
coal (or 0.2 g of fly ash) was transferred to a lOQ-mL Teflon
beaker. The sample was wetted with 5 mL of deionized
water. Two milliliters of HCIO. (70%) and 12 mL of HF
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TalJle I. Information on Isotopes Used for
Instrumental Neutron Activation Analysis

isotope ) energy
counted counted, keV half·life

Short IrradiaLion
Cu ""Cu 1039 5.10 min
Na ~4Na 136H 15.0 h
V "V 1434 3.75 min
K 4~K 1524 12.4 h
AI '"AI 1779 2.27 min
Mn "Mn 1811 2.28 h
Ca "'<Jea 3083 8.7 min

Long' Irradiation
Se 7..SC 265 120 days
Cr "IeI' 320 27.7 days
Fe <;'JFc 1099 and 1292 44.6 days
Co 6 tlCO 1173 and 1332 5.27 years
Sb '''Sb 1693 60.2 days

-------------------

(40%) were added, and the mixture was heated to near
dryness. An additional 8 mL of HF was added and heated
to dryness to drive off excess HClO•. A total of 2 mL of
HCIO. and several milliliters of water were added and
evaporated to dryness. The residue was dissolved in 8 mL
of 1:1 HCl and approximately 10 mL of water_ It was then
diluted to 25 mL with deionized water and analyzed on
a Jarrell-Ash Model 975 32-channel Atom-comp ICAP
emission spectrometer.

Results and Discussion

Inductively Coupled Argon Plasma Emission
Analysis. Because this technique requires the sample to
be in solution, the sample preparation method is a critical
step. Several methods were reviewed. Lithium metaborate
and lithium tetraborate fusions were reported to be suc
cessful for dissolving some siliceous coal ash and related
materials (2-5). Many different types of simple acid di
gestions were reported to have varying degrees of success.
These included combinations of H2SO., HClO., and HF
(6-8), the use of H2SO. and H20 2 (9,10), HCIO.-HIO. (11),
HCl-HN03 (12), HN03-K2ClO. (13,14), and HN03-H
CIO. (15). An acid digestion bomb (16-19) was suggested
as having the most potential of being the "universal"
dissolution method, since elements such as As, Se, and Cr
which can volatize when heated are retained in the bomb.

Several preparation procedures were tested, including
various acid digestions, bomb digestions, and base fusions.
To be acceptable, the preparation method would have to
completely dissolve any type of MHD coal waste products
such as coal, slag, or fly ash without interfering with the
ICAP analysis. The basic fusions were successful in dis
solving all types of samples but produced a final solution
extremely high in salt content. Solutions with high dis
solved solids will clog the nebulizer on the ICAP. In order
to use the solutions from a fusion preparation, they would
have to be diluted. In making such a dilution, several trace
elements which are low will be rendered undetectable.
This was found unsatisfactory. The fusion method was
the only one that did allow for the successful analysis of
silicon. However, because of the intense heat involved, any
element easily volatilized would be lost.

The bomb digestion method offered the potential of a
preparation method that would not lose the volatile ele
ments. This method gave incomplete dissolution for the
fly ash and slag samples. The company selling the product
stated that a larger surface area would result in complete
dissolution. The samples were ground to a finer mesh size,
but incomplete dissolution still resulted.

The method chosen for this study, multiacid digestion,
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Table 11. Analysis Results Found for NBS SRM 1633
Fly Ash by Inductively Coupled Ar~on Plasma

concentrations, JJ. J..!/g

current Ondov et al.
element study NBS value (39)

Ag 10
AI 11900 12700
B <40
Ba 2540 2700
Be 15 ( 12)
Ca 48100 47000
Cd <2 1.45' 0.06
Co 54 (38)
Cr 110 131 ' 2
Cu 132 128 ' 5
Fe 64600 62000
Li 186
Mg 13400
Mn 465 493 ' 7
Mo <5
Na 3230 3200
Ni 100 98 ' 3
Pb <100 70 ! 4
Sn <5
Sr 1380 (1380)
Ti 8140 7400
V 236
Zn 206 214 ' 8
K 15600 210 ' 20 16100

gave complete dissolution of all sample types. At first the
·seeded" samples (large amount of potassium added to
provide better ionization for MHD) produced some un
dissolved material after preparation. It was determined
that this was KCl04 and that its solubility product had
been exceeded. This was easily corrected by decreasing
the sample size (0.2 g). The resulting solution was com
patible for ICAP analysis. It did have limitations. The
volatile elements were lost as well as silicon. Except for
these elements, this sample preparation in conjunction
with ICAP was very successful. As can be seen in Table
II, the results obtained by ICAP for the National Bureau
of Standards standard reference fly ash sample were ex
cellent.

Only two elements exceed 10% deviation from the ac
cepted value, Co (42%) and Cr (16%). It is suspected that
Cr may be volatilized during preparation and that there
may be a spectral interference for Co.

Instrumental Neutron Activation Analysis. A
thorough literature review was conducted in order to de
termine which were the optimum isotopes to count, po
tential irradiation times, and a preparation method for
irradiation standards. Several researchers have reported
using neutron activation for coal analysis (20--30). Much
of this work was for coals only; slag and fly ash samples
have a much higher level of many elements. These higher
levels can create new problems. Rocks are known to be
high in many of the same elements, and the activation
analysis procedures used for rocks may be suitable for slag
and fly ash. Several papers reporting the use of neutron
activation for the analysis of rock samples (31-38) outlined
excellent procedures.

A new and more effective means of preparing standards
for irradiation and comparison of unknown samples was
particularly desired. The main objectives for improving
standard preparation included the following: minimizing
standard vaporization of the standard solutions during
evaporations; providing a matrix for the standard which
would allow for postirradiation transfer, thus eliminating
irradiation container background and blank problems;
optimization of standards with respect to quantity of each
element necessary in our experimental configuration;
preparation of compatible multielement standards to ex
pedite standard preparation.

Maximization of the surface area on which standard
solutions evaporate reduces the need for elevation of tem
perature. To accomplish this and to provide a solid matrix
capable of being transferred after irradiation, liquid
standards were evaporated onto solid matrices. The fea
sibility of adsorption of elemental standards onto several
types of material was tested. These materials included
high purity powders such as Al20 3, Si02, sucrose, and V20 S
and the commercial filter papers Whatman 541 and Mil
lipore HA. It was possible to obtain usable analytical
standards by using all of these materials except sucrose
and V20 S' which were found to be unsuitable.

Table III. Results for Standard Reference Materials Analyzed by Instrumental Neutron Activation Analysis

NBS SRM 1632 coal NBS SRM 1632a coal NBS SRM 1635 coal

present study NBS value present study NBS value present study NBS value

V 34 36! 3 44 44 i 3 4.1 5.2 ± 0.5
AI 18000 18500 , 1300 31000 30700 2600 3200
Mn 39 43, 4 23 28 i 2 19 21.4 , 1.5
Ca 3600 2600 2600 a 4800 a
Na 400 1000 1000 a 2320 a
Se 3.7 3.1 3.1 2.6! 0.7 1.0 0.9 ± 0.3
Cr 20 35 35 34.4 ! 1.5 1.9 2.5 ± 0.3
Fe 7900 10000 10000 11100! 200 1900 2400 ! 100
Co 6.6 7.5 7.5 6.8 0.64 0.65
Sb 3.8 0.6 0.6 0.58 0.13 0.14

USGS W·1 rock USGS BCR-1 rock NBS SRM 1633 fly ash

present stuuy NBS value present :::.:tL:·~:~ NIlS value prese01t stuuy NBS value

V 305 264 410 400 b
AI 81000 78600 74000 72300 b
Mn 1300 a 1340 a b
Ca 81600 78300 49100 49700 b
Na 17000 15900 b b
Se b b 13.3 10.2' 1.4
Cr 124 114 b 135 127 ± 6.4
Fe 72000 77600 87000 93700 58 62, 3
Co 56 0.47 45 38 48 41.5 ± 1.2
Sb b 0.7 0.69 7.9 6.9' 0.6

U No value available. b Not determined.
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370
57000 57000 56000

0.07
340000 335000 360000

2500
210 280 200

<2
3300 2000

89
<100

0.5 <25 0.4
<5 15

<5
55.8 72 58.7

278

slag no. 3b

INAA ICAP"

Table IV. Sample Results

ele· Illinois no. 6 coal slag no. 2 slag no. 3a
ment,
~g/g INAA ICAP" INAA ICAP" INAA ICAP"

AI 10000 13100 43800 35700 47700 45200
Be 2.2 6.3 8.3
Ca 3100 8500 7800 10100
Cd <0.5 <0.5 05
Co 4.6 6.3 17 18 18 20
C,' 12 1300 2000
Cu 17 400 410
Fe 18000 23000 61000 59000 66000 70000
Hg 0.12 0.08 <0.01
K 3000 300000 324000 300000 281000
Mg 800 2400 3200
Mn 27 35 250 240 250 260
Mo <2 <2 <2
Na 220 2000 2700 2200
Ni 15 87 95
Pb <100 <100 <100
Sb 0.9 <25 0.4 < 25 <0.4 < 25
Se 4.8 5.6
Sn <5 <5 <5
V 20.6 26 55.7 62 63.3 78
Zn 94 249 196

34700

17
1500

32600
8.4

7700
<0.5
20

nyash
INAA

5780

<4400

16
1500

" Preparation method used would result in loss of As, B, Cr, Se, and Si.

Table V. Variation between Instrumental Neutron
Activation Analysis and Inductively
Coupled Argon Plasma

% deviation from
mean of the two methods

sample Al Ca Co Fe K Mn Na V

Illinois no. 6 coal 13 16 12 13 12
slag no. 2 10 4 3 2 4 2 5
slag no. 3a 3 5 3 3 2 10 10
slag no. 3b 3 8 0 1 14 13

A clear advantage of the use of INAA was that sample
preparation requiring dissolution with heat was not re
quired. Therefore, elements which are easily volatilized
will not be lost. With less sample preparation and han
dling, the possibility of contamination will also be reduced.
Table III shows the excellent accuracy of the method. Six
different standard reference materials were analyzed, and
as can be seen, all of the results are within 25% of the
accepted value except that for Se in the fly ash.

MHD Samples. In Table IV the results for samples
of Illinois no. 6 coal, slag, and a fly ash from a MHD pilot
plant at the University of Tennessee Space Institute are
given.

Comparison of Methods. The agreement between the
two analytical methods are excellent. Table V lista the
percent variation between the two methods when aliquots
of the same sample are analyzed. The average percent
deviation is 6.9% with a range of 0-16%.

Conclusions
Two multielement analytical techniques for the analysis

of trace elements in samples from a MHD power-gener
ating pilot plant have been compared and validated. The
agreement between results from the instrumental neutron
activation analysis and inductively coupled argon plasma
emission methods was excellent, as was their agreement
with NBS standard reference material values.

The solubilization procedure developed for the ICAP
analysis is capable of dissolving totally any of the MHD
coal, slag, and fly ash samples. There is still a problem
with the loss of the volatile elements and silicon when this
technique is used. Other solubilization procedures will
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need to be used for these elements. Research needs to be
continued to develop a method which will be suitable for
all of the elements.
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Dynamics of a Fertilizer Contaminant Plume in Groundwater

Michael J. Barcelona' and Thomas G. Naymlk

Water Survey Division-Illinois Department of Energy and Natural Resources, Champaign, Illinois 61820

• A 2-year investigation has been conducted on the effects
of a massive inorganic nitrogen fertilizer contamination
of a sand and gravel aquifer in western Illinois. Ground
water monitoring in the early period of the project during
near steady-state conditions disclosed that dissolved am
monium and nitrate levels exceeded 2000 and 1300 mg_L'l,
respectively. A numerical solute transport model was
applied to the system which predicted that approximately
420 days would be necessary after source removal to permit
recovery of the aquifer water to near background levels
within the study site. Subsequent monitoring results
generally supported the model prediction and demon
strated its usefulness for predicting transport and trans
formations of inorganic forms of nitrogen. The chemistry
and microbiology of the impact groundwater showed sig
nificant changes attendant to pollutant removal which
indicate that microbially mediated processes occurred in
the aquifer.

Introduction
Incidents of groundwater contamination have been

discovered with increasing frequency in the past decade,
Early reports of polluted groundwater identified the im
pacts of leaking gasoline pipelines or storage tanks (1). It
was further recognized that organic groundwater contam
inants from landfills or industrial sources interact signif
icantly with inorganic chemical constituents and that
remediation efforts must be chosen carefully with a clear
understanding of subsurface chemistry and biology (2).
Recent groundwater studies have become more sophisti
cated and involved in response to the seemingly endless
varieties of pollutant mixtures and differing subsurface
conditions (3). It is now clear that contaminant migration
and fate in groundwater systems generally conform to
fundamental hydrologic and chemical principles (4).
However, there are few case studies that treat the fate and
transport of reactive chemical species under the influence
of known hydrologic, chemical, and biological constraints.

In a previous report, the discovery of a massive ammo
nium and nitrate contaminated 5-ha area over a sand and
gravel aquifer near Meredosia in Morgan County, IL, was
detailed while the source was still in place (5). The extent
of the contamination was treated under steady-state con
ditions, and a numerical solute transport model (6) was
applied to predict the time necessary after source removal
for the aquifer in a study area to return to background

conditions. Expanded investigations in the period after
source removal have disclosed the general applicability of
such models to the dynamics of shallow aquifer systems
with interesting implications for improving our under
standing of the response of the subsurface to localized
contamination.

Methods

A large uncovered stockpile of salvaged ammonium and
nitrate salts had been weathered at the surface of an al·
luvial sand and gravel aquifer for at least 3 years. The
source was not on the property of the cooperating industry
but was located on an adjacent tract. The extent of
groundwater contamination was discovered when drinking
and process water on the property showed elevated am
monium levels and severe pump binding problems. A
network of shallow (8.6 m) sandpoints and deep (28 m)
production wells completed just above bedrock were used
for monitoring. Dissolved oxygen (azide modification of
the Winkler method), alkalinity, pH, and temperature were
measured on site. Ammonium and total organic carbon
(TOC) samples were preserved in the field. NH.+, NOz',
N03', and Fe(II) subsamples were refrigerated and de
termined immediately on return to the laboratory, usually
within 4~ h after sampling. Major ionic constituents, total
Fe, and Mn were determined by using Standard Methods
(7).

Redox potentials were calculated via the Nernst equa
tion from the REDEQL2 (8) output of equilibrium chemical
speciation. Mass and charge balances generally agreed to
within ±15% of the total dissolved solids (TDS) (corrected
for NH/ loss on drying) except for samples which ex
ceeded 2500 mg_L·t TDS. Most probable number enu
merations (MPN) of nitrifying bacteria were performed
by a five-tube replicate method (9) determining both ni
trite and nitrate positives by spot test reactions.

Average linear groundwater flow velocities between a
well designated as the source location, well SPI, and
various wells within the network were calculated from
measured hydraulic head differences, hydraulic conduc
tivities in the area (~I.4 X 10-3 m·s-I), and an effective
porosity of 0.1. These velocities were used in calculating
apparent contaminant removal rates after dilution cor
rections were made on the observed concentration at each
monitoring well and at the source. For removal rate cal
culations during the post-steady-state period, the average
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Table I. Composition of the Solid Fertilizer

Figure 1. Map of sije with diagram of sampling well network and
generalized flow path of contaminant plume.

time of travel between each downgradient well and the
source was calculated_ Then the interpolated source (SPl)
concentration of NH/ or N03- at the time the average
parcel of water left the source was used to calculate ap
parent removal of each species.

Results and Discussion
Overview of the Contamination Situation. A sche

matic diagram of the study site, including well locations
and a generalized flow path of the steady-state plume, are
shown in Figure 1. SP denotes sandpoint wells, while PW
denotes the two high-capacity production wells. SPI was
chosen as the measure of source strength since it was lo
cated as near as practical to the fertilizer bins on the ad
jacent property_

The salvaged fertilizer was sampled at several locations
in the storage area and composited. An analysis of the
composite sample is shown in Table I. The solid material
was made up of a large amount of solid debris, since it
originated from fue-damaged fertilizer production facilities.
The soluble fraction was primarily composed of carbonates,
sulfates, and the nutrients NH/, K+, palo, and N03-

Since chloride made up a portion of the soluble matter,
it was chosen as a conservative tracer for plume definition
and calibration of the solute transport modeL The choice
was based on the success of previous applications (IO) and
the fact that chloride provided a more conservative indi
cator of contaminant dilution effects than did potassium
ion. The chloride to fertilizer-associated ion ratios in
groundwater samples showed a high degree of homogeneity
throughout the study, despite the fact that the fertilizer
bins were emptied in June 1980_ These results suggest that
a large reserve of leached materials was present in the
unsaturated zone, near SP1. For this reason, SPI was
considered a reliable indicator of "source" conditions. It
is from this point that the investigation proceeded.

Application of the Solute Transport Model. Sam
pling of the shallow well network on six occasions during
1980 disclosed that ammonium concentrations at SPI
averaged 2020 mg·L-t with a 4% relative standard devia
tion (coefficient of variation)_ Water levels and chemical
analyses of groundwater samples from all wells were per
formed during April 1980. Additional data were obtained
from tracer experiments run between SP4 and PW3 and
SP10 and PW4. With these and other hydrologic data a
numerical solute transport model was designed_ Particu
lars of the application of the random-walk solute transport
code have been described in detail (6). The model for the
site was calibrated separately with both chloride and total
ammonia concentration distributions. This was done un
der steady-state flow conditions, since the hydraulic gra
dient remained stable between late 1979 and June 1980
and there were no significant changes in the concentration
distributions of the principal contaminants at the source
during this period.

Transport model simulations were made to predict the
decay of the contaminant plume once the source was re
moved in order to plan appropriate remedial action.
Simulations predicted that 420 days would be required for
system flushing after source removaL The observed con
centrations in the reference source, SP1, are compared as
a function of time with the predictions from the solute
transport model (STM) in parts a (ammonia) and b (ni
trate) of Figure 2. The predictions were made on the basis
of total source removal in June 1980. In general, both the
chloride and ammonia solute transport models show good
agreement with the observed concentrations of ammonia
and nitrate at SP1 during the initial 6-8-month period
following removal of the fertilizer from the surface bins.
As time progressed, observed ammonia removal was
somewhat greater, and nitrate removal was less than
predicted. The chloride calibrated model showed better
agreement in the later period (March 1981 on) after source
removal but did not account for the peak concentrations
which accompanied later spring and early summer recharge
events.

Between April and August 1981 the plume boundaries
stayed rather constant, water levels rose 6-8 ft over the
winter levels, and average linear velocities increased to 0.48
± 0.08 m·day-t. The spring recharge in 1981 was accom
panied by an increase of approximately 70% in both NH.+
and N03-levels between March and August. These peaks
are presumed to be due to the leaching of contaminant
held in the unsaturated zone near the designated source
well. Increases in observed ammonia and nitrate concen
trations during the summer of 1981 showed the influence
of recharge events and the consequent rise in regional
water levels. Detailed transient flow conditions would have
been necessary to incorporate these events into the modeL
Our prediction (5) of the time necessary to reduce source
concentrations of the major contaminants within the study
area to near background levels was based on a steady rate
of flushing. It was accurate within ±120 days as revealed
by observations in the post-source removal period.

The solute transport model appears to be a powerful
means of predicting long-term source strength" decay to
about 20% of the steady-state concentration maxima. This
was true over most of the study period despite the fact that
recharge events and regional increases in water levels
caused the release of additional contaminants held in the
unsaturated zone. Several researchers have observed high
variability of N03- in shallow groundwater systems re
ceiving large inputs of fertilizer or feedlot runoff (J1). The
variability has been attributed, at least in part, to appli-
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FIg..e 3. Redox conditions after removal of the pollution SOll"ce. The
concentrations of reduced species NO,- (.0.) and Fe(II) (.) are plotted
vs. the calculated equilibrium redox potentials (mV) from the Fe
(1I1)/Fe(lI) couple (e) and the average from the NO,-/NH/ and
NO,-/NH/ (0) couples.

steady-state value over 20 months. Similarly, ammonia
and nitrate decreased to 16 and 37% of their respective
levels in 1980.

High variability in nitrate, ammonia, TDS, and pH was
observed in the shallow groundwater during the late spring
and summer of 1981 in response to recharge events and
the consequent regional increase in water levels through
Sept 1981. Dissolved oxygen, nitrite, chemical oxygen
demand (Cl- corrected, COD), ferrous iron, and most
probably number values of nitrifying bacteria showed
considerable overall variability which is evidence of their
sensitivity to recharge events, pH, and redox potential
changes, as well as presumed chemical and biochemical
reactions.

Nitrite ion showed the highest overall variability in the
shallow portion of the aquifer, reaching a maximum in the
source well of 39.8 mg·L-I. The coincidence of high nitrite
and dissolved oxygen levels is a contradiction of known
redox stability. This may be attributed to a positive in
terference on the Winkler oxygen determination caused
by nitric oxide (13). Nitric oxide is an intermediate in the
microbial transformation of inorganic nitrogen species
which normally accumulates in closed systems at low pH
(14). The magnitude and nature of this contamination
situation may make these observations unique in the lit
erature. Nonetheless, these results cast serious doubt on
the reliability of Winkler dissolved oxygen measurements
in closed culture systems or in groundwater when oxygen
is observed in confined situations distant from the recharge
areas (15).

Efforts to measure Eh in the field with a modified
flow-through device (16) failed to yield reliable results.
This was principally due to large quantities of gases which
exsolved from the groundwater as it was pumped from the
well bore. Attempts to make a reliable estimate of its
composition by chromatographic methods were unsuc
cessful due to the large amounts of nitrogen present.

In order to provide a qualitative indication of oxida
tion-reduction conditions in the system, equilibrium redox
potentials were calculated via the Nernst equation from
equilibrium speciation calculations on the basis of the
Fe(Ill)jFe(II), N03-jNH/, and N02-jNH/ couples.
Despite the need to make the guarded assumption of
equilibrium and reversibility of electrochemical behavior
required by this procedure (17), it is possible to obtain
precise estimates of the redox condition which aid in the
interpretation of groundwater chemistry (18). The aver
aged results of the redox calculations for the post source
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cation rates and recharge events. The influences of re
gional effects and microbial transformations cannot be
ignored in data interpretation (12). The relative magni
tudes of these processes are discussed below in further
examination of the chemical data.

Chemical Changes in Groundwater Composition.
Detailed analytical results for the steady-state period and
for two (of five) dates following source removal are shown
in Table II. The table includes the designated source well
(SPl), a shallow well (SP4), and a deep well (PW3) along
the general path of the plume. (All analytical results for
the project are available (see paragraph at end of paper
regarding supplementary materia!)). The largest net
changes in water chemistry from either background or
steady-state conditions occurred at the source well where
total dissolved solids dropped to about 13% of the

1980

Figure 2. (a) Observed concentrations of ammonia (e) at SP 1 as a
function of time compared to predictions from the solute transport
model (STM). Predicted ammonia concentrations are shown for both
the chloride-calibrated STM (0) and the ammonia-calibrated STM (0).
(b) Observed concentrations of nnrate (e) at SPl as a function of time
compared to predictions from the solute transport model (STM).
Predicted nnrate concentrations are shown for both the chloride-cal
ibrated STM (0) and the ammonia-calibrated STM (0).
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Table 11. Chemical Characteristics of Groundwater at the Site

(A) Source Well (SP1)"

10 months afier 17 months after
steadY'state source removal, source removal,

background b 1980 4/22/81 11/17/81

pH, pH units 7.80 8.91 8.63 8.60
TDS 380 7710 3054 990
Ca 2 i- 66 2.8 11.1 4.60
Mg" 28 3.9 43.5 14.7
Na' 10 8.0 10.0 7.90
K' 1.5 60 46.0 242
Cl' 22 188 140 62
SO," 50 196 98 110
alkalinity, mequiv' L" 4.8 62.5 22.4 11.2
dissolved oxygene ND d ND 15.9 5.0
NH/ c 0.06 2114 747 359
NO; 14 1380 1087 514
NO; ND ND 29.2 3.20
Si 13 ND 3.6 30.3
Fe(total) 0.74 0.60 0.35 0.22
Fe(II) ND ND 0.050 0.028
Mn 0.18 ND 0.03 0.01
COD ND ND 26.8 10.9
TOC ND ND 4.91 3.21
MPN, nitrifiers V' X 10" ND ND 7000 230

(B) Downgradient Wells (SP4 and PW3)"

shallow (SP4) deep (PW3)

1980 4/22/81 11/17/81 1980 4/22/81 11/17/81

pH, pH units 7.40 7.82 7.50 7.31 7.22 7.15
TDS 1906 1147 1252 2013 1033 1108
Ca 2 i- 68 34.4 84.5 108 81.3 85.5
Mg H 34 20.2 30.0 150 26.2 27.4
Na' 10 8.50 8.30 16 8.50 8.50
K' 62 82.3 32.4 25 18.6 19.3
Cl' 47 30 48 13 34 30
SO," 112 83.6 105 90.0 136 101
alkalinity, equiv' L- ' 11.8 9.24 7.1 17.2 8.19 8.7
dissolved oxygen e ND d 0.64 0.97 ND 3.2 8.2
NH

4
+ c 282 176 124 137 150 134

NO; 570 233 365 440 246 157
NO; ND 0.021 0.013 ND 0.100 0.018
Si ND 9.41 31.4 ND 4.58 14.1
Fe(total) 0.20 0.12 0.13 <0.02 0.13 0.22
Fe(lI) ND 0.065 0.081 ND 0.020 0.012
Mn ND 0.02 0.02 ND 0.78 0.51
COD ND 7.32 4.9 ND 6.00 2.6
TOC ND 2.10 2.51 ND 2.43 2.91
MPN, nitrifier L" X 10" ND 7900 230 ND 54000 230

"All tabulated values are in milligrams per liter unless otherwise specified. b SWS and lEPA files for Meredosia Municipal
Supply upgradient from site. C Represents total ammonia. d ND, not determined. C A systematic error makes these values
questionable; see Results and Discussion.

removal period are plotted in Figure 3, together with the
observed N(l2' and Fe(II) levels expressed as a percentage
of the total iron in the samples. The Eh values suggest
that the shallow groundwater system was poised between
-34 and +180 mV during this period. The redox potentials
for the inorganic nitrogen couples were uniformly +115 ±
10 mV. These values were insensitive to chemical changes
in the system caused by recharge and the rise in water
levels through the summer of 1981 with the exception of
slight effects of dilution. Eh values for the ferric-ferrous
couple significantly increased in the shallow groundwater
(SP1 and SP4) during this period. This was also reflected
in decreased N02' and Fe(I1) concentrations and COD
levels observed on the 9/15 and 11/17 sampling dates.

Most probable number (MPN) values for the aerobic
nitrifiers also peaked as the water levels rose in the region.
Estimates of N02' relative to N03' positive samples
ranging from 2 X 102to 5 X 106 nitrifiers·L'} were roughly
equivalent in samples during the post source removal
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period with the exception of the 7/14 sampling date. On
7/14/81, peak N02', Fe(II), and MPN levels were ob
served. The MPN levels were not correlated significantly
with redox potential values or the apparent rates of am,
monia removal calculated after dilution correction. These
rates, which varied from 7 to 74 "mol·L·1·day·l, were based
on average groundwater travel times between the desig
nated source (SP1) and the other shallow wells. Approx
imately 30% of the apparent ammonia removal was sup
ported by both alkalinity reduction and an increase in
nitrate as would be required by microbial nitrification
processes. Nonetheless, it was clear that microbial pro
cesses played an observable role in ammonia removal in
the shallow aquifer. The MPN procedure is a semiquan
titative indicator of the presence of microorganisms. One
must be aware that the determination is based on proba
bility relationships and it is prone to a high margin of error.
Also, systematic errors may be large in water sampling,
since populations of attached microoganisms may be much



greater than "planktonic" numbers (19).
Due to the systematic error in the dissolved oxygen

determinations and the physical and legal constraints on
our investigation imposed by site conditions, a more de
tailed interpretation of the chemical data would be purely
speculative.

The study of groundwater pollution situations demands
close consideration of hydrogeologic, chemical, and bio
chemical processes. Further, the exhaustive characteri
zation of system variables may be necessary to identify
major sinks or removal processes in these situations.

Conclusions
Solute transport models are powerful tools to predict the

characteristics of groundwater contaminant plumes. This
is particularly true in regions of high groundwater flow
where dilution is a major flushing mechanism. The present
model yielded good predictions for the time necessary for
levels of major contaminants in the grossly polluted area
to drop to about 20% of their concentration maxima.

Subsurface microorganisms play an observable role in
the transformation and fate of inorganic nitrogen species.
Their activity is limited by oxygen supply, substrate
availability, and various physical factors. In less permeable
subsurface environments with lower rates of groundwater
flow, the relative contribution of chemical or biochemical
removal processes to net contaminant removal could be
judged more accurately.

Observations of free dissolved oxygen, especially in
contaminated groundwater systems, should be corrobo
rated by redox potential measurements and the analytical
determination of redox-sensitive chemical species. Mi
crobial-catalyzed reversibilty of the redox couples N03- /

NH,+ and N02-/NH,+ is questionable in highly contam
inated groundwater systems despite the fact that these
chemical species dominate solution chemistry.
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Photochemical Separation of Xenon and Krypton

Christine E. Geosllng" and Terence Donohue"

Laser Physics Branch. Naval Research Laboratory. Washington. DC 20375

• A technique is described for the separation of xenon
from krypton using photolytically produced fluorine atoms
as the reactive species. Stable XeF2 is produced when a
mixture of xenon, krypton, and fluorine gases is irradiated
with near-ultraviolet light. KrF2 is not stable at the near
room temperature conditions of the experiment. Separa
tion factors (enrichments) greater than 1000 for Xe/Kr are
reported for yields of less than 98%. Even higher yields
(resulting from longer photolyses) are possible, but then
separation factors become slightly smaller.

Introduction
There is increasing interest in new methods for noble

gas separation for reasons of both cost and safety. The
prevalent separation method for xenon and krypton is
cryogenic distillation (1) generally as a byproduct from the
manufacture of liquid air. This process, while well de
veloped and reliable, is relatively energy intensive. Another
source for these noble gases may become available in the
future, as the products from nuclear fission, found as
offgases from either nuclear reactors or reprocessing plants
(2-5). A number of novel rare gas separation methods have
been recently developed (6) to both take advantage of this
new source and also reduce or eliminate the radioactive
hazards found with these offgases.

The separation costs arise primarily from the thermo
dynamically inefficient production of low temperatures
required for separation, near liquid nitrogen temperatures
(-196°C). While the amount of rare gases separated
constitute only a very small fraction of the volume pro
cessed by a commercial liquid air plant, noble gas purity
requirements involve extensive amounts of distillation.
Elimination of this feature, as found in the room tem
perature process described here, would reduce processing
costs. Furthermore, a safety hazard is found when the
cryogenic process is used with the gaseous products from
spent nuclear fuel. Radiolysis of the air and water always
present produces ozone (6), which becomes explosive when
condensed as a liquid at temperatures below about -120
°c. The incentives for developing a noncryogenic sepa
ration technique is clear in this situation.

Of the isotopes of Xe and Kr produced by nuclear fis
sion, only one, 85Kr, has a significant half-life (of ~ 10
years). Furthermore, krypton constitutes only 6.5% of the
total rare gases, so that a simple elemental separation
process is sufficient to produce xenon free of any radio
active isotopes (2). Further photochemical enrichment of
this isotope is possible but not necessary for most appli
cations. We have, in fact, investigated such a molecular
laser isotope separation scheme (7).

The discovery of the first noble gas compounds was soon
followed by the first reports that some of these compounds
could be synthesized photochemically (8). XeF2, XeF4, and
XeF6 can be made thermally from Xe and F2; however,
temperatures of ~250 °C are necessary for establishment
of equilibrium on a reasonable time scale. It is relatively
straightforward to make XeF2 photochemically, but pho
tochemical production of KrF2 requires quite severe con
ditions such as in the cryogenic liquid or solid states (9,
10). This difference in stabilities between the two di
fluorides is the basis for the separation technique presented
here.

Xenon difluoride is produced when a mixture of xenon
and fluorine is irradiated in the ultraviolet (UV), into the
absorption band of the fluorine molecule. This band is
relatively weak (, of ~3.0 L·mo\-I·cm-1) and broad, peaking
at 285 nm, and photolysis in this region results in the
production of fluorine atoms (11). Any photolytic source
can be used as long as the wavelength is appropriate, from
about 250 to 350 nm. It is not necessary that the mech
anism resulting in XeF2 production be totally understood.
Indeed, some of the details have yet to be fully explained
(12). The significant feature is that a photochemical
process involving the rare gases can be made selective for
xenon, where the products are molecular and can be readily
separated from reagents.

Experimental Section

The xenon and krypton used in these experiments were
99.995% pure from Air Products. The fluorine was 98%
from Matheson and the nitric oxide 99.0% from Matheson.

The gases were handled in an all-metal vacuum line
passivated with fluorine. Removable traps were used to
transfer samples to the mass spectrometer for analysis.
Two photolysis cells were used. A quartz cell with fused
quartz windows was employed in the initial experiments,
but production of SiF4 by action of fluorine on the cell
walls was found to interfere with the mass spectral product
analysis. For most of the experiments, a stainless steel cell
with CaF2 UV quality windows was used. This cell was
also passivated with fluorine before use.

In a typical experiment about 150 torr of krypton and
150 torr of xenon were admitted to a holding trap and an
analysis trap. The analysis trap was then closed and taken
to the mass spectrometer (Finnigan Model 3100) for a
reference spectrum to allow exact determination of the
Xe/Kr ratio. The remainder of the rare gas mixture was
then condensed into the photolysis cell by lowering the
temperature to -196°C using liquid nitrogen. About 250
torr of fluorine was then added to the photolysis cell which
was then sealed and removed for photolysis. The pressures
of reagents were calculated to give a small excess of fluorine
over that required for complete conversion to XeF2.

The photolysis cell was maintained at room temperature
with its cold finger immersed in a dry ice/2-propanol slush
at -78°C and irradiated with either a 150-W xenon lamp
(Oriel), a 500-W medium-pressure mercury lamp (Oriel),
or a XeF laser (351 nm; Lumonics Model 261, operated
at an average power of 2 W). As irradiation proceeded,
fine crystals of XeF2 were observed to condense on the
inside of the cell near the mouth of the cold finger. No
observable or measureable amounts of KrF2 were ever
isolated in any experiment, not surprising considering the
poor stability of this compound. In other experiments,
XeF2 was found to condense at temperatures as warm as
10°C, but -78°C was used to ensure maximum product
yields.

After photolysis, the cell was reattached to the vacuum
line and the unreacted fluorine pumped off at -196°C. A
dry ice/2-propanol slush was then placed on the cell, and
the unreacted Xe and Kr were condensed into another trap
at -196°C to allow mass spectral analysis of the product
yield. Cryogenic temperatures were used here for ease of
product analyses and complete material recovery in a single
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stage "proof of principle" set of experiments. The product
XeF2 crystals were then subjected to three freeze/
pump/thaw cycles between -78 and 25°C, then trans
ferred to the analysis trap, and finally gently heated to
decompose the compound into Xe, and Kr and F2for mass
spectral analysis. This trap contained clean copper wool
to remove the fluorine produced during this process.

where Xe/Kr(unreacted) is the ratio of xenon and krypton
remaining volatile over product crystals after irradiation
(see below). Xe/Kr(reactants) is as previously defined. It
was possible to obtain yields near 100% with long irra
diation times, but at the expense of small drops in {3. This
is most likely due to inclusion of Kr (or, less likely, KrF2)
in the product XeF2 during crystallization.

Results and Discussion

The separation factors and yields for photochemical
separation of xenon and krypton are given in Table I. The
yield rises linearly with photolysis time and then levels off
as 100% reaction is approached. The separation factors,
however, do not give such a monotonic trend, except
possibly that larger extents of photolysis tend to give
poorer separations. This could possibly be due to the
relative difficulty of degasing the larger amount of material
deposited in the longer photolysis experiments. In most
cases, the magnitude of the separation factor obtained was
dependent upon the ability to distinguish and measure
very small product Kr peaks among mass spectral back
ground and impurities near the limit of sensitivity of the
mass spectrometer. These factors varied from experiment
to experiment. Thus, actual separations are always larger
than those listed in Table I.

Runs 14 and 15 were carried out with added impurity
gases, air and NO, respectively, since these are the most
likely impurities encountered in nuclear reactor offgases.
Added air had essentially no effect on the yield or {3.
Added NO, however, increased the separation factor

Analysis

The separation factor, (3, was calculated from the mass
spectral peak heights of several of the Xe and Kr isotopes
according to the equation

XejKr(products)
(3 = (1)

XejKr(reactants)

where Xe/Kr(products) is the ratio of xenon and krypton
obtained from decomposed product crystals after all vol
atiles have been removed (see below). Xe/Kr(reactants)
is simply the initial ratio of reactant gases. The 84Kr peak
was used exclusively in the calculations, since it was found
to be least affected by impurity peaks in the mass spec
trum. However, there was always enough background
interferences to preclude exact measurement of the Kr
peak intensities; thus, all measurements were lower bound
estimates. However, there were no background interfer
ences whatsoever in the region where Xe peaks were found,
and the measured xenon isotope peak intensities always
reflected the natural abundance isotope ratio. Calculations
using any of the xenon peaks gave essentially similar
separation factors, but the 129Xe peak, among the most
intense, was generally used in the calculations.

The yield was calculated from the amounts of unreacted
xenon and krypton remaining after photolysis according
to
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greatly while decreasing the yield. There were no new
peaks in the product mass spectrum of the sample with
air; however, the product spectra of the sample with NO
contained significant peaks corresponding to both N20 and
N02. These results show that the photochemical separa
tion method can be successfully employed without the
need for preliminary separation steps to eliminate non
noble gas constituents (3, 4).

In conclusion, we have demonstrated a technique for
separating xenon from krypton by a selective reaction with
photolytically produced fluorine atoms near room tem
perature and atmospheric pressure conditions. Separation
factors greater than 1000 have been achieved, and product
yields greater than 99% are possible, with some reduction
in product purities. The conditions used here, however,
are not optimum for a full-scale separation process. Even
though Kr is only 0.02% by volume of a reprocessing offgas
stream and Xe constitutes 2.1 %, recovery of F2, use of
several cascaded stages and a continuously flowing system
can improve efficiencies markedly (8,13). Larger mercury
lamps can be made to operate more efficiently than those
used in the present system. In fact, a single 10-kW Hg
lamp would be an adequate photolytic source for pro
cessing the entire offgases from a typical nuclear repro
cessing plant. The costs involved in cooling are small, since
XeF2can be condensed at near room temperature. The
process can be operated at or near atmospheric pressure,
which can give large throughputs while avoiding the risks
of operating at higher pressures. Possibly the largest
barrier to a practical application of this concept will be
solving the problem of handling fluorine in these envi
ronments.

Registry No. Krypton, 7439-90-9; xenon, 7440-63-3; fluorine,
7782-41-4.

Table I. Separation Factors and Yields for
Xe/Kr Separations

irrad run yield,
time, h no. source ~ %

1.0 11 Hg lamp 1100 34
1.5 12 Hg lamp 1300 50
1.5 7 Hg lamp 1700 e
2.0 10 Hg lamp 350 74
4.0 9 Hg lamp 100 98.7
6.0 13 Hg lamp 500 99.8
1.250 2 Hg lamp 300 e
3.00 1 Xe lamp 7 e
4.0 b 14 Hg lamp 1000 98
4.0 c 15 Hg lamp 7000 64
1.0 8 XeF laser d 300 7

o Quartz photolysis cell. b 50 torr of room air added.
c 50 torr of NO added. d 351 nm. e The yield was not
measured in these experiments.

(2)(
XejKr(Unreacted))

yield = 1 - 100%
XejKr(reactants)
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Aggregation and Colloidal Stability of Fine-Particle Coal Suspensions

Paul R. Schroeder" and Alan J. Rubin

Water Resources Center, The Ohio State University, Columbus, Ohio 43210

• The aggregation and colloidal stability of colloidal coal
suspensions in the presence of varying concentrations of
hydrogen ions, neutral salts, and aluminum sulfate were
investigated. Critical concentration and critical pH values
for coagulation and stabilization were determined from
turbidity changes during settling following aggregation.
Two colloidal suspensions of a bituminous coal repre
senting stability extremes due to oxidation were compared.
In the absence of other coagulants, vigorous oxidation
lowered the isoelectric point of the coal sol from pH 5.1
to pH 1.1 and the pH for stabilization from 7.5 to 2.6. The
coagulation of the suspensions followed the Schulze-Hardy
rule as hydrophobic sols although the oxidized coal sol was
slightly less sensitive to neutral salts. The entire log alu
minum sulfate concentration-pH stability limit diagram
for the oxidized coal sol was established. The boundaries
of settling of the coal in the presence of aluminum sulfate
were similar to other hydrophobic sols except for small
differences in alkaline solutions. Regions of ionic coagu
lation, rapid coagulation due to enmeshment in aluminum
hydroxide precipitate, and restabilization were also ob
served and delineated.

Introduction

Billions of gallons of fine-particle coal suspensions are
generated annually by wet cleaning and sizing methods in
the coal industry (1). These black wash waters are usually
treated by plain settling and then discharged to our na
tion's stream carrying large quantities of fine coal particles
(2,3). Chemical clarification should be employed to pro
mote the settling of colloidal particles in order to meet the
suspended solids' effluent discharge limit of 0.07 giL im
posed on the industry (4). Therefore, the aggregation and
colloidal stability of fine-particle coal suspensions are of
practical importance as well as of theoretical interest.

In ordinary treatment practice, clarification is usually
accomplished upon aggregation of the colloidal particles
using iron or aluminum salts. These metal salts hydrolyze
to form complex species or precipitate depending upon
solution pH. Generally, the salts are used as aggregating
agents at or near neutrality where the insoluble hydroxide
is the predominate form. Under these conditions, it is
apparent that mechanisms of aggregation occur other than
simple ionic coagulation as predicted by the Schulze-

" Address correspondence to this author at the U.S. Army Engi
neer Wat.erways Experiment. St.at.ion, WESEE, Vicksburg, MS
39180.

Hardy rule. With hydrophobic colloids these mechanisms
are controlled primarily by solution pH and metal salt
concentration and are less dependent on the properties of
the sol itself (5, 6). The effects of a specific sol, however,
must be determined experimentally.

As with many other sols the colloidal stability of coal
is dependent on particle size and the presence of surface
ionizable groups. Oxidation of coal surfaces occurs rapidly
in nature by weathering and exposure to the atmosphere
(7), Marinov (8) and Czuchajowski (9) in studies with air
and other oxidants have shown that the quantity of hy
droxyl and ionizable carboxyl surface groups increases with
the extent of oxidation. In this study aqueous colloidal
suspensions of a bitmuinous coal representing extremes
in stability were compared. One group of suspensions was
freshly ground, with minimum oxidation resulting only
from exposure to air, while others were vigorously oxidized
with hydrogen peroxide.

The fine-particle coal suspensions were characterized by
experimental techniques used in past studies in this lab
oratory (e.g., 10-12). Reductions in turbidity during
quiescent settling following addition of coagulants were
used to indicate aggregation. The first series of experi
ments with these sols involved the determination of their
ioselectric points (pH,) by microelectrophoresis and their
critical pH for stabilization (pH,) in the absence of ag
gregants except hydrogen ion. Next, neutral salts were
employed as coagulants at constant pH and the sols were
compared by using Tezak's formulation of the Schulze
Hardy rule (13, 14). The final study was run to establish
the entire aluminum(III) concentration-pH stability limit
diagram ("domain") for oxidized colloidal coal. These
diagrams delineate the regions or zones of aggregation and
stabilization of a sol as determined by the hydrolysis
products of the aluminum(II1) salt (15, 16). The AI(II1)
concentration range in this study was varied from 10-7 to
10-1 M over the pH range 2-13.

Experimental Section
Solutions and Suspensions. Carbonate-free distilled

water was used in the preparation of the solutions and
suspensions. All chemicals were reagent grade. Stock
solutions of NaNOa and ErCla,6H20 (Ventron Alfa Chem
icals) were prepared directly from the dried salts and not
standardized. The stock solutions of BaCI2·2H20, Ca(N
0a)2·4HP, AI2(S04Ja-18H20, and AI(N03)a·9H20 were
standardized by titration with ethylenediaminetetraacetic
acid (EDTA) using Eriochrome Black T as the indicator
(17). Solutions of NaOH and HNOa, which were stand-
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Results and Discussion

Effects of pH. The isoelectric point and the pH for
stabilization were determined to examine the effect of
hydrogen ion on suspension stability in the absence of
other coagulants. Electrophoretic mobility and turbidity
data for oxidized and unoxidized coal suspensions are
shown as a function of pH in Figure 1. The mobility data
have units of /lm-cm/(v·s). Particles of the unoxidized coal
were positively charged at low pH and negatively charged
elsewhere, and its isoelectric point (pH;) occurred at pH
5.1. Between pH 4 and pH 8 its mobility decreased sharply
and approached a constant value above pH 8.5 where
ionization of the coal surface was essentially complete.
Following vigorous oxidation with hydrogen peroxide the
coal was negatively charged throughout the pH range of
observation as the pHi decreased to approximately 1.1.
Oxidized coal particles had greater negative mobility than
unoxidized coal at all pH values, indicating greater elec
trostatic repulsion and, therefore, stability. Above pH 3.5
the mobility remained nearly constant at -3.8/lm·cm/(v·s),
approximately the same value for the unoxidized coal.
Apparently, vigorous oxidation produced more easily ion
izable surface groups on the coal, predominantely carboxyl
groups, which lower the pH; from 5.1 to 1.1.

The stability of many sols is dependent on pH since
many colloids preferentially adsorb hydrogen or hydroxide
ions (19). These ions promote instability by charge neu
tralization and adsorptive coagulation. Furthermore, hy
drogen ions are potential determining in that they reduce
the surface potential of negatively charged particles.

From these results the critical pH values for coagulation
and for stabilization were obtaim:d graphically from the
plots of the resultant turbidities as a function of sample
pH. The definitions of the critical pH for coagulation
(pHc) and for stabilization (pH,) are analogous to those
of the corresponding critical concentrations in that a given
sol is stable in the pH region greater than or equal to a pH,
and lower than a pHc' Similar experiments were per
formed to determine the effects of pH on colloidal stability
in the absence of other coagulants.

The pH of all samples was measured with a Sargent
Welch Model NX pH meter equipped with a combination
electrode. Electrophoretic mobility data were obtained
with a device manufactured by Zeta-Meter, Inc., to de
termine the isoelectric points of the coal suspensions.

pH

Figure 1. Effect of pH on the stability and electrophoretic mobility of
colloidal coals. The 24-h settling data shown.
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ardized potentiometrically vs. potassium hydrogen
phthalate and tris(hydroxymethyl)aminomethane, re
spectively, were used for pH adjustment. To eliminate
aging effects, diluted aluminum solutions were prepared
from the stock solutions just prior to each set of experi
ments.

The coal suspensions were prepared for a highly volatile,
low sulfur, low ash bituminous coal from the Elkhorn seam
in Kentucky. The coal was finely ground, ball milled, and
passed through a 400-mesh standard U.S. Series sieve.
Five grams of -400-mesh coal was mixed with lL of 3 x
10-4 M NaOH in a blender until thoroughly wetted and
dispersed to form the stable "unoxidized" coal suspensions.
Oxidized coal was prepared in 2-g batches of -400-mesh
coal with 10 mL of 30% hydrogen peroxide and 200 mL
of distilled water in a shaker bath at 80 DC for 4 h. These
coal slurries were then filtered, washed, filtered again, and
resuspended in distilled water (78). Oxidation produced
a coal of greater wettability and dispersibility. Any sus
pension having an unusually low pH was discarded.
Typically, the pH ranged between 5.5 and 6.0 for oxidized
coal sols and between 9.5 and 10.0 for unoxidized coal. All
suspensions were allowed to settle and age to form sols of
the most stable particles. The stability of the coal sus
pensions improved with age since after 2 weeks their
turbidities remained nearly constant. The effects of oxi
dation with hydrogen peroxide on the properties of coal
have been discussed previously by Rubin and Kramer (18).

The surface areas of the coal particles were measured
with a Quantasorb analyzer manufactured by Quan
tachrome Corp. by using the multipoint BET adsorption
method with nitrogen gas. The ground, sieved coal had
a surface area of7.2 mg2/g prior to oxidation and 9.3 m2/g
afterward.

Procedures. The aggregation experiments were per
formed directly in 19 X 105 mm round cuvettes with lO-mL
test samples without the aid of slow mixing. Five-milliliter
aliquots of a coal suspension were added to a series of
cuvettes with NaOH solution when needed for pH ad
justment. A second series of solutions, consisting of co
agulating salt and/or HN03, were prepared in small glass
vials. Each test sample was formed by transferring the
contents of a single vial to a cuvette containing the coal.
Both acid and base were never present in a test sample.
The cuvette was stoppered, shaken for 10 s, and then
allowed to settle. The "initial turbidity" of the sample was
measured within 1 min following its preparation. Subse
quent readings were estimated by absorbance measure
ments at 400 nm with a Coleman Model 14 spectropho
tometer or by light scattering measurements taken with
a Coleman Model 9 nephelometer. Sample turbidities
followed Beer's law; an absorbance of 0.6 was equivalent
to 28 mg/L coal.

Two types of experimental approaches were used to
study aggregation. In one, the series of test samples were
prepared at constant pH while the concentration of either
aluminum or one of the neutral salts was systematically
varied. The turbidities of the samples were plotted as a
function of the logarithm of the coagulant concentration
of the sample to determine graphically the critical con
centrations for coagulation and for stabilization. The
critical coagulation concentration (c.c.c.) is defined as the
limiting or lowest concentration that just initiates aggre
gation. The critical stabilization concentration (c.s.c.) is
the lowest concentration at which stabilization is just
completed. The other type of aggregation experiments
involved holding the aluminum concentration constant in
a series of samples while the pH was systematically varied.
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Table I. Summary of log Critical Coagulation Concentrations for Ionic Coagulation Studies

coagulant

aged 22 days, pH 6.0
aged 38 days

pH 5.1
pH 6.5
pH 9.0

aged 100 days
pH 5.3
pH 6.2

average results

-1.19

-1.36
-1.13
-1.09

-1.31
-1.11
-1.20

-3.04
-3.07
-3.04

-3.22

-3.09

-3.01

-3.24
-3.09

-3.24
·-3.14

-5.00
-5.01
-5.00

-4.91
-5.40
-5.06

---6.45°

-6.35 b

-6.15°
-6.60°
-6.39

aged 7 days, pH 9.0 -2.32
aged 14 days, pH 8.0 -1.99
aged 14 days, pH 8.0 -2.35
average results -2.22

° Aluminum sulfate. b Aluminu~ nitrate.

Unoxidized Coal

-3.60
--3.56

-3.58

--3.60

-3.65
--3.62

-5.40
-5.30
-5.40
-5.37

Consequently, coagulation occurs at much lower concen
trations of hydrogen ions than of indifferent cations with
a 1+ charge.

The turbidity data shown in Figure 1 for oxidized and
unoxidized coal sols aged 22 and 8 days, respectively, show
the effects of pH on stability. The pH, of each sol was
determined from the intersection obtained by extrapo
lating the steepest portion of the settling curves between
the settling and stability regions to the turbidity value of
the stable sol. Suspensions of oxidized and unoxidized coal
were stable above pH 2.58 and 7.48. respectively. Oxida
tion lowered the pH, in the same manner and for analogous
reasons as it decreased the pH;. For both suspensions the
pH, occurred at nearly the same electrophoretic mobility
value, which is representative of the minimum potential
required for colloidal coal to remain stable by electrostatic
repulsion.

Ionic Coagulation Studies. The coal suspensions were
coagulated with aluminum(III) and neutral salts to exam
ine the applicability of the Schulze-Hardy rule and the
influence of oxidation, suspension age, and pH on their
colloidal stability. In these experiments the pH was
maintained above the pH, where the suspensions were
stable in the absence of coagulants. The ionic coagulants
used in the studies were Na+, Ca2+, Ba2+, Er3+, AP+, and,
presumably, the AI8(OH)204+ ion. Due to hydrolysis the
aluminum species present are dependent on both pH and
the applied AJ(IIl) concentration. Below pH 4 and 1 X 10-3

M AJ(IIl). AP+ is the main species (I5). Between pH 5 and
pH 7 and below 1 x 10-5 M Al(IIl), AI8(OH)204+ is believed
to be the dominant species present along with AlOH2+ and
AI(OHh precipitate (20). Erbium chloride. though not
commonly used, was an excellent salt to examine ionic
coagulation with a 3+ ion. The salt is soluble in water and
does not precipitate with sulfate, nitrate, and carbonate.
Erbium has only a single oxidation state, +3, and does not
hydrolyze below pH 12. All of the other salts in this study
were commonly employed simple electrolytes.

Oxidized coal suspensions aged 38 days were coagulated
at pH 5.1, 6.5, and 9.0 by NaN03, Ca(N03)2, and ErCl3 to
determine if suspension pH has a significant effect on ionic
coagulation. Turbidity data from experiments at pH 6.5
are shown in Figure 2. The filled circles, open squares,
and open circles represent the absorbances of the samples
measured after 1, 12, and 40 h of settling, respectively.
Data from three time periods are shown only for coagu
lation by calcium ions, but similar results were obtained
with the other salts. The c.c.c. was determined by ex-

0_7,-,---,----,--,----,---- .,

lOG MOLAR CONCENTRATION

Figure 2, Coagulation of colloidal coal with neutral salts. Erbium
chloride, calcium nitrate, and sodium nitrate at pH 6.5. Oxidized
-400-mesh coal aged 38 days_

trapolating the steepest portion of the settling curve to
intersect with the turbidity value of the stable suspension
as shown in lines with the 40-h data for calcium ion. The
log molar concentration of the intersection point was -3.07,
corresponding to a c.c.c. of 8.5 X 10-4 M Ca2+ Note that
similar results could be obtained with the 1- and 12-h data,
and consequently, the c.c.c. was judged to be independent
of time. The oxidized coal settled effectively at concen
trations just greater than the c.c.c. with 90% removals
occurring within 40 h. The removals obtained at concen
trations below the c.c.c. were slight. Similar results were
also observed with sodium nitrate and erbium chloride; tbe
concentrations required for coagulation were 7.4 X 10-2M
for Na+ and 9.8 X 10-6 M for Er3+. As shown in Table I,
the critical coagulaton concentrations at otber pH values
were not significantly different. The c.c.c. values at pH
5.1 were only about 0.2 log molar concentration unit lower
than at pH 9.0. This difference was probably caused by
the decrease in ionization and surface potential of the coal
at lower pH as evident from the electrophoretic mobility
data. Kratohvil et al. (21, 22) have shown tbat a decrease
in either surface charge density or solvation generally
lowers the electrolyte concentration required to induce
coagulation.

Experiments were also performed to examine the in
fluence of aging on the stability of oxidized coal suspen-
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Figure 3. Tezak plot of the Schulze-Hardy rule for various hydrosols.

sions in the presence of aluminum(lIl) and neutral salts.
Aging the coal sols increased their stability in the absence
of coagulants as evident by their turbidity which remained
nearly constant after aging for 14 days. The tests were
performed near pH 6 on sols aged 22, 38, and 100 days.
The c.c.c. values, given Table I, for the different aged
suspensions with each coagulant were not significantly
different. On the other hand, the settling curves for older
suspensions had sharper breaks between the stability and
settling regions.

Unoxidized coal suspensions aged 7 days at pH 9 and
14 days at pH 8 were also coagulated with NaN03, Ca(N
03h, BaCI2, and ErCI3· The settling curves were very
similar to those for oxidized coal, but the respective c.c.c.
values with each coagulant, except NaN03, were 0.5 log
unit lower or one-third as high as the c.c.c. values for
oxidized coal. Unexpectedly, coagulation of the unoxidized
coal sol with sodium ion was achieved with a concentration
one-tenth as high as the c.c.c. for oxidized coal. This may
have occurred because the suspensions were aged in 5 X
10-4 M NaOH to maintain stability. These lower c.c.c.
values for unoxidized coal were due possibly to its lower
surface ionization as evident from the electrophoretic
mobility data shown in Figure 1, but these c.c.c. values
were also lower than the c.c.c. values for oxidized coal sols
of similar electrophoretic mobility values. Consequently,
the increase in the c.c.c. values resulting from oxidation
may be partially due to increases in the electrostatic forces,
but much of the difference was because oxidized coal sols
were more hydrophilic. Matijevic (23) has demonstrated
that increases in surface charge density and hydrophilicity
would increase the concentrations of neutral salts required
for coagulation.

The c.c.c. values for the coal suspensions are compared
conveniently by using Tezak's formulation of the Schulze
Hardy rule as shown in Figure 2. Tezak (13, /4) has shown
with hydrophobic sols that the logarithms of the critical
coagulation concentrations when plotted as a function of
counterion charge typically form a straight line. The slope
of the line, which depicts the influence that the coagulant
charge has on coagulation, has been demonstrated to be
very similar for different hydrophobic sols, but the in
tercepts vary considerably (6, 23). Sols stabilized pre
dominantly by electrostatic forces presumably should have
the same slope since destabilization proceeds by the same

Table II. Summary of Tezak Plot Characteristics for
Various Suspensions

suspension slope intercept ref

oxidized coal -1.73 0.53
unoxidized coal -1.77 -0.06
TiO, -1.67 -0.33 10
montmorillonite -1.60 0.20 6
AgBr - 1.75 1.01 24
E. coli -1.72 1.30 11
mineral oil -1.65 0.01

Table III. Summary of Critical pH Data for Studies
with Aluminum(lII)

AI(lII) conccntra tion

M logM pHs pH c pHs
28 mg/L Oxidized Coal-Aluminum Sulfate

0 2.58
6.3 X 10-' -5.2 6.8
1.0 X 10- s 5.0 5.25 6.15 6.52
1.6 X 10- s -4.8 5.2 6.25 6.91
3.0 X 10- s -4.5 5.05 6.6 7.6
5.0 X 10' s -4.3 6.5 7.9
8.0 X 10- s -4.1 4.81 645
1.0 X 10- 4 -4.0 4.80 5.7 8.65
1.3 X 10-' -3.9 4.55 4.95 8.5
2.5 X 10-' -3.6 4.65 9.0
4.0 X 10- 4 -34 4.45 9.05
5.0 X 10-' -3.3 4.40 9.15
1.0 X 10- 3 -3.0 4.35 9.88
3.0 X 10- 3 -2.5 4.1 10.7
1.0 X 10-' ·2.0 4.0 11.75
2.0 X 10" -1.7 3.68 12.08
1.0 X 10-' -1.0 3.70 12.62

28 mg/L Oxidized Coal-Aluminum Nitrate
2.0 X 10-' 4.7 6.94 7.24
3.1 X 10" -3.5 9.46
1.0 X 10" -2.0 11.73

2.3 mg/L Oxidized Coal-Aluminum Sulfate
1.3 X 10'" -3.9 4.63 8.05
1.0 X 10- J -2.75 4.13 10.66

38 mg/L Unoxidized Coal-Aluminum Sulfate
o 748
2.0 X 10" J.7 4.503 4.70 :3.34
1.0 X 10-' ·2.0 11.65

mechanism. The intercept of the Tezak plot is dependent
on colloidal properties of the sols including their hydro
philicity, surface charge density, and size (23).

The Tezak plot for colloidal coal suspensions (Figure 3)
shows that the slopes for both oxidized and unoxidized
coals were typical of hydrophobic sols although the c.c.c.
of Na+ for unoxidized coal was clearly lower than antici
pated. For comparison, the slope and intercept for several
other sols are also listed in Table II. As expected, oxidized
coal had a higher intercept than unoxidized coal since
oxidized coal, being more hydrophilic, is more stable in the
presence of salts. The slopes for both coals fell within the
range observed for other sols and the intercept for unox
idized coal was lower or as low as that of any sol previously
studied in this laboratory (6).

Aggregation with Aluminum Salts. Oxidized coal
suspensions aged 22 days were aggregated with AI(lII)
salts, principally aluminum sulfate, by using two experi
mental approaches to determine the critical concentrations
and pH values for coagulation and for stabilization. The
critical pH and concentration values are listed in Tables
III and IV, respectively. Typical results from experiments
to determine critical pH values in the presence of AI(III)
are presented in Figures 4 and 5. In Figure 4 the 15-min
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Table IV. Summary of Critical Concentration Data for
Studies on 28 mg/L Oxidized Coal with
Aluminum Sulfate

-log AI(lII) molar concentration

pH

2.50
3.00
3.50
3.95
4.25
4.60
5.0
5.5
6.0

c.c.c.

6.50
5.80
5.54
5.55
5.54
5.55
5.55
5.55
5.55

c.s.c.

4.60
4.91
4.94

c.c.c.

3.90
3.95
4.05
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Figure 5. Aggregation of colloidal coal with 3.0 X 10' M AllSa,),12
as a function of pH. (e) 3-h, (0) 10-h, and (0) 24-h settling data.

Figure 8. Aggregation of colloidal coal with aluminum sulfate at pH
6.0. (e) 3-h, (0) 10-h, and (0) 20-h settling data.

the pH, at 6.65 to the pH, at 7.60.
Typical results of experiments performed to determine

critical concentrations are shown in Figure 6. In this case,
the 3-, 10-, and 20-h turbidity data for the samples at pH
6.0 were plotted as a function of AIOll) concentration, and
the critical concentrations were determined by essentially
the same procedures as used in the ionic coagulation
studies. During the first 3 h of the tests the turbidities
decreased only slightly in the coagulation regions. In 10
h the concentration limits of the settling regions were
established. The clarification rate was greater in the
settling region at higher concentrations of aggregant since
85% removals were attained near 2 X 10-4 M Al(804hJ2
while only 50% removals occurred near 5 X 10-;; M AI(I1I).
Within 24 h the coal sol was completely clarified in both
ranges. The rate of clarification in both concentration
ranges was similar to the removal rate which occurred in
the sweep zone in Figures 7 and 5. The lower c.c.c., at 2.8
X 10-;; M AI(804h/2, represents the minimum A10Il)
concentration which can induce aggregation. Restabili
zation occurred at AI(III) concentrations higher than the
c.s.c. at 1.3 x 10-5 M AI(III) and lower than the c.c.c. at
1.0 x 10-4 M AI(804h/2' The c.s.c., which is the minimum
concentration of aggregant to stabilize the sol, was de
termined graphically in the same manner as c.c.c. values.
Above 1.0 x 10-4 M Al(804la/2 the positively charged
restabilized coal was coagulated by sulfate ion and en-
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Figure 4. Aggregation of colloidal coal with 1.0 X 10-3 M AI(Sa')3I2
as a function of pH. (e) 15-min, (0) l-h, (0) 3-11, and (0) 12-h settling
data.

and 1-,3-, and 12-h settling curves for aggregation by 1.0
X 10-3M A1(804la/2 are shown by plots of the turbidities
of the test samples as a function of pH. Virtually no
settling occurred in 15 min although AI(OHla precipitate
was present. The coal settled most rapidly above pH 6 as
evident from the 1-h turbidity data. Within 3 h, the limits
of the ·sweep zone" of rapid aggregation were established
and remained unchanged. Complete clarification was
achieved in this zone within the 12-h period of observation.
At low pH the coal was aggregated slowly by ionic coagu
lation with AP+. A narrow region of stability, centered at
pH 4.3 (possibly because of the formation of AlOH804),

separated the ionic or ·slow" cogulation region from the
sweep zone. Rapid aggregation by enmeshment in flocs
of AI(OH)3 precipitate, the sweep zone, extended from the
pH, at 4.35 to the pH, at 10.0. The coal sol remained stable
above the latter pH value.

Data from similar experiments using 3 X 10-5 MAl
(804)3/2 are shown in Figure 5 where the 3-, 10-, and 24-h
turbidity values are presented as a function of pH. The
coal was aggregated more slowly at this concentration, 10
mg/L alum as AI2(804la·18H20, which is but 3% of the
dose used in the previous experiments. Twenty-four hours
of settling was required to achieve complete clarification
and to fully establish the boundaries of the sweep zone.
Ionic coagulation occurred very slowly below pH 5.05. The
coal retained stability across the broad pH range from 5.05
and 6.65 due to restabilization by charge reversal from
adsorption of highly charged aluminum complexes such
as A18(OH}zo4+ (la, 20). The sweep zone was much nar
rower at this Al(III) concentration, extending only from
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Figure 7. Aluminum sulfate concentration-pH stability IImii diagram
for colloidal coal. Oxidized -400-lT'esh coal aged 25 days. Filled
symbols are stabilization values, and open symbols are coagulation
values. Diamonds are turbidity-concentration data. All other symbols
are turbidity-pH data.

meshed in floes of Al(OH)3 precipitate.
The results observed from the data shown in Figures 4-6

were representative of aggregation at other aluminum(III)
concentrations. In summary, two distinct rates of aggre
gation, corresponding to two regions and mechanisms of
aggregation, were observed across the pH range investi
gated at each alum concentration. At low pH the settling
proceeded more slowly than at neutral pH. The difference
was very pronounced at concentrations above 1 X 10-4M
Al(III). Throughout the region of low pH coal was coag
ulated by either ionic aluminum species or hydrogen ion.
In the neutral pH range aluminum hydroxide precipitated
and settled rapidly, thereby enmeshing the colloidal coal
and completely clarifying the suspension. The boundaries
or limits of this zone of sweep aggregation were nearly
independent of time. Increasing the concentration of
aluminum(III) broadened the pH range of the sweep zone
and increased the rate of clarification in aggregation re
gions at both low and neutral pH. Restabilization was
observed in the pH range between 5.0 and 6.5 at Al(III)
concentrations between 1.1 x 10-5 and 1.0 X 10-4 M. Co
agulation by aluminum(III) was not observed at concen
trations below 2.8 x 10-6 Al(804la/2 or in the alkaline pH
range above the sweep zone.

The results of the experiments on aggregation with
aluminum salts can be examined in its entirety by using
a plot of the critical coagulation and stabilization values.
These values and their associated pH or Al(III) concen
tration values from Table III and IV were plotted as shown
in Figure 7 by using the logarithm of the applied AI(804la/2
concentration as the ordinate and the solution pH as the
abscissa. Figure 7 is the aluminum sulfate ~stability limit
diagram" (SLD) or ~stability domain" for oxidized colloidal
coal. Each point in the 8LD is along a boundary sepa
rating distinct domains of settling and stability. The open
symbols are critical coagulation values, and the filled
symbols are critical stabilization values. The critical AI
(804)3/2 concentrations are represented by diamonds
whereas all other symbols are critical pH values. The
squares represent values for a dilute oxidized coal sus
pension (2.3 mgjL), and the dels are critical pH values for
an unoxidized coal sol. The triangles are for experiments
on oxidized coal with Al(N03la instead of Al(S04)3/2'

The stability limit diagram has four distinct zones. The
main zone of clarification by aluminum is the central re
gion labeled as the sweep zone. This zone lies between the
boundaries formed by the pHc values on the acid side and
the pH, values on the alkaline side and above the lowest
AI(S04)3/2 c.c.c. values. In this region aluminum hydroxide

precipitates and enmeshes the oxidized coal. The resulting
floes settle very rapidly and sweep the coal out of sus
pension. Aggregation due to ionic coagulation also oc
curred in the zone to the left of the sweep zone. This is
a region of relatively slow coagulation caused by electro
static destabilization induced by ionic aluminum species
and hydrogen ions. Below pH 2.58 the coal suspensions
would be destabilized even in the absence of aluminum
sulfate due to coagulation by hydrogen ions.

The oxidized coal suspensions remained stable in two
regions. The principal region of stability, labeled "no
coagulation", was located to the right of the sweep zone
and below the horizontal c.c.c. line for the ionic coagula
tion. To the right of the sweep zone coal remained stable
because at high pH aluminum hydroxide hydrolyzes to
form aluminate ion, Al(OH)4-' which was incapable of
coagulating the negatively charged coal particles. Below
the horizontal c.c.c. line the Al(III) concentration was too
low to induce coagulation. The other stability region was
the zone of restabiJization where highly charged aluminum
ions, presumably the AI8(OHho4+ ion, was adsorbed suf
ficiently by the coal and aluminum hydroxide precipitate
to reverse their charges (10, 15,25). Charge reversal had
the effect of restabilizing the sol, thereby preventing co
agulation by cations. The minimum aluminum(III) con
centration required to reverse the charge, the c.s.c., formed
the lower boundary of the restabilization zone. At high
aggregant concentrations the restabilized sol was coagu
lated by the negatively charged sulfate ion added with
aluminum(III). The c.c.c. values for this coagulation by
sulfate ion delineated the top boundary of the zone. The
right side of the restabilization zone was governed in part
by aluminum hydroxide precipitation as the left side was
controlled by the formation of AIOH2+ and A(3+ at pH
values below the sweep zone instead of Al8(OH)2Q4+. The
relative size and location of the zone are also controlled
by properties of the sol, especially its specific surface area
and particle concentration (10).

The location and shape of the right and left boundaries
of the sweep zone are controlled by the hydrolysis of alu
minum and interactions between the sol and specific alu
minum species. Typically, significant interactions do not
occur with hydrophobic sols, and therefore, the right
boundary is determined by the hydrolysis equilibrium
between aluminum hydroxide and aluminate:

This relationship predicts a slope of +1.00 with an inter
cept of log K 4 on the stability limit diagram as follows:

K 4 = [AI(OH)4-j(Wj

log K 4 =log [AJ(OH)4-j + log [W]

log [Al(OH)4-] = pH + log K4

At the point where only an infinitesimal amount of Al(O
Hla remains in equilibrium with Al(OH)4-' which is at the
boundary

log [AJ(OH)4-j "" log [AI(III)]

where [AI(IIl)] is the applied concentration of aluminum
(Ill) as plotted on the SLD. Therefore

log [AI(IIl)] = pH + log K4

The right boundary of the 8LD for oxidized coal, as
determined by linear regression, had a slope of 0.64 and
an intercept of -9.35 with a correlation coefficient of 0.991.
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Table V. Summary of Sweep Zone Boundary Data for
Various Colloids with Aluminum Sulfate

left boundary right boundary

suspension slope intercept slope intercept ref

oxidized coal -3.25 10.94 0.64 -9.35
TiO, -3.53 12.1 0.96 -12.0 10
montmorillonite -3.67 13.3 0.91 -11.2 6
illite - 3.2 0.98 -12.2 6
E. coli -3.46 0.88 -11.0 12
AI(OH), -3.41 11.35 0.92 -12.55 20

precipitate
----- _.

These results are clearly different from the boundaries for
other sols (see Table V) previously examined in this lab
oratory (6, 10, 12, 20). The right boundary determined for
TiOz is shown as a dashed line in Figure 7 to illustrate the
significance of the change. This suggests that some specific
interaction occurred at high pH between aluminum and
coal, presumably, with its hydroxyl and carboxyl surface
groups. Mangravite et al. (26) obtained similar results for
a 5 mgjL humic acid sol with aluminum sulfate. His data
produced a slope of 0.67 and an intercept of -9.60. At
higher humic acid concentrations, the slope was even
smaller, and the intercept was higher. Humic acid and
oxidized coal, especially at high pH, possess similar ionic
functional groups (8, 9).

Several sets of experiments were conducted to identify
the cause of the differences in the slope and intercept of
the right boundary. Aggregation was examined at three
concentrations of aluminum nitrate (instead of aluminum
sulfate) to determine if the effect was caused by interac
tions between sulfate ion and coal. The resulting critical
pH values, plotted as triangles in the SLD, were not sig
nificantly different than the values for aluminum sulfate.
Experiments were also performed at two concentrations
of aluminum sulfate on a dilute oxidized coal sol (2.3
mgjL) and on an unoxidized (minimally oxidized) coal
suspension. The results for unoxidized coal, plotted as dels
in the SLD, also were not different than those obtained
previously, indicating that the change was not caused by
vigorous oxidation; possibly, superficial oxidation was
sufficient to cause the effect. The critical pH values for
the dilute oxidized coal suspensions, presented as squares
in the SLD, similarly produced essentially the same slope.
The intercept was about 0.2 log unit lower, but this dif
ference appears to be insignificant. This effect on the right
boundary of the SLD, which must be caused by a property
of the coal sol, is as yet not understood.

The left boundary of the sweep zone was very similar
to boundaries obtained with aluminum sulfate for aggre
gation of other sols and precipitation of AI(OH)3 in the
absence of sols (see Table V). Its slope and intercept were
-3.25 and 10.94, respectively. Analysis of this boundary
cannot be performed simply since at least two hydrolyzed
species, AIOHz+ and AI8(OH)zo4+, coexist with AI(OHh(s).
This prevents use of the stepwise transition analysis em
ployed on the alkaline boundary; however, boundary
comparisons indicated that the left boundary was con
trolled by aluminum hydrolysis. Therefore, coal behaved
like other hydrophobic sols and did not influence alumi
num hydrolysis above 1 X 10-' M AI(III) in the acidic pH
range.

The final observation to be made from the SLD is that
the horizontal line formed by c.c.c. values in the ionic
coagulation region apparently meets the horizontal c.c.c.
boundary of the sweep zone. This is of interest for two
reasons. First, on the basis of the past interpretations of
the Tezak plot and SLD, the c.c.c. values forming the
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bottom of the SLD are presumed to be caused by the
AI8(OHlzo4+ species whereas the c.c.c. values in the ionic
coagulation region are a result of the AIH species. On the
basis of the results shown in the Tezak plot (Figure 3), the
c.c.c. values for 3+ ions should be about 1.7 log units higher
than for 4+ ions. Therefore, since the applied AI(III)
concentration is stoichiometrically 8 times (0.9 log unit
higher than) the AJ8(OH)ro4+ concentration, the c.c.c. values
for the ionic coagulation region with AI(I1l) should be
typically about 0.8 log unit (1.7-D.9) higher than for the
sweep zone and not equal as apparent from the SLD.
Second, on the basis of the Tezak plot and the c.c.c. for
Er3+, the AJ3+ c.c.c. observed in the ionic coagulation region
was much lower than expected. A possible explanation,
which would account for both discrepancies from that
expected for hydrophobic sols, follows from the results of
studies with aluminum sulfate on the aggregation of coal
and humic acid sols. Humic acid reacts with aluminum
(III) between pH 3 and pH 5 to form an aluminum humate
precipitate (26). Therefore, in a similar manner alumi
num(III) may adsorptively coagulate or precipitate the coal
since both sols possess similar chemical characteristics.
Presumably, this mechanism would operate uniformly
throughout both aggregation regions at low concentrations
of aluminum(III) to produce the same horizontal c.c.c. line
in the ionic coagulation region and sweep zone.

Conclusions
The stability of colloidal coal in the presence of neutral

salts was examined as a function of the solution pH and
the extent of aging and oxidation of the coal sols. Both
oxidized and unoxidized coals behaved as hydrophobic
colloids and were coagulated in accordance with the
Schulze-Hardy rule. Oxidation greatly enhanced the
stability of coal by increasing the surface ionization. The
oxidized coal had greater electrophoretic mobility and was
more hydrophilic than unoxidized coal. Aging did not
significantly affect the stability of the coal sols toward
electrolytes. The stability of the suspensions was very
sensitive to pH. Unoxidized coal was unstable below pH
7.5 while highly oxidized coal was stable above pH 3.
Above the pH, of the sols, ionic coagulation was only
slightly affected by pH.

The aggregation of oxidized coal by aluminum sulfate
was systematically investigated, and its entire log AI
(SO.hj2 concentration-pH stability limit diagram was
establIshed. The boundary in the acid region of the dia
gram was similar to that of other hydrophobic sols in its
slope and intercept. In the alkaline region the boundary
was not typical, in that its slope of 0.64 was much smaller
than the predicted slope of 1.0 for the Al(OH)3 precipi
tation boundary. The intercept was also much higher than
expected, indicating that there was probably a specific
interaction between aluminum and humic (hydroxy
carboxylic) groups on the coal. Restabilization, typical of
hydrophobic sols, occurred near pH 6 due to charge re
versal by adsorption of highly charged soluble aluminum
complexes on the coal. Aggregation was controlled pri
marily by the hydrolysis and precipitation of aluminum
hydroxide.

Registry No. NaN03, 7631-99-4; Ca(N03h, 10124-37-5; BaCI2,

10361-37-2; ErCI3, 10138-41-7; AI2(SO.)" 10043-01-3; AI(N03)"

13473-90-0.
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Characterization of Surface Species on Coal Combustion Particles by X-ray
Photoelectron Spectroscopy in Concert with Ion Sputtering and Thermal
Desorption

George E. Cabaniss and Richard W. Linton"

Department of Chemistry, The University of North Carolina, Chapel Hill, North Carolina 27514

• The surface chemical composition of ash particles
collected in the electrostatic precipitator of a power plant
burning high sulfur coal was determined by using X-ray
photoelectron spectroscopy (XPS). A bulk particle sample
was separated into magnetic and nonmagnetic fractions
for comparison to the unfractionated sample. After XPS
characterization, the samples were subjected to rare gas
ion (Ar+) sputtering to remove surface material. The XPS
technique then was used to detect any sputter-induced
composition changes. These results were compared with
data obtained by heating similar samples under high
vacuum and recording XPS data as a function of tem
perature (20-200 °C). Effects of sample temperature on
the extent of differential charging phenomena influencing
XPS photopeaks and chemical state information also were
documented.

Introduction
Recent trends in global political stability, energy costs,

and public perception of the health risks of energy pro
duction byproducts have influenced the United States in
adopting a short-term energy policy more dependent on
domestic coal supplies. Aerosol formation during the
combustion of coal is particularly significant in that smaller
particles «1 I'm) are not as efficiently trapped by emission
control devices and may subsequently travel great dis
tances before deposition (1). These microscopic particles
may be preferentially and irreversibly trapped in alveolar
regions of the lung (2, 3) where they are in intimate contact
with body fluids and tissue. Aerosol toxicity probably is
due in part to trace elements present on the surface of the
particles (4, 5) as well as sorbed organics such as polynu
clear aromatic hydrocarbons and their chemical derivatives

(6). Recent reports also have suggested a correlation be
tween the combustion of fossil fuels and acid precipitation
and deposition (7-10).

The composition of materials sorbed on the various
types of particles (i.e., soot, aluminosilicates, iron oxides,
etc.) that make up coal fly ash is of primary importance.
These sorbates are exposed to atmospheric gases and solar
radiation as well as being susceptible to aqueous leaching
before or after deposition. In this report, the surface
composition of ash derived from a midwestern coal is de
termined by X-ray photoelectron spectroscopy (XPS). In
order to estimate the relative amount of surface-specific
species that is also volatile, the sample was heated from
ambient temperature to 200°C while the residual gas
composition of the ultrahigh vacuum analysis chamber was
monitored by electron impact mass spectroscopy. After
sample heating, surface composition was again determined
by XPS. These results were compared to surface com
positions determined before and after inert ion (Ar+)
etching used to remove both involatile and volatile surface
species.

Materials and Methods

Ash collected at 200°C from the electrostatic precipi
tator of a midwestern coal-fired electrical generation plant
was separated into magnetic and nonmagnetic fractions
(operationally defined) by using a standard Teflon-coated
stir bar enclosed in a polypropylene test tube. In order
to reduce entrapment of nonmagnetic particles in the
magnetic fraction, magnetic particles were subjected to
three magnetic transfers. The ash was found to be ap
proximately 30% by weight magnetic particles. These
particles are thought to originate largely from pyrite (FeSz)
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Figure 1. Schematic of Physical Electronics Model 548 photoelectron spectrometer.

framboids in coal which may be converted into magnetite
(Fe304) during combustion (11). The magnetic and non
magnetic fractions were analyzed separately to determine
if adsorption characteristics or surface composition varied
significantly with particle matrix type. Before XPS
analysis, the magnetic particles were degaussed by using
a standard audio tape head demagnetizer. Ash samples
were then pressed into lead foil (mp 327.5 DC; Alfa Prod
ucts, 00179) with a standard pellet press. Lead foil was
used as the support material, rather than the more com
monly employed indium foil, because of lead's higher
melting point. X-ray photoelectron spectroscopy was
performed on a Physical Electronics Model 548 XPS/
Auger electron spectrometer (Figure 1) equipped with a
heated sample probe (Model 02-120) and heater control
(Model 20-028). All XPS data were collected at analysis
chamber pressures less than 8.0 x 10-9 torr. Low-resolution
spectra used in quantitative analysis were acquired with
the photoelectron pass energy at 100 eV while high-reso
lution spectra used for chemical state determinations were
acquired with a pass energy of 25 eV. Analyzer control,
data acquisition, Mg Ka34 satellite removal, and other data
manipulation were performed on a dedicated microcom
puter system (12). Quantitative elemental concentration
values were calculated by using normalized photoelectron
peak areas and empirical atomic sensitivity factors (13).
Speciation information was obtained by charge referencing
all photoelectron binding energies to the Si (2p3/2) pho
toelectron peak which was assigned a value of 102.6 eV
binding energy. This is the literature value (14) of various
silicates which have been shown to be the dominant forms
of silicon in coal ash by X-ray powder diffraction (15).

Surface species were further classified as volatile or in
volatile by observing their behavior upon sample heating
or inert ion (Ar+) etching. During heating, the residual
gas composition of the analysis chamber was monitored
(0-250 amu) on a spectrEL quadrupole mass spectrometer
(Extranuclear Laboratories) equipped with an electron
impact ion source. Mass spectral measurements were
obtained before sample introduction into the analysis
chamber, just after sample introduction, during sample
heating from ambient temperature to 100 DC, and during
heating from 100 to 200 DC. Concurrently, surface com
position was determined by XPS at room temperature and
100 and 200 DC. Data were then compared with results
obtained from similar samples in which argon ion etching
(Kratos Minibeam I ion gun, 20 min, 4.5 keV kinetic en
ergy, 15 mA emission current, and partial pressure of 4.2
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Table I. XPS Surface Composition (Percent Atomic)"

unfrac- nonmag-
element magnetic tionated netic

Na (Is) 0.5 (12) 0.5 (16) 0.4 (64)
Fe (2p) 24 (16) 1.6 (8) 1.1 (4)
o (Is) 54.6 (3) 45.9 (5) 42.0 (5)
Ca (2p) 1.0(15) 0.8 (9) 0.7 (10)
C (Is) 23.6 (9) 36.2 (8) 43.5 (5)
S (2p) 5.4 (8) 4.2 (6) 3.7(7)
N (Is) 04 (6) trace trace
Si (2p) 5.1 (14) 4.1 (5) 3.6 (3)
AI (2p) 3.1 (11) 2.5 (2) 24 (8)
As (3d) 0.6 (11) 0.6 (44) 0.6 (15)
P (2s) 3.5 (26) 3.2 (10) 20 (6)

Cl Values listed are the mean of three determinations
(different samples). The values in parentheses arc the
percent relative deviations from the mean value. Detect
able elements are normalized to 100% atomic concentra
tion.

X 10-5 torr of argon) was used to remove approximately
20 nm of the particle surfaces. After sputtering, XPS
analysis was repeated. Bulk elemental analysis was per
formed on an AEI MS-7 spark source mass spectrometer
(SSMS). The experimental detail and results of the SSMS
determination have been reported previously as well as
surface analyses using Auger electron spectroscopy and ion
microprobe mass spectrometry (4).

Results and Discussion

The surface composition of magnetic ash, nonmagnetic
ash, and unfractionated ash as determined by XPS appears
in Table 1. Since carbon appears to be the predominant
element in the nonmagnetic particles, that fraction ap
parently is composed mostly of carbonaceous soot. The
high oxygen content of both fractions is expected since
X-ray powder diffraction has shown (15) that the crys
talline components of the matrix (bulk) of similar ash
material is composed primarily of refractory oxides such
as a-quartz, hematite, magnetite, calcium oxide, and
mullite (3AI20 3·2Si02). Also, surface-sorbed species such
as carbonates (16), sulfates, nitrates, water, and carbon
dioxide are likely to contribute to XPS-detected oxygen.
The high concentration of sulfur on the ash surface is
related in part to the use of a high sulfur (>1 %) coal.

If XPS only provided surface qualitative elemental
analysis, previous studies using Auger spectroscopy and
ion microprobe spectroscopy data would be sufficient to



" "Low·resolution" XPS used to determine the value
(100 eV pass enerl(Y); all other values determined by using
25 eV pass cncrl(Y. b Si 21' used as charge reference (/':b ~

102.6 eV). C Species assignment based on Eb from ref 14.

clement Eb(eV) spcciest: l'b(eV) spcciesc

Fe (21', ,) 711.1 Fc j 0 4 710.0 Fe,O,° (Is) complex complex
Ca (21', ,)" 347.9 Ca" 347.9 Ca 2 +

C (Is) complex complex
S (21') 168.9 SO:- 169.3 SO:
N (Is) low SIN low SIN
Si (2p)b 102.6 silicate 102.6 silicate
AI (21')" 74.6 aluminate 74.7 aluminate
As (3d) low SIN luw SIN
P (2s) 191.8 190.4

characterize the surface of this ash (4). However, XPS
offers the advantage of providing additional chemical
speciation information as well as facile semiquantitative
analysis for elements greater than about 1% atomic con
centration in the surface region.

Table II shows the binding energy and predominant
chemical form of the most abundant elements in both
magnetic and nonmagnetic fractions. The principal form
of iron in the magnetic fraction apparently is magnetite
(Fe30,), while the binding energy of iron in the nonmag
netic fraction is consistent with hematite (Fe20:J. Calcium
is in the divalent state in both fractions, while the pre
dominant form of sulfur appears to sulfate. The absence
of photopeak intensity at a binding energy corresponding
to S02 suggests that any sorbed S02 is either desorbed
under the high vacuum analysis conditions or surface ox
idized to sulfate. Because of the many possible cations and
mixtures of cations that can bind to sulfate (H+, NH/,
Na+, K+, Ca2+, Mg2+, Fe2+, Fe3+), it is not possible to assign
specific cations to sulfate as detected by XPS. The sulfur
concentration present as SO/-, however, is slightly more
than sufficient to charge balance the total detectable
amounts of Na, Ca, Fe, and N present in each sample
(Table I), assuming Na+, Ca2+, Fe2+, and NH/. These
cations, and combinations thereof, would be likely can
didates for sulfate counterions. Indeed, discrete crystallites
of CaSO, have been observed on fly ash surfaces using
electron microprobe/diffraction techniques, and alkali
alkaline earth-iron sulfates are principal constituents of
corrosive deposits in coal-burning power plants (4).

The binding energies of silicon and aluminum (Table
II) indicate +4 and +3 oxidation states, respectively, and
are consistent with quartz and aluminosilicate X-ray
powder diffraction structural assignments (15). Oxygen
and carbon photoelectron line shapes are quite complex.
This result is expected due to the complex mixed oxide
matrix of fly ash as well as the many different chemical
forms of surface carbon likely to be present (i.e., elemental
carbon, polynuclear aromatic hydrocarbons including ox
ygen- and nitrogen-containing derivatives, carbon dioxide,
carbonates, etc.). Further discussion of XPS oxygen and
carbon data will be presented later.

An interesting result is that phosphorus appears to exist
in different, albeit unknown, chemical forms in the mag
netic and nonmagnetic fractions. Since the photoelectron
peak observed is less sensitive than the more commonly
observed P (2P3/2) photoelectron, explicit literature values
are not available for more definitive structural assignment.
The P (2P3/2) photoelectron peak was not analytically
useful under experimental conditions due to an interfer
ence from lead (4[) in the lead backing material.

Table III. XPS of Magnetic Fraction after Thermal
Desorption or Sputtering

2.0
2.1
4.4
1.0
1.2

NA"
0.8
NA
NO
0.5

2.3
2.2
2.8
1.0
1.0
1.1

NA"
0.5
NAb
0.5

after Ar+
sputteringl
before Ar+
sputtering

after Ar+
spu tteringl
before Ar+
sputtering

200°CI100°CI

100 °CI 200°CI
room room
temp temp

Matrix (Bulk) Elements
1.0 1.1
1.0 1.0
1.2 1.7
1.0 1.1
1.0 1.1
1.0 1.0

normalized area ratios

room rOOln
temp temp

Matrix (Bulk) Elements
1.0 0.9
1.0 1.0
1.1 1.6
1.0 1.0
1.1 1.0

normallzed area ratios

Surface·Enriched Elements
As (3d) 0.8 0.9
C (Is) 1.0 0.8
N (Is) trace ND"
S (21') 1.0 1.1

AI (21')
Ca (21')
Fe (21')° (Is)
P (2s)
Si (21')

Surface·Enriched Elements
As (3d) 0.7 0.4
C (Is) 1.0 1.0
N (Is) NO" trace
P(2s) 1.2 1.3
S (21') 1.1 1.1

element

AI (21')
Ca (21')
Fe (21')° (Is)
Si (21')

element

" Not detected. "Not available.

" Not available. I, Not detected.

Table IV. XPS of Nonmagnetic Fraction after Thermal
Desorption or Sputtering

Tables III and IV show changes in relative surface
composition in magnetic and nonmagnetic fractions, re
spectively, as a function of sample heating and argon ion
etching (approximately 20 nm of surface removed by
etching). Elements having approximately the same or
higher normalized areas after heating or ion etching are
denoted as matrix elements (constituents of the particle
bulk). Elements that exhibit a reduction in normalized
areas after heating or sputtering have been classified as
surface enriched elements; elements that exhibit lower
normalized area upon heating obviously exist in a volatile
surface chemical form. Sulfur clearly exists as an involatile
sulfate, while classification of oxygen as a matrix element
(Tables III and IV) is somewhat misleading since it is also
an important constituent of various adsorbates. According
to residual gas mass spectrometric analysis, oxygen in the
form of water is the most significant volatile absorbed
species on both magnetic and nonmagnetic fractions.

Carbon-containing compounds are important adsorbates
on the magnetic particles. Approximately 20% of the
surface carbon can removed by heating to 200 "C, and a
50% reduction in surface carbon results from ion sput
tering (Table III). A vast number of sorbed organic com
pounds including various polynuclear aromatic species (6),
CO2, and carbonate are among the many possible car
bon-containing adsorbates. Although Natusch et al. (16)
have suggested that most carbonates are stable beyond 200

nonmagnetic fraction

Table II. Surface Speciation

rnagnctic fraction

Environ. Sci. Technol., Vol. 18, No.4, 1984 273



III

....
Z

:::J
o
U

5oH?! :330 520

BINDING ENERGY <EV)

Figure 2. Oxygen 1s photopeak (25 eV pass energy) for the magnetic
ash fraction as a function of temperature. Binding energies are not
charge corrected. RT = room temperature spectrum; 200 °C =
spectrum acquired at 200 °C; cooled to RT = spectrum acquired after
cooling to room temperature from 200 °C.

°C on ash surfaces, this XPS study suggests volatile surface
carbonates are present. A minor carbon Is component in
the magnetic fraction at about 290 eV (uncorrected binding
energy) largely disappears following a 200 °C heating cycle.
The binding energy is appropriate for surface carbonates,
but the assignment is complicated by differential charging
effects to be discussed. Vacuum chamber residual gas
analysis using a quadrupole mass spectrometer did not
show significant increases in the intensities of carbon
containing ions upon sample heating. However, sensitivity
was limited by spectrometer positioning of ~5 cm from the
sample surface. Carbon also appears to he much less ef
ficiently removed by heating or ion sputtering for the
nonmagnetic particles (Table IV). The much higher bulk
carbon (e.g. soot) content of the nonmagnetic fraction
(Table 1) minimizes the possibility of substantial decreases
in the total carbon Is signal intensity following the removal
of carbon-containing adsorbates.

Phosphorus again exhibits variations in line shape and
surface enrichments between fractions. The magnetic
fraction phosphorus is apparently part of the bulk of this
ash material. However, nonmagnetic fraction phosphorus
seems to be primarily a surface species since it is removable
by ion etching. This evidence along with differences in
charge-corrected phosphorus photoelectron binding en
ergies in the magnetic and nonmagnetic fractions indicate
that phosphorus exists in different forms on the different
types of ash.

It is important to note that the utility of the XPS-de
rived chemical state information is limited by sample
charging phenomena and their temperature dependence.
Sample charging is frequently compensated for via sub
traction of a constant energy correction to all experimental
binding energies. The correction factor is obtained by
comparison of the experimental binding energy of an el
ement of known chemical state to that of literature values.
However, this approach is not totally valid unless all parts
of the sample charge uniformly. For a heterogeneous
particulate sample such as coal fly ash, it is apparent that
some individual particles may be highly electrically con
ductive (e.g., graphitic soot) while others may be much
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Figure 3. Carbon Is photopeak (25 eV pass energy) for the magnetic
ash fraction as a function of temperature. Binding energies are not
charge corrected. Temperature designations are as in Figure 2.

more nonconducting (e.g., aluminosilicates), leading to
nonuniform or differential charging of the sample.

Typical high-resolution XPS results for oxygen Is ap
pear in Figure 2 for the magnetic fraction as a function of
temperature. The hinding energy (Rb) scale has not been
corrected for sample charging. The elevated temperature
(200 °C) shifts the uncorrected Eb to lower values appar
ently reflecting the temperature dependence of electrical
conductivity. The peak shape and uncorrected binding
energy return to very nearly the original values upon
cooling to room temperature, indicating that the 200 °C
spectrum is not substantially altered by desorption of
oxygen-containing surface species. If the Eh of each oxygen
spectrum (Figure 2) is corrected by using the silicon 2p3/2
peak (Eb = 102.6 eV for silicates), the oxygen Eb corre
sponding to maximum intensity occurs at the same location
(,531.7 eV) for all temperatures.

Some differential charging also is observed in that the
low E b tails of the oxygen Is peaks will occur below the
range of known values if charge corrected to the silicon
2P3/2 energy for silicates. Thus, the oxygen peak shape
reflects both variable chemical state and electrical con
ductivityeffects. For example, oxygen-containing species
sorbed to graphite soot may ex hi hit minimal electrical
charging relative to surface-associated or bulk oxygen
containing compounds in t.he various nonconducting metal
oxides which comprise the majorit.y of the magnetic frac
tion particles.

Photoelectron peaks of other elements show similar
behavior upon heating of either magnet.ic or nonmagnet.ic
fractions. The carbon Is peak (Figure 3), however, exhibits
somewhat different characteristics in that the majority of
it. does not charge to the same degree as the oxygen Is or
silicon 2P3/2 photopeaks. In fact, much of the carhon shows
virtually no charging consistent with the presence of a
graphitic soot component (literature value for graphitic
carbon Is E b is 284.3 eV). The original spectrum also
shows higher E b carbon components which may reflect
both more oxidized forms of surface carbon or differential
charging. For example, deposition of hydrocarbons on
nonconducting metal oxide particles would shift the ap
parent carbon Eb several electron volts higher relative to
the same species sorbed to a conductive sootlike particle.
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Alternatively, oxidized carbon such as C032- would be
shifted about 4 eV higher in E b relative to adsorbed hy
drocarbons on the same particle substrate (14).

The carbon Is behavior also differs from the oxygen Is
in that the original carbon line shape is not exactly restored
following a heating/cooling cycle. Upon cooling from 200
°C to room temperature, the higher binding energy com
ponents appear attenuated relative to the original carbon
spectrum. This is the likely result of the substantial de
sorption of both volatile hydrocarbons and oxidized forms
of surface carbon such as carbonate upon heating.

Conclusion

The utility of XPS surface analysis in concert with ion
sputtering and tbermal desorption has been illustrated.
Iron, oxygen, calcium, silicon, and aluminum are elemental
constituents of the bulk of magnetic and nonmagnetic
fractions of coal fly ash particles. Binding energies of tbese
elements in the surface region yield speciation information
consistent with bulk structures suggested by X-ray powder
diffraction. Other elements such as carbon, oxygen, sulfur,
and nitrogen are associated at least in part with surface
deposits on ash particles in the form of volatile and in
volatile compounds. Such species are potential environ
mental hazards in part because they are surface enriched
and constitute a direct interface with the natural envi
ronment. For example, sulfate-rich surface layers on in
stack coailly ash are highly soluble in aqueous media (4).
If particles that escape from emission control devices have
similar properties, they would be implicated as potential
contributors to acid rain formation and deposition.
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Octachlorostyrene in Lake Ontario: Sources and Fates

Ray Kaminsky and Ronald A. Hites'
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• The concentration of octachlorostyrene (OCS) was
measured in dated segments of 11 sediment cores taken
from Lake Ontario in order to establish the depositional
history of this compound in the lake. Using this infor
mation, we have deduced that OCS (as well as other
chlorinated styrenes and chlorinated polycyclic aromatic
hydrocarbons) originates primarily from the waste product
of electrolytic chlorine production. This waste, called
"taffy", resulted from the chlorination of the tar or pitch
used to bind graphite electrodes; its improper disposal led
to the introduction of chlorinated aromatic compounds
into the environment. OCS is present in all major sedi
ment depositional areas of Lake Ontario and may be
subject to biomagnification. Although OCS exhibited no
toxicity or mutagenicity in a bacterial bioassay, the long
term environmental impact of chlorinated styrenes is still
unknown.

Introduction

In 1972, octachlorostyrene (OCS) was found in the tis
sues of terns, ducks, and cormorants from the Rhine River
and The Netherlands (1, 2). In 1976, fish from Friefjordan,
Norway, were found to contain hexa- and heptachloro
styrenes as well as octachlorostyrene (3,4). In that same

year, OCS was discovered in fish from Saginaw Bay, Lake
Huron, the Detroit River, and Lake Ontario (5). Since
then, chlorinated styrenes have been found in fish from
Lake St. Clair and Lake Erie (6) as well as from the Ash
tabula River, OH (7). The presence of OCS in these sam
ples has been particularly puzzling since this compound
has never been a commercial product. OCS may have been
considered as a component of polystyrene and as a PCB
replacement, but OCS was never anything but an exper
imental oddity. Thus, the widespread occurrence of OCS
in the lower Great Lakes was not explicable.

In 1982, we found chlorinated styrenes in a few surficial
sediments from Lake Ontario (8). We proposed but did
not prove that these compounds, as well as various chlo
rinated polycyclic aromatic hydrocarbons, were associated
with the wastes from tbe electrolytic production of chlo
rine. Until recently, this process employed anodes made
from graphite, and it was the chlorination of the coal tar
pitch binder used in these anodes that produced much of
the chlorinated organic waste related to these processes
(9, 10). Since coal tar pitch is highly aromatic, its chlo
rination products would be a likely source of chlorinated
aromatics. This hypothesis linked the findings of chlo
rinated styrenes in Norway (where a magnesium manu
facturer was tbe only source of contamination) with those
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Figure 1. Locations and station numbers of sediment cores taken from
Lake Ontario.

of the Great Lakes (where the production of chlorine
predominates) because both these processes used graphite
anodes in the electrolytic decomposition of a chloride brine
(11). This paper will confirm the above hypothesis and
determine the distribution and the sources of OCS in Lake
Ontario by an analysis of 11 sediment core samples.

Experimental Section

Sediment Core Sampling. Although fish appear to
readily accumulate OCS and are sensitive indicators of its
presence, they are usually too migratory to provide in
formation about geographic distribution or possible
sources. Sediment cores, however, provide depositional
histories at specific locations. After the concentration of
OCS in dated core segments from various locations is
determined, it might be possible to trace these compounds
back to their sources. Sediment cores were collected from
Lake Ontario by the Canada Centre for Inland Waters in
July 1981 and Sept 1982 from the locations shown in
Figure 1. The samples were obtained by subcoring Shipek
box-core samples in such a way as to maintain the chro
nological integrity of the sediment. The cores were frozen
prior to shipment to our laboratory to prevent mixing and
were kept frozen until analyzed.

Extraction. Solvents used in all phases of the analysis
were glass distilled. Acid-washed glassware and core
sectioning implements were solvent rinsed. Each core was
thawed in a horizontal position and then sectioned at 2-cm
intervals. The thawed interstitial core water was drained
from several cores prior to sectioning and extracted with
methylene chloride. Since gas chromatographic electron
capture analysis revealed no chlorinated compounds in
these extracts, the interstitial water was discarded for the
rest of the analyses. Each segment was individually loaded
into a glasswool-packed, glass, extraction thimble and
extracted in a Soxhlet apparatus for 24 h with isopropyl
alcohol followed by methylene chloride for 24 h. The
extracts were desulfured on a copper column and frac
tionated on silica gel according to a procedure described
elsewhere (8).

Analysis. Each fraction was analyzed by gas chroma
tographic methane negative chemical ionization mass
spectrometry using a Hewlett-Packard 5840A gas chro
matograph directly linked to an HP 59858 mass spec
trometer (12). The samples were chromatographed on a
J &W 08-5 narrow bore, fused silica capillary column held
at 30°C for 4 min, then programmed to 280°C at 4
°C/min, and held at 280°C for 30 min. The carrier gas
was helium flowing at a velocity of 40 cm/sec. The mass
spectrometer was scanned from 35 to 700 amu at 266
amu/s. The injector and interface temperatures were both
285°C, and the source and analyzer temperatures were
250 °C. Identification of the chlorinated styrenes was
based on comparison of retention times and mass spectra
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with those of authentic standards. OCS was quantified
by ratioing the area of the base peak (m/e 308) to that of
external standards of authentic OCS. These figures were
then corrected to account for the 80% recovery found for
OCS by the extraction and workup of spiked, preextracted
sediments. The relative standard deviation of these
measurements was estimated to be less than ±30%.

Sedimentation Rate. The sedimentation rate at each
location was determined by measuring the mCs activity
of each core segment. Following extraction, each segment
was oven-dried at 100 °C and weighed. Portions of dried
sediment were carefully weighed into zip-Ioc bags or
scintillation vials and then counted for 24 h each on a
Li/Ge detector coupled to a 4096-channel multichannel
analyzer. Detector response was calibrated by using a
standard mCs solution, and background levels were de
termined every 24 h. Sedimentation rates were calculated
as the length of sediment accumulated between the time
of peak atmospheric mCs input (1963) and its onset in
1952 (13).

Results and Discussion
Source of OCS. Octachlorostyrene was detected in 8

of the 11 cores, and its concentration is plotted as a
function of year of deposition in Figure 2. A Gaussian
curve has been fitted to these data as an aid to visualiza
tion; these curves are a guide for the eye and do not imply
a model of depositional history.

Whenever OCS concentration exceeded about 5 ng/g,
we found nearly equivalent amounts of three isomers of
heptachlorostyrene. Relatively small amounts of hexa
chlorostyrene were also observed whenever OCS levels were
20 ng/g or higher. Several chlorinated naphthalenes,
phenanthrenes, and pyrenes were also associated with
these higher levels.

To aid in the interpretation of these results, a few his
torical details pertaining to the production of chlorine are
in order. Chlorine is produced by the electrolysis of an
aqueous NaCI or KCl solution. NaOH or KOH forms at
the cathode, and Cl2 (gas) forms at the anode. The anodes
were commonly made from powdered graphite with coal
tar pitch as a binder. The chlorine formed at the anode
tended to react with the binder and produced a mixture
of chlorinated organics which were later removed as waste
called "gunk" or "taffy" (1O, 14, 15). It is this taffy which
we believe to be the source of OCS.

Most electrolytic systems gave chlorine which was
99.6-99.8% pure (14, 15). While this was adequate for
most early uses, in 1924, these impurities were discovered
to foul the valves of newly developed water treatment
equipment designed to use liquid chlorine (9). The clog
was composed of the more nonvolatile components of taffy
condensed on a matrix of ferric chloride and was known
as "taffy tar". Efforts on the part of chlorine manufac
turers to purify their product did not achieve widespread
success until the current technique of countercurrent
washing was developed in 1937 (15). Thus, if our hy
pothesis is correct, OCS should not occur in Lake Ontario
sediment earlier than 1937. Examination of Figure 2 re
veals that Lake Ontario first began receiving OCS about
1940, shortly after the production of taffy began.

Following the onset of taffy production (and presumably
its disposal) the chlorine industry in the Great Lakes area
experienced an annual average growth of 6-7% (16). This
trend prevailed until about 1970 when production suffered
a decline which persisted for the next 10 years (see solid
line in Figure 3). The core data (see Figure 2) show that
OCS levels in Lake Ontario sediment coincide with the rise
and fall of chlorine production. However, chlorine pro-
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duction did not cease, as the OCS data might imply. The
explanation for this precipitous decline in OCS levels lies
with the replacement of graphite anodes with metal anodes
beginning in the early 1970s. So rapid and widespread was
this conversion, that the metal anodes dominated nearly
half the industry by the middle of the decade (11) and
most of the remainder by 1982 (see dotted line in Figure
3). Of course, these metal electrodes do not produce
chlorinated organic waste (i.e., taffy) (10). Consequently,
their rapid adoption by the industry resulted in a corre
spondingly rapid decline in OCS. The core data (see
Figure 2) record just such a trend and reinforce the link
between OCS, taffy, and the chlorine industry.

Because cWorine production and magnesium production
share similar technologies, some of the OCS in the Great
Lakes may have originated from the magnesium industry.
However, the levels of magnesium production have gen
erally been several thousand times less than those of
chlorine (17, 18). In addition, there is only one major
magnesium producer in the Great Lakes area while the
shores of the Niagara River alone have four major chlorine
manufacturers. The contribution of OCS to Lake Ontario
by the magnesium industry, therefore, must be minor
compared to that of the chlorine industry.

The composition of the pitch binder used in the few
remaining graphite anodes has changed since the mid
1970s. The industry has apparently switched from an
aromatic coal-based to an aliphatic petroleum-based pitch.
We would, therefore, expect the chlorinated waste asso
ciated with this new pitch to be composed of a lower
proportion of aromatic constituents compared to the pitch
commonly in use prior to 1970. This situation, together
with the nearly total abandonment of graphite anodes
discussed above, is rather unfortunate from an analtyical
point of view because it virtually eliminates the possibility
of obtaining a sample of taffy representative of that pro
duced prior to 1970. We were, however, able to obtain a
modern sample of taffy for analysis, and our sample con
tained 200 ppb of OCS, As we might expect, none of the
more highly aromatic chlorinated compounds could be
detected. However, these results do serve to strengthen
our assertion that chlorinated styrenes were associated with
taffy prior to 1970.

A fmalline of evidence in support of our taffy hypothesis
is the correlation between the geographic occurrence of
OCS in sediment and fish and the location of chlorine
production sites. OCS has been identified in sediments
or fish from nine locations in the United States. In each
case, chlorine producers who used graphite anodes prior
to 1970 were located close by (see Table I). At the same
time, adjacent areas not receiving the effluent of a cWorine
plant do not contain OCS. For example, fish from the
Ashtabula River, OH, contain high concentrations of OCS
whereas fish from the nearby Conneaut River contain no
chlorinated styrenes (19). Chlorine producers are located
along the Great Lakes from Midland, MI, to Lake Ontario.
Similarly, fish collected from Saginaw Bay to Lake Ontario
have been found to contain OCS while those from Lake
Superior, Lake Michigan, and upper Lake Huron do not
contain chlorinated styrenes (6).

Taking all our evidence into consideration, we feel
confident that the primary source of chlorinated styrenes
(as well as chlorinated polycyclic aromatic hydrocarbons)
in the Great Lakes, particularly Lake Ontario, is taffy from
chlorine production.

Fate of OCS. OCS was probably introduced into the
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Table I. Geographic Association between OCS and Chlorine Producers

location at which conen,
OCS was found nglg medium

Commencement Bay, WA 0-20 sediment

White Lake, MI trace sediment
Saginaw Bay, Lake Huron 2-110 fish
Lake Sl. Clair 230 fish
Ashtabula River, OH 140-400 fish

Lake Erie 34 fish
Lake Ontario 35-280 fish

Calcasieu Lake, LA 50-360 sediment

ref

27

28
5
5
7

6
5,8

this work

chlorine producer

Hooker Chem. and Pennwalt Corp.,
Tacoma, WA

Hooker Chem., Montague, MI
Dow Chemical, Midland, MI
Dow Chemical, Sarnia, Ontario
Int'l Minerals and Chem. Corp. and

RMI Co., Ashtahula, OH
Pennwalt Corp., Wyandotte, Ml
Hooker Chem., Olin Corp., and

du Pont & Co., Niagara Falls, NY
PPG Industries, Lake Charles, LA

r ;< 15"9/9 ~J 15-50"9/9 ~ 50-100 n9/11 ]~:J >100"9/9

F9o'e 4. Concentration isopleths of octachlorostyrene in Lake Ontario.
Open circles indicate data from grab samples; closed circles indicate
data from sediment cores.

western portion of Lake Ontario (Figure 2, sites 15, 20, 23,
and 25) from chlorine plants along the shores of the Ni
agara River. The distribution of OCS in the western
portion of the lake appears to coincide with the known
sedimentation rates for this end of the lake (20, 21). This
pattern is more readily discerned by mapping the OCS
data as concentration contours (see Figure 4). The
amounts of OCS in each core were summed and divided
by the sediment dry weight to obtain the average con
centration. Supplementary data from grab samples (8)
were used to increase resolution.

OCS seems to be associated with the offshore, fine grain
particles rather than the nearshore sands, and thus the
region of highest concentration (sites 20 and 23) is localized
in the area of fine grain sedimentation nearest to the
Niagara River outlet. From here, OCS seems to spread
westward. A similar distribution was observed for mercury
(22) and PCB's (23), the sources of which were also de
termined to be the Niagara River. Transport is probably
also occurring in an easterly direction along the south shore
of Lake Ontario. The assumption that this transport
continues along the south shore toward midlake is rea
sonable in light of the occurrence of OCS at site 39 and
the absence of any known source in this area. This also
agrees with the distribution of other sediment-entrained
compounds which enter the lake through the Niagara River
(22-24).

The high (> 100 ng/g) concentration at site 39 (midlike)
is surprising. We expect OCS to accumulate here because
the area possesses a high sedimentation rate. It is sur·
prising, however, that the levels at site 39 and in a grab
sample taken 1 year earlier at this site (8) are the highest
measured in the lake. It is interesting to note that un
usually high concentrations of mercury were observed just
offshore of the Genessee River outlet (22). Although
techniques of chlorine production which would lead to the
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release of both mercury and OCS wastes (e.g., electrolytic
chlorine production using mercury as the cathode) are
employed in the Great Lakes basin, no record of chlorine
production of any sort exists for the Genessee River basin
(16). Thus, their abundance at this location remains a
mystery.

OCS was detected in the eastern end of Lake Ontario
(sites 64 and 69) at concentrations similar to those at sites
15 and 25 from the western end and are thus higher than
we might expect if due simply to transport from the Ni
agara region. The eastern portion of the lake, however,
may have recevied some OCS from Syracuse, NY, through
the Oswego River. Chlorine production using mercury cells
has been in operation there since the turn of the century,
and Thomas et al. (22) have reported high concentrations
of mercury in sediment at the mouth of the Oswego River.
The shape and size of the contour of this region shown in
Figure 4 are those of the sedimentation rate isopleth which
is half the value of the rates at sites 64 and 69 and thus
serves only as an estimate of the area actually containing
OCS.

The concentration measured at the inlet to the Saint
Lawrence River (site 79) was quite low. Because there is
no known industrial source of OCS in this region, the
source of DeS is most likely the transport of sediment from
the southeastern end of the lake. The existence of a
northerly current which connects these two regions (25)
supports this supposition.

Toxicity of oes. Although many studies document
the occurrence of OCS (and occasionally other chlorinated
styrenes) in various species of fish and birds, no toxico
logical data have been reported. As part of our investi
gation, OCS was found to be neither toxic nor mutagenic
to Salmonella typhimurium strain TM677 when a forward
mutagenesis bioassay with and without metabolic activa
tion was used at OCS concentrations up to 250 Ilg1 ilL
(Howard Lieber, personal communication). Although
apparently not harmful to bacteria, the possibility remains
that OCS could be accumulated in higher organisms.

Conclusion

By examining the historical record preserved in sediment
cores, we are able to propose a scenario for the introduction
and fate of OCS in Lake Ontario. Chlorine produced by
graphite electrodes contained a waste product known as
taffy which consisted of highly chlorinated compounds
including OCS. The bulk of OCS appears to have been
introduced at the western end of the lake probably through
the Niagara River from chlorine plants along its banks.
Accumulation in sediments at the western end of the lake
began shortly after taffy was first produced in the late
1930s. Its increasing concentration in the sediments up
until 1970 reflected the growth of the chlorine industry up
to that point. With the adoption of techniques which



eliminated taffy during the 1970s came the rapid decline
of OCS in the sediments. The synchronization of taffy
production (as traced through chlorine production) and
the concentration of OCS is so precise that it can best be
explained only with the assumption that taffy (a liquid)
was never permanently disposed of and perhaps may have
been dumped into the Niagara River. During the 40 years
of its input, OCS accumulated in all of the major depos
itional zones of Lake Ontario.

We suspect the above scenario is applicable to other
regions of the Great Lakes adjacent to sites of chlorine
production and that it would explain reports of OCS in
fish from these areas. Whether bottom feeders such as
carp absorb it from sediment through their gut or from
consumption of benthos, OCS becomes biomagnified
through the food chain (6). The chain continues to aquatic
birds such as great blue herons (26) and cormorants and
even to seals (2). Now that the concentration of OCS is
descreasing in the surficial sediments, and thus becoming
less available to the biota, we expect its concentration in
fish and their predators will begin to decrease. Unfortu
nately, we still lack the detailed toxicological knowledge
necessary to predict the long-term impact of chlorinated
styrenes on the environment.
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Analysis of the Characteristics of Complex Chemical Reaction Mechanisms:
Application to Photochemical Smog Chemistry

Joseph A. Leone and John H. Seinfeld*

Department of Chemical Engineering, California Institute of Technology, Pasadena, California 91125

• To elucidate the features of complex chemical reaction
mechanisms, we develop an analysis based on the use of
so-called "counter species", fictitious products added to
the reactions in the mechanism that allow one to determine
the relative contributions of individual reactions to the
overall behavior of the mechanism. The method is de
veloped by considering a mechanism for the atmospheric
photooxidation of the three simplest aldehydes and is then
applied, in a full-scale simulation, to analyze the behavior
of a complex chemical reaction mechanism for photo
chemical smog. The method is shown capable of providing
answers to previously inaccessible questions such as the
relative contributions of individual hydrocarbons to pho
tochemical ozone formation. Application of the counter
species concept to analyze complex environmental reaction
mechanisms is straightforward and can be readily imple
mented in the standard routines in widespread use for
solving sets of chemical reaction rate equations.

Introduction

A number of important systems in environmental
chemistry are characterized by lengthy and complex
chemical reaction mechanisms. In such complex mecha
nisms it is not generally possible to determine the relative
contributions of individual reactions or of certain reaction
subnetworks to the overall behavior of the mechanism.
Sensitivity analysis, in which the responses of the con
centrations to perturbations in parameters (such as rate
constants) are computed, is one technique to ascertain the
relative importance of individual reactions on predicted
behavior (1-3).

As a means of elucidating the features of a chemical
reaction mechanism, we introduce here a simple technique
based on the use of species, which we term counter species.
The counter species do not represent actual chemical en
tities; rather they are purely mathematical quantities that
allow us to track flows in a mechanism. In the past,
counter species have been used to keep track of the inte
grated reaction rate for a given chemical reaction (12-14).
In this paper, we greatly expand the use of this idea as a
part of an analysis technique that allows one to examine
the inner workings of complex mechanisms, answering
questions that were previously inaccessible. The technique
is very simple to use and can be implemented readily in
the standard computer routines used for solving sets of
chemical rate equations.

Because the counter species idea is a simple one, we
devote most of this paper to illustrations of its use. In
particular, mechanisms describing the chemistry of pho
tochemical smog are notably complex (4-8), and conse
quently, we will develop the counter species method
through its application to two reaction mechanisms arising
in the description of photochemical smog.

Concept of Counter Species

In this section we introduce the counter species concept
using an abbreviated mechanism for photochemical smog.
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Photooxidation of the Three Simplest Aldehydes,
Let us consider one of the simplest atmospheric reaction
mechanisms-the photooxidation of the three aldehydes,
formaldehyde, acetaldehyde, and propionaldehyde, in the
presence of NO and N02. For the purpose of illustrating
the technique, assume that we wish to limit the number
of species appearing in our mechanism by lumping pro
pionaldehyde together with acetaldehyde. A typical re
action mechanism for this situation might contain the
following reactions:

N02+ hv 0; NO + 0 3 (1)

NO + 0 3~ N02+ O2 (2)

H02, + NO ~ N02 + OH, (3)

HCHO + hv - 2H02· + CO (4)
20,

HCHO + hv ~ H2+ CO (5)

HCHO + OH,~ H02, + CO + H2O (6)
0,

CH3CHO + hv - CH30 2· + H02, + CO (7)
20,

CH3CHO + OH·~ CH3C(0)02' + H2O (8)
0,

CH3C(0)02' + N02~ CH3C(0)02N02(PAN) (10)

PAN ~ CH3C(0)02' + N02 (11)

CH30 2, + NO ~ CH30, + N02 (12)

CH30, + O2~ HCHO + H02, (13)

N02+ OH, ~ HN03 (14)

In the atmosphere these aldehydes react to produce H02,
CH30 2, and CH3C(0)02 radicals that can convert NO to
N02and thus cause IN02l!IN01, and consequently°3, to
increase. Ozone formation will continue as long as al
dehydes and NOx are both present. NOx is consumed via
reactions 10 and 14, so ultimate 0 3yields are limited by
NOx availability as well as by how fast the aldehydes lead
to 0 3 formation through the conversion of NO to N02.

In analyzing mechanisms for photochemical smog, the
key features which need to be examined concern (1) the
relative importance of the various radical initiation and
termination steps and (2) the conversion of NO to N02,
which ultimately leads to the accumulation of 03' For
example, in the reaction mechanism shown above, NO to
N02conversions occur via reactions 3, 9, and 12. We seek
to know the number of these NO to N02conversions at
tributable to formaldehyde, acetaldehyde, and propion
aldehyde and, within each of these, the number due to
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" Temperature =298 K; pressure =1 atm.

Table I. Initial Conditions and Photolysis Rates for the
Three Aldehyde/NO., Simulation"

photolysis and OH reaction. In order to obtain this in
formation, we first rewrite the mechanism as the following:

N02 + hv 0; NO + 0 3 (1)

NO + 0 3~ N02 + O2 (2)

H02" + NO ~ N02 + OH" + C3 (3)

HCHO + hv 20; 2H02" + CO + C4 (4)

HCHO + hv ~ H2 + CO (5)

HCHO + OH" 0; H02" + CO + H20 + C6 (6)

CH3CHO(a) + hv 20; CH30 2, + H02, + CO + C7 (7)

CH3CHO(a) + OH" - CH3C(0)02" + H20 + C8 (8)
0,

initial reactant
conen, ppb

[NO]o,600
[NO,I",80
[HCH01",100
[CH ,CHOI", 50
rCH,CH,CHOI",7

photolysis rates,
(minf'

II, = 0.35
iI., = 8.6 X 10 '
h,=8.2X10'
iI,=1.3X10-'

were initially 30 ppb of formaldehyde present, we would
specify 30 ppb as the initial concentration of HCHI.

The second change from the original mechanism is the
addition of reactions 18 and 19. Because we wish to dis
tinguish the NO to N02 conversions due to the initial
acetaldehyde from those due to the initial propion
aldehyde, we include reactions for both CH3CHO(a) (ac
etaldehyde) and CH3CHO(b) (propionaldehyde). If there
were initially 20 ppb of acetaldehyde and 5 ppb of pro
pionaldehyde, we would specify 20 ppb of CH3CHO(a) and
5 ppb of CH3CHO(b) as initial conditions.

The third change from the original mechanism is the
addition of fictitious products, Ci, to some of the reactions.
These products are produced only in one reaction and are
not consumed. For instance, one "molecule" of C9 is
formed for each molecule of NO converted to N02 by
reaction 9. Since Ci counts the number of times reaction
i has occurred, we call Ci a counter species, and we term
the analysis using the Ci a counter species analysis.

The next step in the counter species analysis is to de
termine the fraction of the molecules of any product
species S that has led to NO to N02conversions up until
any time t:

F, = (number of NO jN02 conversions due to
produced species S, up to time t) j(number of

molecules of S formed up to time t)

Using this definition and the mechanism shown above, we
find that

F _ C3
HO, - 2C4 + C6 + C7 + C13 + 2C15 + C17 + C18

CH3C(0)02" + NO 0; N02 + CH30 2" + CO2 + C9 (9)

CH3C(0)02' + N02~ CH3C(0)02N02(PAN) (10)

F Ho,(2C4 + C6)
FHCHO = C13

CH3CHO(b) + hv - CH30 2" + H02" + CO + C1820,
(18)

CH3CHO(b) + OH" - CH3C(0)02' + H20 + C19
0,

(19)

HCHI + hv 20; 2H02" + CO + C15 (15)

HCHI + hv ~ H2 + CO (16)

HCHI + OH" - H02" + CO + H20 + C17 (17)
0,

N02 + OH" ~ HN03 + C14

(12)

(13)

(14)

C12(l + FCH 0)F _ 3

CHaO, - C7 + C9 + C18

C9(1 + FCH30,)
FCH3C(OlO, = C8 + C19

The reason for dividing formaldehyde into two species,
HCHI (representing the initially present formaldehyde)
and HCHO (representing formaldehyde produced by re
action 13), can now be explained fully. We need to form
FHCHO, which represents the fraction of all produced
formaldehyde molecules that lead to NO to N02conver
sions. By definition, this fraction does not involve any of
the initially present HCHO. Thus, we must separate the
two types of formaldehyde in order to properly calculate
the relation F HCHO' The desired quantities are then ex
pressed in terms of the fractional relations:

number of NO to N02 conversions measured as a
concentration due to

Three changes have been made from the original
mechanism. First, for reasons that will be made clear
shortly, reactions 15, 16, and 17 have been added to the
mechanism. For now, we note that whenever a species that
is present initially is also formed as a product in the re
action mechanism, we represent this species by two sep
arate species. Thus, we now have photolysis and OH re
actions for both HCHO (formaldehyde formed as a prod
uct) and HCHI (initially present formaldehyde). If there

photolysis of initial formaldehyde = 2CI5FHO,

photolysis of initial acetaldehyde = C7(FcH,o,+ FHO,)

photolysis of initial propionaldehyde =
CI8(FcH30, + FHO,)

OH reaction of initial formaldehyde = CI7FHO,
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Table II. Counter Species Results Calculated after 6 h of Irradiation for the Three Aldehyde/NO, Simulation

(A)

species (S)

HO ..
HCHO
CH,O·
CH,O,.
CH,qO)O,.

Fractional Relation Results

fractional value U's)

1.00
0.43
1.43
2.43
3.39

amount of
radicals

prod uced via
each reaction,

ppbreaction

(B) Integrated Rates

amount of
NO to NO,
con versions

attributable to
each reaction,

ppb

amounlof
radicals

scavenged via
each reaction)

ppb

amounl of NO,.
sinks atlribulable
to each reaction)

ppbN

formaldehyde photolysis
formaldehyde + OH
acetaldehyde photolysis
acetaldehyde + OH
propionaldehyde photolysis
propionaldehyde + OH
PAN formation
HNO, formation

38
25

6
71

0.5
5.7

44.7

3.3

0.3

0.3
48

0.3
48
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Figure 2, Counter species results for the three aldehyde/NO, simu
lation, Number of radical initiation and radical termination steps for
the most important radical-producing and radical-scavenging reactions.
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Figure 1, Counter species resu~s for the three aldehyde/NO, simu
Iation. Number of NO to NO, conversions due to hydroperoxyl (HO" I,
methylperoxy (CH30,'), and peroxyacetyl (CH3C(O)O,') radicals.
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Figure 3, Counter species results for the three aldehyde/NO, simu
lation. Number of NO to NO, conversions due to the photolysis and
OH reactions of formaldehyde and acetaldehyde.

OH reaction of produced HCHO = C6FHO,

formaldehyde =2C15 + 2C4

photolysis of produced HCHO = 2C4FHO,

OH reaction of initial acetaldehyde =C8FcH,c(0)O,

radical initiation due to the photolysis of

OH reaction of initial propionaldehyde = C19FcH,c(0)O,

If desired, we can gain additional information from the
counter species analysis, For example

NO to N02 conversions due to

acetaldehyde = 2C7

propionaldehyde = 2C18

radical termination to

PAN = [PAN]

HN03 = [HN03]

It is of interest to calculate these quantities for a given

set of initial conditions and photolysis rates. These are
shown in Table I. The initial NO, and aldehyde con
centrations are approximately twice the typical values
found in early morning Los Angeles air, The counter
species results are given in Table II and shown in Figures
1-3. We see that the CH3CHO + OH reaction accounts
for most of the NO to N02 conversion, while the photolysis
of acetaldehyde and propionaldehyde give rise only to a
small percentage of the NO oxidations. Figure 1 shows
that most of the NO to N02 conversions involve the H02
radical via reaction 3. The results shown in Figure 2 in-
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Table III. Initial Conditions for the HydrocarbonjNOx Simulation

species

propane
acetone
isobutane
II-butane
2,3-dimethylbutane
ethene
propene
tralls-2·butene
cis-2-butene
2-methyl-2-butene
benzene
toluene
ethylbenzene
m-xylene
isopropyl benzene
II-propylbenzene
m-ethyltoluene
1,2,3-trimethylbenzene
formaldehyde
acetaldehyde
propionaldehyde
NO
NO,
HONO
CO
H,O, ppm
0" ppm
M, ppm

initial conen I

ppb

17.0
35.2

0.2
166

97.6
43.2
10.6

0.7
13.0
14.8

1.6
16.8

6.4
42.4

0.4
0.1
1.0
1.6

38.0
20.0

3.2
301.0

41.0
12.0

7450
15500

210000
1000000

lumped classification in
the Atkinson et al.

mechanism (7)

propane
acetone
alkane
alkane
alkane
ethene
propene
butene
butene
butene
benzene
toluene
toluene
xylene
toluene
toluene
xylene
xylene
formaldehyde
acetaldehyde
RCHO

initial condition,
ppb

17.0 propane
35.2 acetone
0.2 alkane
166 alkane
97.6 alkane
43.2 ethene
10.6 propene
0.7 butene
13.0 butene
14.8 butene
1.6 benzene
16.8 toluene
6.4 toluene
42.4 xylene
0.4 toluene
0.1 toluene
1.0 xylene
1.6 xylene
38.0 HCHO
20.0CH,CHO
3.2 RCHO

propane
alkane
acetone
ethene
propene
butene
benzene
toluene
xylene
HCHO
CH,CHO
RCHO

Totals for the Lumped Classes
17.0

263.8
35.2
43.2
10.6
28.5

1.6
23.7
45.0
38.0
20.0

3.2

o.3oo,---,----,---,---,---....-----,

o 0!:-~=;6"'0"'---,12;SOc---;1~80c---;;2c::40:;---;3:;';OO;;--~360

TIME IMinutes)

Flgur. 4. NO, NO" and 0, concentration-time profiles obtained by
using the hydrocarbon/NO, photooxidation mechanism of Atkinson et
al. w~h initial conditions shown in Table IV.

dicate that the only important radical initiation step is
formaldehyde photolysis and that the only significant
radical termination process and NO, sink are nitric acid
formation.

With simple mechanisms such as the three aldehyde
mechanisms shown above, there is an alternate way of
using counter species to obtain the desired information.
By applying the pseudo-steady-state approximation to the
H02, CH30 2, and CH30 radicals, we can write a compact
mechanism in which these fast-reacting species are elim-

inated. With these "condensed" mechanisms the number
of NO to N02 conversions due to each reaction pathway
is given by the counters themselves. No fractional rela
tionships are needed.

Unfortunately, all of the useful chemical reaction
mechanisms describing photochemical smog are much
more complicated than the simple aldehyde mechanism
presented above. With these mechanisms, it becomes
extremely difficult to eliminate the fast-reacting species
using the pseudo-steady-state approximation. Neverthe
less, the counter species analysis provides an effective
means to examine the properties of these complex mech
anisms. Such an analysis is presented in the next section.

Application of Counter Species To Analyze a
Complex Atmospheric Reaction Mechanism

A number of chemical reaction mechanisms have been
proposed as suitable for inclusion in urban airshed simu
lation models (7-10). Each of these mechanisms uses some
form of hydrocarbon "lumping" in order to reduce the
number of species and reactions to a reasonable number.
Typical of these is the mechanism proposed by Atkinson
et al. (7), which we analyze in this section. This mechanism
uses the lumped molecule approach, in which one or more
reactants of similar structure and reactivity are grouped
into a single class. For example, this mechanism represents
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Table IV. Counter Species Relations and Results for the Number of NO to NO, Conversions Attrihutable to Various
Radicals, Inorganic Compounds, and Organics Appearing in the Hydrocarbon/NOr Photooxidation Mechanism of
Atkinson et al. (7)

(A) NO Oxidation by Radical Species
NO to NO conversiolls

(B) NO Oxidation by Inorganic Compounds
counter species expression NO to NO, conversions, ppb

species

HO,'
AO,.
CH,O,'
hydroxyalkylperoxy radicals b

CH,C(O)O,.
ADD
EL
C,H,O,'
CH,CHOO
ADD2
RCO,.
PO,'
XO,'
CH,O,
ARO,'
AR0 3 •

PHO,·

total

species

0,
NO,

counter species expressions a

C7
1.7C33
C29
C44 + C45 + 0.9C46
C28
0.75C61
3C65
C38

C54
0.75C71
C37
C31
C41

C50
0.75C74
C79
C80

C2
C14

ppb

279
59.3
35.6
34.1
27.7
14.5
11.3

3.2

3.1
1.6
1.4
0.9
0.9

0.6
0.5

-0
-0

473.7 d

25070
220

%

58.9
12.6

7.5
7.2
5.8
3.1
2.4
0.7

0.7
0.3
0 ".U

0.2
0.1
0.1
0.1
o
o

100

reaction pathway C

HCHO + OH
HCHO + hv

CH,CHO + OIl
CH,CHO + hv
RCHO + OH
RCHO + hv

total aldehyde

propane + OH
ALK + OH

total alkanes

ethene + OH
propene + OH
butene + OH

total alkene + OH

ethene + 0,
propene + 0,
butene + OJ

total alkene + 0.,
total alkene

benzene + OH
toluene + OH abstraction
toluene + OH addition
xylene + OH

total aromatic

CH.,C(O)CH, + hv
OH + CO

miscellaneous
toluene ring opening
cresol ring opening
conjugated "Y-dicarbonyl
(DIAL) reactions
glyoxal «CHO),)

reactions

(C) NO Oxidations by Different Reaction Pathways
NO to NO, conversions

counter species expression

C23FHO '
2C21FH~ .

C25FCH.,~(O)O,.
C24(F HO . + F CH 0 .)

C34FRC~' J ,

C39(FHO ~ + Fc H 0 .)
2 2 5 2

C30Fpo ·
C32FA~ .,

C44(1 + F HO . + 2FHCHO )

C45(1 + FHO" + FCH CHO + F HCHO )

0.9C46(1 + FHo,. + 2FcH,CHO)

C47(0.12FHO · + OAFeH a + F HCHO )

C48[0.5(FHC~0 + FCH C~~) + 0.2(FcH 6 + FCH CHao + F HO , + FCH.,o,·)j
C49(FCH CHO + O.4Fc~ eHO + 0.3FH~· '+ OA5F~H o' .) -

:) .l 2 2 ] 2

0.25C58(Fcresol + FHO,·3FADD)

0.75C74(1 + FHO .) + C79 + C80
0.20C59(Fcresol +' F HO,' + 3.25FADD)

0.25C60(Fcresol + F HO,' + 3FADD )

C43(FCH,C(0)O,' + FCH,O,')
C12FHO,

0.65C59FADD

C70FADD2
C62FEL

C66FHO,' + C67FHCHO

ppb %

9.3 2.0
14.8 3.1
17.8 3.8

2.3 0.5
2.7 0.6
0.5 0.1

47.4 10.1

1.9 004
115.2 24.3
117.1 24.7

30.5 6.4
18.6 3.9
59.8 12.7

108.9 23.0

1.9 0.4
3.2 0.7

25.4 5.3
30.5 6.4

139.4 2904

0.9 0.2
1.2 0.2

14.0 2.9
73.9 15.6
90.0 18.8

29 0.6
80.6 17 .0

474.4 d 100

12.4 2.6
5.2 1.1

20.9 4.4

0.6 0.1
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Table IV (Continued)

NO to NO, conversions

reaction pathway"

methylglyoxal
(CH,C(O)CHO) photolysis

methylglyoxal + OH
MEK + hI'
MEK + OH

counter species expression

C69(FCH,C(O)o,' + F HO,.)

C68FCH,C(O)O,'
C42(Fc,H,O, . .j. FCH,C(O)O,')
C40Fxo,

ppb %

27.8 5.9

4.4 0.9
7.4 1.6
3.4 0.7

a The Ci in these expressions are fictitious products added to each of the reactions in the Atkinson et a1. (7) mechanism.
For example, C7 is listed as a product in reaction 7. b These radicals are formed in the OH-alkene reactions (reactions 44
66). "In cases where a species is both present initially and formed as a product, the numbers and expressions shown above
refer only to the initially present amount. For example, the 14.8 ppb of NO to NO, conversions shown under formalde
hyde photolysis is due to the photolysis of initially present formaldehyde. d Obviously, the total amount of NO to NO,
conversions shown in parts A and C of this table must agree if the counter species analysis has been performed correctly.'

the alkenes in the following manner. Ethene is treated
separately because it reacts with OH and 0 3at significantly
slower rates than other alkenes. The terminal alkenes are
lumped into one group whose chemistry is represented by
that of propene. In the same fashion, the chemistry of
trans-2-butene is used to represent that of all internally
bonded alkenes. This type of approach is used with each
of the hydrocarbon groups, resulting in a mechanism that
contains 81 reactions and 52 species.

A detailed description and derivation of the Atkinson
et aI. mechanism can be found in the original paper (7) and
is therefore not presented here. The only differences be
tween the mechanism used in this study and that originally
presented by Atkinson et al. (7) are (1) the three cham
ber-dependent reactions and the S02 reaction are not in
cluded here, (2) some photolysis rates have been changed
to reflect experimental data that have been acquired since
the original mechanism was published, and (3) counter
species have been added to many of the reactions. The
initial conditions chosen for this study correspond to those
used in smog chamber experiment SUR-119J, performed
at the University of California, Riverside (J1), the detailed
composition of which is shown in Table III, together with
the corresponding initial conditions to be used with the
Atkinson et al. (7) mechanism. The concentration-time
profJIes of NO, N02, and 03' obtained by using this slightly
modified Atkinson et al. mechanism, with the above
mentioned initial conditions, are given in Figure 4.

The counter species analysis of this mechanism proceeds
in the same manner as was shown earlier with the simple
aldehyde mechanism. We first formulate the F" which
represents the fraction of species S that have led to NO
to N02conversions up until any specified time. Next, we
formulate expressions for the number of NO to N02con
versions due to various species and reaction pathways.
Table IV shows these relationships, together with their
resulting values after 6 h of the simulation. Listed in
section A of Table IV is the number of NO to N02con
versions attributable to the various radicals appearing in
this system. We see that a majority of the NO oxidations
are caused by H02radicals and that most of the remaining
NO to N02 conversions are due to alkylperoxy (A02),
methylperoxy (CH30 2), hydroxyalkylperoxy (R-OH-02),
and peroxyacetyl (CH3C(0)02) radicals. For comparison,
section B of Table IV shows the number of NO oxidations
due to the inorganic reactions. Section C of Table IV
presents the most useful counter species results, from
which we can draw many conclusions. For example, we
see that the di- and trialkylbenzenes, represented in this
mechanism by xylene, account for 82% of the NO to N02
conversions due to the aromatic hydrocarbons. Of the 19%
of the total NO oxidations that are due to the aromatics,

6% are due to methylglyoxal photolysis alone. We also
conclude that alkene-OH reactions lead to significantly
more NO to N02conversions than alkene-03·reactions. In
addition, notice that the percent of NO to N02conversions
due to the alkane plus OH reaction (24.7%) is about the
same as the percent conversion due to alkene-OH reactions
(23.0%). This is an interesting result since alkanes are
generally viewed as less important than alkenes or aro
matics. Also notice that the amount of NO converted to
N02 due to the alkanes is completely dominated by the
n ::: 4 alkanes (butane in the Atkinson et aI. mechanism).
This leads us to conclude that, for most urban applications,
treating propane as unreactive will not cause any notice
able change in the predictive ability of lumped mecha
nisms. One last point which we note here is that the
ketones and higher aldehydes (n > 2) lead to only a small
number of NO to N02conversions.

The second type of information that we desire, and
which the counter species analysis provides, concerns
radical initiation and termination and NOr sinks. These
results are presented in Table V. We see that for the test
case considered here, formaldehyde photolysis is the most
important radical source. The photolysis of 0 3 and me
thylglyoxal is also important, as is the reaction of 0 3with
the internally bonded alkenes (butene). The most im
portant radical and NOr sink are nitric acid formation via
reaction 5. Peroxyacetyl nitrate (PAN) formation repre
sents the only remaining NOr and radical sink of any
significance. The most important radical sources and sinks
for the first 6 h of the simulation are shown in Figure 5.

Conclusions

The counter species analysis developed here enables one
to assess quantitatively the importance of individual re
actions and reaction subnetworks to the overall behavior
of a complex chemical mechanism. The method is con
ceptually simple and is easy to implement with any
mechanism. By applying the counter species analysis to
a complex chemical mechanism describing photochemical
smog, we are able to determine the relative importance of
individual hydrocarbons and reaction steps to ozone for
mation, radical initiation and termination, and NOr re
moval.

The counter species analysis has applications in any
problem where complex chemical reaction mechanisms
arise. Applications relevant to the field of atmospheric
hydrocarbon chemistry include the following:

(1) The first application is evaluating the performance
of "lumped" reaction mechanisms by applying the counter
species analysis to both the lumped and explicit mecha
nisms. One could then quantitatively evaluate how well
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Table V. Radical Source, Radical Sink, and NO" Removal Results from the Counter Species Analysis of the
Hydrocarbon/NO, Photooxidation Simulation

integrated rates

counter species radical radical
reaction(s) expression sources, ppb sinks, ppb

HCHO + I", 2C21 33.5
0 .. + hJl 2C3 24.8
CH,C(O)CHO + hI' 2C69 18.0
0, + butene 1.35C49 12.5
HONO + hI' C6-C4 11.7
CH,CHO + hI' 2C24 5.2
cresol + NO, C72 4.1
MEK + Iw 2C42 3.0
0, + propene 0.9C48 1.6
CH,C(O)CH, + hI' 2C43 1.5
0, + ethene 0.52C47 1.0
RCHO + hI' 2C39 0.5
HNO, formation C5 76.1
PAN formation 17.2
aromatic nitrate formation 0.25(C61 + C71) 5.4
nitrophenol formation C73 4.1
CH,CHO, reactions C54 + C55 + C57 4.0
alkyl nitrate formation 0.lC33 3.5
LNO, formation 2.9
alkyl-nitrate from OH + butene 0.lC46 1.9
CH,O, reactions C50 + C51 + C53 1.1
PPN formation 0.8
benzyl nitrate formation 0.25C74 0.2
HO,NO, formation 0.2
PBZN formation -0
H 20 2 formation C10 -0
HNO, formation C17 + C72
N,O, formation

117.4 117.4

NO,
sinks, ppb

76.1
17.2

5.4
4.1

3.5
2.9
1.9

0.8
0.2
0.2

-0
-0

8.6
0.4

121.3

0.080,-----------------------,

Figure 5. Counter species results for the hydrocarbon/NO, simulation.
Number of radical initiation and radical termination steps for the most
important radica~producing and radical-scavenging reactions.

Literature Cited

(1) Falls, A. H.; McRae, G. J.; Seinfeld, J. H. Int. J. Chern.
Kinet. 1979, 11, 1137-1162.

(2) McRae, G. J.; Tilden, J. W.; Seinfeld, J. H. Comput. Chern.
Eng. 1982, 6, 15-25.

(3) Koda, M.; McRae, G. J.; Seinfeld, J. H. Int. J. Chern. Kinet.
1979, 11, 427-444.

(4) Atkinson, R.; Darnall, K. R.; Lloyd, A. C.; Winer, A. M.;
Pitts, J. N., Jr. Adv. Photochem. 1979,11,375-487.

(5) Whitten, G. Z.; Killus, J. P.; Hogo, H. "Modeling of Sim
ulated Photochemical Smog with Kinetic Mechanisms"; U.S.
Environmental Protection Agency: 1980; EPA-6ooj3-80
028a, pp 1-348.

(6) Hendry, D. G.; Baldwin, A. C.; Golden, D. M. "Computer
Modeling of Simulated Photochemical Smog"; U.S. Envi
ronmental Protection Agency: 1980; EPA-600j3-80-029,
pp 1-207.

(7) Atkinson, R.; Lloyd, A. C.; Winges, L. Atmos. Environ. 1982,
16, 1341-1355.

(8) Killus, J. P.; Whitten, G. Z. "A New Carbon-Bond Mech
anism for Air Quality Modeling", final report to the U.S.
Environmental Protection Agency under Contract 68-02
3281,1982, pp 1-107.

(9) Dodge, M. C. "Combined Use of Modeling Techniques and
Smog Chamber Data to Derive Ozone-Precursor
Relationships"; U.S. Environmental Protection Agency:
1977; EPA-600j3-77-001a, pp 881-889.

(10) Falls, A. H.; Seinfeld, J. H. Environ. Sci. Technol. 1978,
12,1398-1406.

oxidant formation, radical initiation and termination, and
NO, sinks, as was illustrated for the Atkinson et a1. (7)
mechanism in this paper.

Registry No. 0a, 10028-15-6; HCHO, 50-00-0; CHaCHO, 75
07-0; CHaCH,CHO, 123-38-6; NO, 10102-43-9; NO" 10102-44-0.

RADICAL INITIATION'
-"- HCHO+hv
- - O,+hv
- . - CH,C(OlCHO+hv
- - 0, + butene

RADICAL TERMINATION:
-HNO,
---- PAN

.~--;,-:~:;?'c~-~~~~-;:.-
o0l"'"'-=6"0"""="'1:l2o;O=--ISLO--"2.L40,------3="0'-=0--3=-'-60

TI ME (Minutes)

E
0
~O.060

zo
~a: 0.040
>-z
w
u
5 0.020
u
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actual chemistry as depicted in the explicit mechanism.
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to see exactly how the corresponding lumped classes in
each mechanism compare with regard to 0 3 formation,
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mechanism predictions.
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Summertime Variations in Polycyclic Aromatic Hydrocarbons at Four Sites in
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• Variations in the summertime concentrations of selected
polycyclic aromatic hydrocarbons (PAH) collected by using
inhalable particulate samplers (IPM-D50 < 15 I'm) at four
sites in New Jersey are presented and examined. The
levels of PAH found in this study are consistent with other
urban values reported in the literature. While day-to-day
trends in PAH concentrations at the four sites were in
fluenced by regional meteorology, it appears that local
sources had the greatest influence on ambient levels.
Comparison of selected PAH with IPM, EOM (extractable
organic matter), and SO/- values at each site showed weak
correlations. However, intersite and intrasite Spearman
rank correlations among PAH were significant and suggest
a common type of source emitter at the urban locations
during the summer. The intersite correlations also reflect
the proximity of the four sites.

Introduction
Polycyclic aromatic hydrocarbons (PAH) are compo

nents of the organic aerosol which have both mutagenic
and carcinogenic properties (T). These pollutants have
been measured in ambient air for over 20 years, yet the
majority of these studies have only focused on the potent
animal carcinogen benzo[a]pyrene. Most recent studies
of P AH have been concerned with the determination of
average concentrations without regard to daily or seasonal
variations in atmospheric levels (2-5). In addition, some
limited research has been directed toward identifying PAH
sources (6-8). The present study, however, is directed
toward careful analysis of the daily and seasonal variations
of PAH concentrations, meteorological influences, relative
concentration of selected PAH (i.e., PAH profiles), and
correlations with other pollutants as well as measures of
biological activity. The latter point will be the subject of
another paper on the Ames mutagenicity assay of these
samples. The aim is to contribute to the understanding
of the environmental significance of this class of com
pounds.

The PAH study detailed here is a part of the New Jersey
Airborne Trace Element and Organic Substance (ATEOS)
program which has been described elsewhere (9-11). In
the present paper, results are reported from the summer
of 1981 field campaign. The daily variability between and

within sampling locales and relationships between docu
mented meteorological events and source types are ana
lyzed and discussed.

Experimental Section

Sampling. The sampling protocols and site descriptions
for the ATEOS program have been described in detail
elsewhere (9-11) and will only be briefly outlined. A
General Metal Works size-selective inlet (Dw < 15 I'm)
high volume sampler (40 CFM) was used to collect ambient
aerosol in preignited Gelman-AE fiberglass filters. IPM
samples were collected simultaneously by a colocated
size-selective inlet sampler which used Spectrograde fJ.iters,
thus allowing for analysis of additional pollutants.
Twenty-four hour sampling occurred from 10 a.m.-l0 a.m.
7 days per week at three urban sites (Camden, Elizabeth,
and Newark) and one rural background site (Ringwood)
for the 6-week period from July 6,1981, to August 14, 1981.
The four sites are shown on a map of New Jersey (Figure
1).

The Newark site, in northeastern New Jersey, is at the
interface of a highly industrialized area and a stable res
idential community; petrochemical, inorganic chemical,
leather tanning, truck and auto painting, and precious
metal recovery and refining facilities are located within 1
km of the site. Refineries and petrochemical and com
mercial areas are near the Elizabeth site which is about
8 km from the Newark site and within a residential com
munity. The Camden site, in the southwest part of the
state, is heavily influenced by a variety of industries located
along the Delaware River to the west as well as by the
Philadelphia airshed. Ringwood State Park is located in
the extreme northeast of New Jersey, some 60 km from
Newark.

Analysis. A complete description of the analytical
procedure is found elsewhere (10) and can be outlined as
follows. Airborne particulate matter collected on filters
was subjected to sequential Soxhlet extraction with cy
clohexane (CX), dichloromethane (DCM), and acetone
(ACE), and each fraction was subjected to rotoevaporation
and nitrogen gas blow down. The CX fraction was utilized
for PAH analysis. (Very small amounts of PAH remain
in the DCM fraction relative to the preceding CX fraction.)
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Table I. Geometric Mean Concentrations (MG) of Seleded I'olycyclic Aromatic Hydrocarbons (I'All) at Four Sites in New
Jersey during the Summer of 1981 ATEOS Program

Newark Elizabctb Camden Itingwood
b- -----

II" MG MG " MG " M(;

benzo[a jpyrenc (BaP) 33 0.23 28 0.14 29 0.20 II 0.06
benzo[c jpyrene (BeP) 37 0.18 34 O. ]3 37 0.14 11 0.03
benzol! jOuoranthene (BjF) 37 0.16 33 0.09 37 0.13 10 0.06
benzo[k jOuoranthene (BkF) 28 0.20 22 0.14 33 0.15 8 0.03
bcnzo[h jOuoranthene (BbF) 30 0.27 23 020 30 0.27 10 006
indeno[ 1,2,3-c£l jpyrenc (IedP) 29 0.46 27 0.26 27 0.34 12 0.09
benzo[Klii jperylene (BghiP) 36 0.56 33 0.41 35 0.35 10 009
coronene (Cor) 36 0.47 33 0.35 35 0.29 9 0.08
perylene (Per) 27 0.10 22 0.04 23 0.06 9 0.03
dibenz[ac janthracene (DBacA) 36 0.03 29 0.03 32 0.03 9 0.0 9

Q Number of resolvable samples. b MG :::: ~eometric mean concentration in ngjm.l. Valucs for 7[21-22 in Newark
(ng[m'): BaP, 8.74;BcP, 6.12;BjF, 6.50;EkF, 7.97;BbF, 11.16; IcdP, 16.36;BghiP, 9.52;Cor, not rcsolvablc;Pcr, 3.29;
DBacA,0.88.

NEW YORK

CONNECTICUT

"•• HOv,n
PENNSYLVANIA

DELAWARE

Figure 1. Site locations used in the ATEOS project and nearby ref
erence urban areas.

These steps were followed by addition of an internal
standard, I-methyltrypticene, and separation of the PAH
class from other CX-soluble organics using thin-layer
chromatography (TLC) on silica gel G plates (fluorescent
coated). The plates were developed with n-hexane-tolu
ene, 1:1. Tetrahydrofuran washing of the scraped TLC
adsorbent was followed by concentration under nitrogen
to about 0.1 mL and injection of 10-20 ILL into a high
performance liquid chromatography (HPLC) apparatus
operated in the reverse-phase mode using Perkin-Elmer
PAH/IO and Separations Group Vydac columns with
elution by aqueous acetonitrile (10). Eluting compounds
were monitored simultaneously by UV absorbances at 280
and 365 nm as well as fluorescence (360-nm excitation,
>440-nm emission).

Data Assurance. All sampling and analyses in the
ATEOS program are subject to a rigorous quality assur
ance and quality control (qa/qc) plan as described in a
previous report (10). The qa/qc for PAH includes com
parison with NBS standards, interlaboratory comparisons,
internal standards, spikes, blanks, Beer's law plots, daily
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standardization of instruments, and comparison of 280/365
nm UV ratios and UV/fluorescence ratios of the samples
to those of standards. In those instances in which the
identity of a compound could not be confirmed by these
ratios, the compounds's concentration was omitted from
the data set.

Results

The 6-week geometric means for 10 PAH compounds
measured during the summer of 1981 ATEOS campaign
are shown in Table I. Due to the low concentrations of
particulate organic matter found at the Ringwood site, this
data set represents 3-day composites. Generally, Newark
exhibited the highest PAH values, with Camden and El
izabeth being very similar and Ringwood having consid
erably lower values.

Figure 2 shows the daily variation in concentration for
benzo[a]pyrene at all four sites during the campaign. Lioy
et al. (J2) have shown in a previous analysis that there were
three episodes of regional photochemical smog, which were
characterized by high IPM, SOl-, ozone, and EOM (ex
tractable organic matter) levels. Although the levels of six
selected PAH [benzo[a]pyrene (BaP), benzo[e]pyrene
(BeP), coronene (Cor), benzo[ghi]perylene (BghiP), indeno
[1,2,3-cd]pyrene (lcdP), and benzoU]f1uoranthene (BjF)]
were also higher during episode (EP) than in nonepisode
(NEP) periods (Table 11), no strong relationship was noted
with the above pollutants (i.e" R,p < 0.6, p > 0.01; R,p =
Spearman correlation coefficients). These six PAH com
pounds were chosen because they include the most com
plete data set during these time periods. Values of R,p >
0.7 were only found for BaP and BjF vs. cyclohexane
soluble organics (CX) at the Newark site. It is clear that
the selected PAH concentrations can vary significantly
according to the influence of specific source emitters at
each site. For example, the extremely high levels in
Newark on July 21-22 were not found in Ringwood or
Camden. Unfortunately, the Elizabeth sample for that
date could not be resolved by HPLC analysis. However,
less localized pollution patterns can also be discerned
through statistical analysis. For example, when intersite
comparisons were made between the Newark and Eliza
beth sites (only 8 km apart), Spearman correlation coef
ficients for the six selected PAH were greater than 0.6 and
highly significant (p < 0.001; Table III). In contrast,the
correlations for PAH concentrations at these two northern
New Jersey urban sites with those at the southern urban
site, Camden, over 100 km distant, are much poorer (Table
III). It is also noteworthy that while the geometric means
for PAH were generally 50-80% higher for EP than NEP
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Figure 2. Daily concentrations of BaP measured at all ATEOS study sites during the 1981 summer study.

Table II. Geometric Mean Concentrations (M G ) of Six I'AH at the Three Urban Sites in Nonepisode Periods (NEp) and
Episode Periods (EI') durin~ the Summerof 1981

Newark Elizabeth Camden

NEp Ep NEp Ep NEp EP

11(1 M"
I,

/I MG /I MG /I MG n MG 11 MG

Bal' 2~ 0.21 9 0.33 20 0.12 8 0.22 21 0.23 8 0.22
Bel' 25 0.17 12 0.20 25 0.11 9 0.25 25 0.14 12 0.16
BjF 25 0.14 12 0.23 25 0.09 9 0.11 25 0.12 12 0.15
n~hiP 26 0.48 10 0.81 23 0.39 10 0.52 23 0.32 12 0.43
Icdp 20 0.55 9 0.89 17 0.30 10 0.57 16 0.44 11 0.46
Cor 26 c 0.20 10 0.43 24 0.18 9 0.30 34 0.17 11 0.19

(/ n = number or resolvable samples. lJ Concentrations arc reported in ngJrn.l. c' No data point for 7/21-22 day;see
footnote b 01" Table I.

Table III. Intersite Spearman Rank Correlations (11 51,) for Six PAH and Cyclohexane-Soluble Organics (CX)

BaP Bel' BjF IcdP BhgiP Cor CX

Elizabeth/Newark
Camden/ ewark
Camden/Elizabcih

" Significant at fJ .' 0.00 J.

0.76"
0.29
0.03

0.63"
0.52
0.37

0.62"
0.26
0.18

0.84"
0.51
0.44

0.63"
0.37
0.37

0.75"
0.52
0.45

0.83"
0.39
0.45

at the Newark and Elizabeth sites, the corresponding in
crease at Camden is generally less than 25% (Table II).
This parallels the findings for EP/NEP comparisons of
EOM (10) at the urban sites in which Newark and Eliza
beth levels increased by 70-100% at Newark and Elizabeth
and only 40--60% at Camden. Spearman rank correlations
for the selected PAH within each of the urban sites reveal
R,p > 0.70 that were significant at the p < 0.001 level,
indicating that similar types of PAH sources were present
near each site. The PAH compound distributions (or
profiles), shown in Figure 3, were also similar.

Discussion
The levels of PAH reported here are similar to those

found in other U.S. urban areas in the summer (I) and at
a number of monitoring sites in New Jersey during 1979
(13). Sumertime PAH levels tend to be at a minimum,
reflecting changes in prevailing meteorology and a lack of
a major PAH source, residential fossil fuel combustion for
heating (1). While one would also anticipate greater
photochemical and chemical decomposition (e.g., with
ozone) during the summer period, the similarities between
relative proportions of different PAH (i.e., PAH profiles)

when summer and winter samples are compared are strong
(13). Clearly, more research is needed in this area in order
to understand ambient PAH profiles in terms of sources
and atmospheric decomposition pathways.

The major PAH source during the summer in New
Jersey is most likely motor vehicle emissions, an area
source, although specific point sources may have a dis
proportionately large impact on ambient concentrations
on individual days at each of the urban sites. An analysis
of the information from the summer of 1981 campaign
indicates the importance of motor vehicle emission con
tributions to ambient PAH levels. The daily variations
in concentration of the PAH are similar for the Newark
and Elizabeth sites even though the point sources in these
two areas differ (e.g., see BaP in Figure 2). Source com
monality is supported by similarities in PAH profiles
measured at each site (Figure 3). It should again be noted
that site proximity for Newark and Elizabeth strengthens
the observed correlation. It must also be noted that New
Jersey has the highest motor vehicle density in the United
States and that motor vehicles are major sources for a large
number of organic air pollutants (14-16). A comparison
of the ratios of five selected PAH (BeP, BjF, IcdP, BghiP,
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Table IV. (A) Ratios of Sdectcd PAil to BaP from
Summer vf 1981 ATEOS CampaiKn durin~ Non<'pisodc
Periods (NEp) and Episode Periods (EP) and (B) PAil :BaP
Ratios Derived from Tunnel and Exhaust Data

O.l (A) Amhi"nt Studies

NEp Epa NEp EP NEP EP NEP EP

BaP 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Bel' 0.9 0.6 0.8 1.0 0.7 0.7 3.6 0.5
BjF 0.7 0.7 0.6 0.7 O.G 0.7 0.8 0.7
ledP 2.3 1.7 1.8 2.2 1.8 1.5 1.0 1.8
B~hip 3.0 2.2 2.8 2.4 1.7 1.7 1.2 1.2
Cor 2.4 1.8 2.4 2.3 1.6 1.3 0.8 1.8

(B) Tunnel and Exhaust Studies

sources in the area of the Newark site can be deduced from
selected PAH:BaP ratios observed on 7/21-7/22 (see Table
I). On that day, the PAH levels were virtually as high as
the sum of all the other campaign days. Specifically, the
IcdP:BaP and BghiP:BaP ratios (1.3 and 1.1, respectively)
were considerably lower than the NEP ratios (2.3 and 3.0,
respectively).

The poor correlations of the selected PAH with IPM,
SO/-, and ozone found in this study are not surprising
considering that PAH are primary pollutants and, during
the summer season, SO/- and ozone are secondary con
taminants and will be a combination of some locally pro
duced and transported material. Both SO/- and ace
tone-soluble matter are the two components that have been
determined to dominate daily IPM variability in New
Jersey during the summer (II). Acetone-soluble matter
and SO,2- make up nearly 50% of the [PM and together
furnish the most likely explanation of the weak correlations
between IPM and PAH. Only the CX fraction shows any
significant correlation with PAH, and this correlation is
strongest for the Newark site. Since the above arguments
indicate that there are non-motor vehicle sources at the
Newark site, one must anticipate the presence of industrial
sources emitting both CX and PAH. A potential source
category for the PAH at the Newark site is secondary
nonferrous metal smelters. This point finds some support
in the data analysis since the CX fraction was significantly
correlated (R,p > 0.70, p g 0.001) with Pb, Cu, Fe, Ni, and
Zn. However, more summer samples and wind rose
analyses will be necessary to evaluate the significance of
this source type.

Conclusions
The daily levels of selected airborne particulate PAH

in New Jersey during the summer of 1981 are presented.
Spearman rank correlation coefficients were significant for
six selected PAH for certain intersite as well as intrasite
comparisons. These results, along with selected PAH:BaP
ratios and correlations with Pb, indicate that motor vehicle
traffic was the major PAH source during the summer. The
influence of additional non-motor vehicle PAH sources is
apparent at the Newark site, and their influence was
particularly significant on July 21-22, when PAH levels
were virtually equal to the other sampling days combined.

a Newark values do not include 7/21-22 data.

sam[1le
type

tunnel
iu nne!
tunnel
exhaust
exhaust

Ringwood

2.3
2.3
2.8

4.0

BghiP:!laP

Ca:":1t.!PIlElizaiH'ihNpwark

Cor:!laP

Grimmer et a!. (/7) I.G
Kebhekus et a!. (Iii) 2.5
Handa et al. (4)
Lee ct a!. (19) I.G
Grimmer(14) 2.5

0.'

O.l

and Cor) to SaP, to source emissions data from the lit
erature (4, 14, 17-19), is appropriate for analyzing the
impact of automotive emissions on New Jersey (Table IV).
A number of observations can be made from this com
parison. The PAH:BaP ratios change only slightly at the
urban and rural sites for summertime episodic (EP) and
nonepisodic (NEP) periods, with the greatest difference
occurring at the Newark site. Since BghiP and Cor levels
are indicative of motor vehicle contributions to ambient
PAH levels, the ratios of these two compounds to BaP can
be used as indicators of the relative contribution of this
source to atmospheric PAH concentrations in New Jersey
during the summer of 1981. Both tunnel and automobile
exhaust studies (Table IV) have produced a number of
different Cor:BaP and BghiP:BaP ratios. These ratios
differ between studies due to differences in sampling and
analytical methods, in sampling season, and, in the case
of tunnels, in motor vehicle composition and exhaust
circulation rates. For the purposes of this report, ratios
of Cor:BaP = 2.5 and BghiP:BaP = 2.3 are adopted from
recent studies in the Lincoln and Holland Tunnels (I8)
which connect New York City and northeastern New
Jersey. Tunnel and exhaust condensate ratios are pres
ented in Table IV for comparison. The ratios from the
tunnel samples are more appropriate for comparison for
two reasons: first, the analytical procedures are identical;
second, the motor vehicle composition in the tunnels
should be similar to the traffic composition at the urban
New Jersey sites. On the basis of the ratios, it appears that
the Elizabeth site is affected primarily by motor vehicle
emissions during EP as well as NEP. In contrast, Newark
seems to be influenced by motor vehicles during NEP, but
additional sources are important during EP. These ob
servations are not surprising considering that these two
sites are only 8 km apart and contain a high density of
motor vehicles. However, the presence of other PAH

~Idz. 0.2.

D.l

Figure 3. Histogram of arithmatic mean concentrations of selected
PAH measured at all ATEOS study s~es during the 1981 summer study.

0.'

290 Environ. Sci. Technol., Vol. 18. No.4, 1984



Environ. Sci. Techno/. 1984, 18, 291-294

This serves to reemphasize the well-known limitations in
occasional, as opposed to daily, sampling.
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Butyltin Compounds and Inorganic Tin in Sediments in Ontario
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• A method has been developed for the analysis of bu
tyltin species and inorganic tin in sediments, and the
presence of these compounds in sediments in Ontario is
reported for the first time. Although inorganic tin occurred
frequently in sediments collected around the province,
butyltin species were found mainly in the sediments of
harbors, reflecting earlier findings on their occurrence in
water, with which these findings are compared. Tri-n
butyltin, the most toxic of the butyltin species to aquatic
life, was present at 0.5 mg/kg (dry weight) in the top 2 cm
of sediment in Toronto Harbour. In addition, tri-n-bu
tylmethyltin and di-n-butyldimethyltin were found in the
sediment of a few harbors, indicating that some butyltin
species can be methylated in aquatic environments.

Introduction

Organotin compounds are used in three main ways, viz.,
as stabilizers for polyvinyl chloride, as catalysts, and as
biocides (1). The increasing annual use of organotin

compounds raises the possibility of environmental pollu
tion. Organotin compounds are a class of compounds
about which more information is sought under Canada's
Environmental Contaminants Act (2) regarding toxicology
and environmental fate. Recently we reported the oc
currence of butyltin species and inorganic tin in water at
30 locations in Ontario (3); this article reports a method
for the analysis of butyltin species and inorganic tin in
sediments and the concentrations of these compounds in
sediments collected at the same time as the aforemen
tioned water samples.

Experimental Methods

Materials. Bis(tri-n-butyltin) oxide (97%), di-n-bu
tyltin dichloride (96.5%), n-butyltin trichloride (95%), tin
(99.9%), and 2 M n-pentylmagnesium bromide in diethyl
ether were from Ventron (Danvers, MA) (three different
lots of n-pentylmagnesium bromide purchased after this
work was completed were found to contain unacceptably
high concentrations of the four butylpentyltin compounds,
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Table I. Recoveries of Butyltin Species and Inorganic Tin from "Spiked" Sediment"

% recovery

spiked concn, mgjkg BuJSn+ Bu 2Sn1t BuSn 3 + Sn(IV)

100 108'- 11 97 .. 6 94 ' 9 96 ' 21
1 63,- 35 180'- 100 5~ ~ 26 L05 ' 29
0.2 81 '- 31 119'- 34 74 ' 29 101 ' II
0.01 106 '- 12 98 '. 13 103 ' 7

Bu ,MeSn Bu,Me,Sn

9[) t 8 71 , 1·1
10·' , 6 55 ' 16
96 ' 5 ·L8 ' 12
94 , II 34 II

" Average figures of triplicate determinations on both test sediments.

BU"Pe4_nSn); 2-hydroxy-2,4,6-cycloheptatrien-l-one (tro
polone) was from Aldrich (Milwaukee, WI); Florisil was
from Fisher Scientific (Toronto, Ontario); sulfuric and
hydrochloric acids were Aristar grade from BDH Chemi
cals (Toronto, Ontario); all organic solvents were pesticide
grade from Caledon Laboratories (Georgetown, Ontario);
water was distilled and passed through a "Milli-Q" system
(Millipore Ltd., Mississauga, Ontario). Butylpentyltin
(BunPe4_nSn) standards were prepared and purified ac
cording to the method of Maguire and Huneault (4).
Butylmethyltin (BunMe4_nSn) standards were gifts, pre
pared according to the method of Chau et al. (5).

Extraction of "Spiked" Sediment. One gram of
freeze-dried test sediment (from the middle of Lake On
tario), which had been ground with a mortar and pestle,
was "spiked" with a hexane solution of bis(tri-n-butyltin)
oxide, di-n-butyltin dichloride, and n-butyltin trichloride.
The mixture was rotated on a rotary evaporator for 15 min,
then the hexane was evaporated and 0.01 mL of Sn(IV)
in 10% HCI was added to the sediment, and the sediment
was tumbled for another 15 min on the rotary evaporator,
but no attempt was made to evaporate the small quantity
of water. The sediment was then refluxed for 2 h with 0.25
g of tropolone in 100 mL of benzene, a complexing
agent-solvent system which had earlier been shown to be
effective for the extraction of butyltin species and Sn(lV)
from water (4). The mixture was filtered, and volatile
butylpentyltin (BunPe4_nSn) derivatives for gas chroma
tographic analysis were prepared by refluxing the filtrate
with 10 mL of n-pentylmagnesium bromide for 1 h. Excess
GrignaI'd reagent was deactivated by adding 50 mL of 1
N H2S04, and the organic layer was separated, dried, and
reduced to ca. 1 mL of a deep red solution. This solution
was applied to a 2 cm i.d. x 0.5 m column of activated
Florisil and eluted with ca. 400 mL of hexane. The hexane
solution was evaporated to 1.0 mL of a colorless or faintly
yellow solution and analyzed by gas chromatography with
a modified flame photometric detector (4). "Spiking"
experiments were done in triplicate at 100, 1,0.2, and 0.01
mg/kg (dry weight) of the butyltin species and Sn(IV),
with two test sediments from the middle of Lake Ontario.
Each solution to be analyzed was injected 3-5 times into
the gas chromatograph. Appropriate reagent and sediment
blanks were analyzed in a similar fashion. Chromato
graphic conditions were as described previously (4), with
the exception that the 3% OV-225 column was held ini
tially at 135°C for 10 min, followed by a 50 Co /min rise
to 230°C, at which temperature it was held for 5 min. This
high-temperature cycle was necessary to preserve the
sensitivity of the detector.

Subsequent chromatographic analyses of the sediment
extracts showed the presence of tri-n-butylmethyltin and
di-n-butyldimethyltin in some samples; therefore, the ef
ficiency of extraction of these two compounds under the
conditions described above was also examined. For these
two compounds, the OV-225 column was held at 70°C for
2 min, followed by a 10 Co/min rise to 230°C and a final
"hold" at 230 °C for 5 min.
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Sample Collection and Analyses. Sediment samples
were collected with an Ekman dredge at various locations
in Ontario in the summer of 1981. The top 2 cm was
scraped off into glass jars. The sediment was air-dried,
stones and pieces of wood were removed, and the sediment
was ground with a mortar and pestle. Three l-g samples
of each sediment were extracted and analyzed as described
above. Determination of concentrations was done by
comparison of peak areas to those of known standards on
the OV-225 column. Confirmation of identity was done
by cochromatography with known standards on the
OV-225 column and a 3% OV-l column. For the butyl
pentyltin derivatives the temperature of the OV-l column
was held at 170°C for 10 min, followed by a 50 Co /min
rise to 230°C and a 5-min hold at 230°C. For the bu
tylmethyltin derivatives, the temperature of the OV-l
column was held at 120°C for 2 min, followed by a 10
Co /min rise to 230 °e and a 5-min hold at 230 °e. Each
solution to be analyzed was injected 3-5 times into the gas
chromatograph. Appropriate reagent blanks were analyzed
in a similar fashion. A chromatographic peak was not
accepted as real unless it was at least twice as large as any
corresponding peak in the reagent blank. Particular at
tention was paid to the possibility of methyl magnesium
bromide contamination of the n-pentylmagnesium brom
ide, but no contamination was evident.

For brevity, each of the n-butyltin species is referred to
here as though it existed only in cationic form (e.g.,
BU3Sn+, where Bu = n-butyl); this formalism is not meant
to imply exact identities for these species in sediment.

Although Sn(lV) was the only inorganic tin species for
which recoveries were determined, the inorganic tin present
in the sediment samples is reported as total recoverable
inorganic tin, since it has been shown that hydride de
rivatization of either Sn(lV) or Sn(ll) yields SnH4 (6), and
thus, any Sn(II) that may be present in the sediments may
similarly be pentylated to Pe4Sn.

Results and Discussion

Table I shows that, in general, and at times within a
fairly wide range of experimental error, the recoveries of
BU3Sn+, BU2Sn2+, BuSn:l+, and Sn(lV) from sediment were
quantitative, and so the recoveries reported below for the
field samples were not corrected. Recovery experiments
with Sn(lV) below 0.2 mg/kg could not be done because
the two test sediments contained enough naturally oc
curring tin to dwarf the spike. The minimum detectable
concentration in sediment of each butyltin species and
inorganic tin was about 5 I'g/kg (dry weight). After the
presence of BU3MeSn and BU2Me2Sn in the sediment ex
tracts was discovered, their recoveries from sediment using
the above method were determined and are also shown in
Table I. BU3MeSn extraction was quantitative, but there
were significant losses of BU2Me2Sn, probably largely due
to volatilization during rotary evaporation of solvent (4).
Recoveries of these two compounds from the field samples
reported below were also uncorrected, and the minimum



Table II. Concentrations (mg/kg Dry Weight) of Butyltin Spp.cies and Total Recoverable Inorganic Tin (TRIT) in
Top 2 cm of Sediment"

(1.25'0.47)x 10-' (7.35 ! 3.03) X 10- 2 (2.32 ± 0.51) X 10- 2

(1.29' 0.30) X 10' , (6.49' 1.97) X 10- 2 (9.38 ± 1.86) X 10- 2

(3.09 • 0.62) X 10- 2 (8.97,- 0.72) X 10- 3 (1.41 ± 0.04) X 10- 2

(5.39 • 0.66) X 10' , (3.48 '. 1.91) X 10-' (5.80 ± 0.99) X 10-'
(1.]0' 0.20) X 10-' (4.86 ± 0.60) X 10- 2 (1.38±0.17)X 10- 2

(4.09" 0.26) X 10- , (1.52 ± 1.02) X 10-'

[TRIT]

(4.39 ± 0.20) X 10-'
(4.0P'± O.IO)x 10-'
1.00 ± 0.03

(5.92 ± 0.30) X 10- ,
(7.23 ± 0.20) X 10- ,
(5.22 ± 0.36) X 10-'
1.74 ± 0.04

(2.08 ± 0.22) X 10-'
(6.85 ± 0.5'/) X 10-'
1.12 ± 0.05

(7.70 ± 0.44) X 10-'
(1.14 ± 0.27) X 10-'
(3.14 ± 0.09) X 10-'
(2.36 ± 0.10) X 10-'
5.13 ± 0.15

(1.31 ± 0.11) X 10-'
1.45 ± 0.04
1.59 ± 0.05

(5.78 ± 0.22) X 10-'
(8.20 ± 0.94) X 10- 2

[BuSn"][Bu,Sn"1IBu,Sn'1location

Lake Superior (Thunder Bay)
Lake Supcrior (Red Rock)
Turkey Lake 2
TurkEy Lake 3
Turkey Lake 4
Turkey Lake 5
Sault Ste. Marie Harbor
Nepewassi Lake (Sudbury)
Lake Nipissing (North Bay)
Plastic Lake
Owen Sound Harbm
Lake Sl. Clair (marina)
Port Dover H,rbor
Grand River (mouth)
Toronto Harbor
Whitby Harbor
Belleville Harbor
Kingston Harbor
St. Lawrence River 1
St. Lawrence River 2

a Precise sampling: locations arc availahle upon request.

detectable concentration of each compound was also about
5 /lg/kg (dry weight).

Table II shows the concentrations of BU3Sn+, BU2Sn2+,
BuSn3+, and inorganic tin in sediment at various locations
in the province. This table omits several locations at which
water samples were collected (cf. ref 3) but at which (i) no
butyltin species or inorganic tin was detected in the sed
iment (Turkey Lake 1 and Collingwood Harbour), (ii)
sediment samples were not collected at the same time as
the water samples (Hamilton Harbour), or (iii) sediment
sampies could not be obtained because of the nature of the
lake or river bottom (Marathon, Ramsey Lake, S1. Clair
River 1, 2, and 3, Mitchell Bay, and Thames River). The
results of Table II are in general greement with the ob
servations of butyltin species and inorganic tin in the
waters (3) overlying the sediments. Inorganic tin was
widespread, and butyltin species were present in harbors,
most likely because tributyltin compounds are used in
some antifouling boat paints and paints for dock structures
(I). These results are also consistent with those of Seidel
et al. (7), who found Sn(lV) and BuSn3+ in California
coastal sediments in areas where there was extensive
boating or shipping, at concentrations up to 11 and 0.01
mg/kg (dry weight), respectively. In this study, Toronto
Harbour contained the highest concentration of BU3Sn+
of any sediment collected, about 0.5 mg/kg (dry weight).
Tri-n-butyltin is the most toxic of the butyltin species to
aquatic biota, with an LD:ijg value of 5 /lg/L for rainbow
trout yolk sac fry (8). The toxicological significance of high
concentrations of BU3Sn+ in sediment has yet to be es
tablished; however, it is worth noting that the BU3Sn+
concentration in the subsurface water of Toronto Harbour
was 0.84 /lg/L (3).

The earlier observation of surface water microlayer
concentrations of butyltin species 10' times greater than
subsurface water concentrations at some locations (3)
prompted an estimate of the relative amounts of butyltins
in the two "compartments" and showed that at some lo
cations the surface microlayer contained a significant
amount of butyltin species compared to that contained in
the whole depth of underlying water. The sediment results
now allow the amounts of butyl tin species in the surface
microlayer to be put into better perspective.

An estimate of the amounts of butyl tin species and in
organic tin in the surface microlayer, subsurface water, and

top 2 em of sediment was made by (i) considering a sample
of water of length, width, and depth A, B, and C meters,
respectively, upon which rests a microlayer D meters thick,
and which itself rests upon a layer of sediment E meters
thick, (ij) supposing that the concentration of the com
pound of interest is X micrograms per liter in the surface
microlayer, Y micrograms per liter in the subsurface water,
and Z milligrams per kilogram in the sediment, and (iii)
assuming that X, Y, and Z are invariant with their re
spective depths or thicknesses. The amount (/lg) of the
compound of interest in each compartment is thus 103
ABDX for the surface microlayer, 103ABCY for the sub
surface water, and 106 dfABEZ for the sediment, in which
case d, the density (g of sediment wet weight/mL of sed
iment), is assumed to be 1.4 (9), and f (g of sediment dry
weight/g of sediment wet weight) is 0.5, the average figure
for the 20 locations in this study.

The amounts of the butyltin species and inorganic tin
in each compartment were estimated with the earlier data
(3), Table II above, and with E = 0.02 m and A = B = 1
m. The results are shown in Table III. The estimates
were only made for those locations in which a particular
species was present in every compartment, with the ex
ception of Toronto Harbour; therefore, there are no esti
mates for BuSn3+. The results show that in 16 of 20 cases
the sediment contained more than 50% of the butyltin
species or inorganic tin and that in the remaining 4 cases
the subsurface water contained more than 50% of the
butyltin species or inorganic tin. In Whitby Harbour, the
surface microlayer contained 10% of the BU2Sn2+ present
in all three compartments; however, in general, it can be
concluded that although high concentrations of butyltin
species in surface microlayers may pose a hazard to sur
face-dwelling biota, for purposes of calculating mass bal
ance the carrying capacity of the surface microlayer for
butyltin species is insignificant.

The biomethylation (10--15) and chemical methylation
(16, 17) of inorganic tin and methyltin species have re
ceived a good deal of attention lately, but there have
heretofore been no reports of biological or abiotic meth
ylation of organotin species other than methyltin com
pounds. Blair et al. (13) were unable to detect BU3MeSn
in cultures of tributyltin-resistant bacteria which had been
inoculated with BU3SnCl, and Guard et al. (11) asserted
that biomethylation of BU3Sn+ would not likely be more
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22.8' 7.7
15.0 '.4.0

[Bu,MeSn] [Bu,Me,Snl

10.9 , 3.6 12.3 '. 3.1
11.1, 6.0

Table III. Estimates of Amounts (I'g) per m' of
Butyltin Species and Total Recoverable Inorganic Tin
(TRIT) in Surface Microlayer, Subsurface Water, and
Top 2 em of Sediment

amounts,l'g/m'

surface subsurface
location microlayer water sediment

BujSn+

Lake St. Clair 3.05 5.82 X 10' 1.75 X 10'
(marina)

Toronto Harbor 4.20 X 10' 7.55 X 10'
Whitby Harbor 8.40 X 10-' 2.50 X 10' 1.54 X 10'
Kingston Harbor 2.88 X 10-' 5.00 X 10' 5.73 X 10'

BU2Sn2~

Lake St. Clair 6.42 1.46 X 10' 1.03 X 10'
(marina)

Toronto Harbor 8.76 X 10' 1.35 X 10' 4.87 X 10'
Whitby Harbor 1.35 X 10' 4.50 X 10' 6.80 X 10'
Kingston Harbor 2.34 1.50 X 10' 2.13 X 10'

TRIT

Turkey Lake 2 2.54 X 10' 6.36 X 10' 1.40 X 10'
Turkey Lake 4 2.53 2.40 X 10' 1.01 X 10'
Sault Sle. Marie 2.34 1. 21 X 10' 2.43 X 10'

Harbor
Owen Sound 1.25 X 10' 1.28 X 10' 1.08 X 104

Harbor
Lake St. Clair 3.96 X 10-' 1.20 X 10' 1.60 X 10'

(marina)
Porl Dover 1.50 X 10-' 5.00 X 10' 4.40 X 10'

Harbor
Toronto Harbor 3.43 5.20 X 10' 7.18 X 10'
Whitby Harbor 3.80 X 10' 1.05 X 10' 1.83 X 10'
Belleville Harbor 4.80 2.65 X 10' 2.03 X 10'
Kingston Harbor 2.76 3.40 X 10' 2.23 X 10'
St. Lawrence River I 8.40 X 10-' 8.00 X 10' 8.09 X 10'
St. Lawrence River 2 4.80 X 10-' 1.40 X 10' 1.15 X 10,'

Table IV. Concentrations (I'g/kg Dry Weight) of
Methylated Butyltins in Top 2 em of Sediment

location

Port Dover Harbour
Grand River (mouth)
Toronto Harbour
Kin~ston Harbour

._-------------

than a minor process. Table IV shows that BU3MeSn and
BU2Me2Sn were found in the sediment of some harbors
which also contained butyltin species. Since tetraalkyltin
compounds do not have dispersive uses with regard to the
environment but are mainly used as intermediates in the
production of other organotin compounds (18), it is un
likely that the BU3MeSn and BU2Me2Sn were of anthro
pogenic origin. Thus, it appears that not only (i) can
BU3Sn+ and BU2Sn2+ be methylated in aquatic environ
ments but also (ii) methylation may be a significant
pathway of transformation for the butyltin species since
the concentrations of BU3MeSn and BU2MezSn in sediment
at the locations shown in Table IV vary between 4 and 8%
and between 19 and 124%, respectively, of the concen
trations of BU3Sn+ and BU2Sn2+. Research is in progress
on the relative contributions of abiotic and biological
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pathways to the degradation or transformation of BU3Sn+
in Toronto Harbour.
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CORRESPONDENCE

Comment on "Partition Equilibria of
Nonionic Organic Compounds between
Soil Organic Matter and Water"

SIR: The article of Chiou et aI. (I) stated that sorption
of nonionic organic compounds on soils from water solution
occurs by equilibrium partitioning into a soil organic phase
and that adsorption by minerals is relatively unimportant
in wet soils. Evidence presented by Chiou does not prove
a partitioning model of sorption to the exclusion of a
physical adsorption model. The partitioning model ap
parently was chosen as a convenient explanation of the
effect of soil organic matter on sorption of nonionic com
pounds and its relation to the sorbate octanol-water
partition coefficient. Chiou et aI. (I) have assumed without
proof that a particular relation between organic content
and sorption is valid for all soils. Although there is a
correlation between organic content and sorption, con
siderable variation exists between soils (2,3). Hamaker
et al. (4) observed that K om values for soils with high or
ganic content are usually lower than K om values for
"normal" soils and that soils with very low organic content
give high K om values.

Shin et al. (5) found that adsorption of DDT on soil
extracted with ether or alcohol was considerably enhanced
over that for the unextracted soil. Solvent extraction re
moved selected organic species with little change in total
organic content. This change in soil sorption with change
in soil organic matter composition is a strong argument
against a partitioning model.

Adsorption of nonionic organic compounds by soil
minerals is not insignificant. Macintyre et al. (3) and
Pierce et aI. (6) observed significant adsorption by natural
and synthetic clay minerals. Natural sediments whose
organic matter has been removed by H20 2 digestion show
adsorption ranging from 25% to 150% of that for non
digested sediments (3,5-7). Anomalously high Kom values
calculated for soils with very low organic content may be
explained by adsorption by mineral phases.

Application of the Flory-Huggins theory, or of a par
titioning model, to soil organic matter requires several
unproven assumptions and is not needed to explain the
variation of the measured distribution coefficient with
sorbate solubility. Chiou's relationship of K om with sorbate
solubility provides no information about Kom because only
one soil of fixed organic content and composition was
studied. The distribution constant-sorbate solubility re
lation is reflective of the degree of incompatibility of
nonionic solutes with water. Compounds of low solubility
are excluded from the water structure and associate with
surfaces, producing higher distribution coefficients.

Chiou et al. (I) use the observed linearity of adsorption
isotherms and absence of competitive effects as evidence
for a partitioning mechanism. Such behavior is also con
sistent with a physical adsorption model in which each of
the soil minerals and organic phases is considered as a
separate adsorbent. Isotherms based on physical adsorp
tion models can have a wide linear range. Isotherms are
linear when there is considerable free substrate available
to adsorb more sorbate molecules. The sparing water
solubility of nonionic organics may limit maximum con
centrations to values still within the linear portion of the
adsorption isotherm. Noncompetitive sorption of 1,3-di-

cWorobenzene and 1,2,4-trichlorobenzene can be predicted
by a physical adsorption model. Macintyre et al. (3) ob
served similar noncompetitive sorption for components of
hydrocarbon mixtures on clays and sediments. The clays
contained little organic matter so partitioning into an
organic phase was unlikely. The affinity for adsorption
sites of sorbate molecules of such size and molecular
structure must be similar since van der Waals forces
predominate. Failure to observe competitive adsorption
is therefore not surprising.
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SIR: In their argument against the partitioning as the
major process of soil sorption from water, Macintyre and
Smith (I) cited (i) the variation of K om values among soils
and (ii) the enhancement of soil sorption with (partial)
removal of soil organic content. They thereby suggested
that (iii) the adsorptive contribution by soil minerals in
aqueous systems is important. They also questioned (iv)
the significance of the log Kom-log Sw (water solubility)
relationship derived by application of the Flory-Huggins
theory for solutes in soil humic phase and (v) the criteria
for partition equilibria based on isotherm linearity (or,
more strongly, failure to observe nonlinearity) and absence
of solute competition even at high relative concentrations
in soil sorption. In a recent article, Mingelgrin and Gerstl
(2) have made similar inquiries to the validity of the
partition concept.

We have stated quite clearly in our paper (3) that the
K om values of a compound in different soils can vary to
some extent since the composition of the humic compo
nents is not constant. Another important factor not il
lustrated before that affects the K om value is the effect on
the water solubility of relatively insoluble solutes by humic
components that get dispersed from soil into water (either
in dissolved state or in association with colloidal soil
particulates) (4,5), and which may not be effectively spun
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down even at high gravity. The resulting effect on the
apparent K om can be rationalized as follows.

The concentration of the solute in humic-containing
water (C:) differs from that in pure water (Cw) by the
relation

(1)

where x is the mass of the dispersed humic components
per unit volume of water and K is the concentration ratio
of the solute between the dispersed humic materials and
water. The magnitude of x depends obviously on factors
such as the organic content and composition of the soil and
the water-to-soil ratio used in sorption experiments. K
appears to have the same magnitude as Kom on the basis
of the data of Carter and Suffet (6) and Wershaw et al.
(7) for DDT in humic-containing water in comparison with
the Kom value of DDT (8).

In practically all sorption studies, no distinction has been
made between C: and Cw , and C: has been used as the
abscissa scale in the isotherm plot of soil uptake vs.
equilibrium concentration in water. The amount sorbed
is normally calculated by difference based on C:. When
x is moderately low (say, <100 ppm), there will be hardly
any change in the humic content of the bulk soil with usual
soil-water ratios in sorption experiments. By eq 1, C: will
not be significantly different from Cw for relatively
water-soluble solutes having K om < 1000, for example.
With K om in the order of 105, as for DDT, C: will, however,
be many times greater than Cwo Carter and Suffet (6) show
that C: is about 4Cw for DDT with x = 16 ppm for a
natural humic acid in water. Thus, when C: is used to
calculate Kom , the amount of the humic substances in water
at the level cited could easily influence the apparent K om
value of DDT by a factor of 4 without even taking into
account the effect of humic composition of the bulk soil
phase. This effect is also evident in the studies of Means
et al. (9, 10) on the sorption of relatively insoluble aromatic
compounds from water on soils/sediments, where, for in
stance, the highest equilibrium concentrations (C:) of
pyrene in the reported (linear) sorption isotherms are 5-20
times higher than the solubility of pyrene in pure water.

In the studies of Shin et al. (J 1) and Pierce et al. (J2)
with DDT, the pretreatment of the soils/sediments with
organic solvents or with H20 2 apparently removes part of
the soil organic content that may get dispersed from soil
into water. The apparent K om (or K oc) values calculated
for DDT would thus be higher for the treated soils than
for the untreated soils by the reason stated above. For soils
rich in organic content (such as peat and muck), there
would likely be larger amounts of dispersed humus (as the
solution is usually intensely colored), thus giving lower K om

values compared to those for "normal" soils with or without
soil treatments. It should be noted that the commonly
applied H20 2 digestion method does not remove "all" the
organic content of the soil (J3). Thus, the variation of K om
in different soils and the enhancement of Kom with solvent
or reagent treatments of the soil cannot be taken as a
rigorous basis for the significance of the adsorptive con
tribution by soil minerals from water, where the sorption
isotherms show no obvious curvatures from low to high
relative saturations (8, 14, 15).

In most reported studies on the uptake of organic solutes
from water on clay minerals, it happens that trace amounts
of the organic matter in clay have often been ignored in
data analysis. A closer examination of the data reveals its
significance. For instance, the uptake of lindane from
water on Ca-Staten peaty muck (22% organic matter),
Ca-Venado clay (6% O.M.), and Ca-bentonite clay (~0.3%
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O.M. by our analysis) in the study of Mills and Biggar (16)
bears a close relationship to the respective organic con
tents. Karickhoff et al. (17) have vividly illustrated that
the sorption of hydrocarbons on given sediment particle
size isolates (including clay fractions) is closely related to
the particle organic carbon content. In our study on the
uptake of lindane from water on Woodburn soil (1.9%
O.M.) and Ca-bentonite, the isotherms are linear with
capacities in close proportion to their organic contents. It
thus appears that while one cannot rule out some linear
adsorption of organics from water on soil minerals, this
effect would be of lower magnitude than the uptake by the
organic content in normal soils.

Our partition equation relating log Kom with log Sw was
derived indeed with the basic assumptions contained in
the Flory-Huggins theory. In spite of these assumptions,
the Flory-Huggins theory has been widely accepted as a
norm to the thermodynamic activity of small molecules
in (amorphous) polymers. Our equation was formulated
with the intent of expressing the effect of solute-water
incompatibility (as given by log Sw) and the effect of so
lute-humic polymer incompatibility (on the basis of the
Flory-Huggins theory) on log Kom . It is well-known that
the swelling of amorphous polymers resulting frC'm sorp
tion of small molecules is basically a solubility phenomenon
rather than an adsorption phenomenon (18-21). The ap
plication of the Flory-Huggins theory in our treatment is
merely to comply with this criterion.

Interpretations given by MacIntyre and Smith (1) and
by Mingelgrin and Gerstl (2) on the isotherm linearity and
its implication on sorptive mechanisms are misleading.
The linearity should be properly evaluated in terms of the
relative saturation (the ratio of equilibrium concentration
to solubility) rather than the absolute concentration of the
solute in the medium from which it is sorbed. For solutes
of sparing water solubility, high saturations are reached
when equilibrium concentrations are close to solubility
limits despite that the absolute concentrations are low.
When the aqueous phase reaches saturation, the other
phase (e.g., the soil phase) in equilibrium with it must
simultaneously reach saturation. In the sorption of organic
compounds from water on soil, the isotherms are practi
cally linear to high relative concentrations and exhibit no
obvious competition between the solutes. By contrast, the
sorption isotherms of organic compounds from hexane and
from vapor phase on dehydrated soils, where the sorption
is controlled mainly by adsorption on soil minerals (14),
exhibit distinctive curvatures and competitive effects even
at very low relative concentrations. These data will be
presented in our future publications.

To the extent that the soil uptake from aqueous solution
can be effectively described by a linear partition model,
the common use of the Langmuir adsorption model for
interpreting the data from these systems (2) seems inap
propriate. In the Langmuir model, the heat of adsorption
per mole for similar compounds is approximately pro
portional to the molecular weight of the adsorbate. The
slopes of the initial linear portions of the normalized
Langmuir isotherms (capacity vs. relative saturation) on
the same adsorbent should thus be steeper for adsorbates
of higher molecular weights. The limiting adsorption ca
pacity at saturation should again be greater for adsorbates
of higher molecular weights. These expectations have not
been observed in the sorption of nonionic organic com
pounds from water on soil. To the contrary, the sorption
isotherms from water give no obvious curvatures at high
relative saturations that are characteristic of the Langmuir
adsorption, and the maximum capacities for different so-



lutes on the same soil appear to be in the same order of
the solute solubility. This has been illustrated in our study
(3) that the maximum capacity on Woodburn soil is much
greater for benzene or chlorobenzene than for higher mo
lecular weight l,2,4-trichlorobenzene and PCBs, which is
also consistent with the presumed partition of the solute
into soil organic matter. Such a reversal has no parallel
in the Langmuir theory. The insistence on the use of the
Langmuir model appears to be based more on tradition
than on objective analyses of the data.
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