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Acid deposition: benefit vs. cost
Dear Sir: "Acid deposition control"
(ES&T, February 1985, pp. 112-16) by
Thomas Crocker and James Regens at­
tempts to support two primary conclu­
sions: that cost-benefit analysis "may
be impossible without reliance on lim­
ited scientific data and allowance for
large margins of error" and that the
lack of scientific certainty in the area of
acid deposition implies that "methods
are better viewed as a set of tools that
illustrate the natural system conse­
quences of market responses and peo­
pie's adaptations to variations in acid
deposition levels." The first conclusion
is accepted as true by most observers;
the second is an artifact of the authors'
own analysis.

Their first conclusion points out a
truth that lies at the heart of evaluating
policy options for acid deposition:
There is considerable uncertainty re­
garding the extent and time scale of ef­
fects on lakes, forests, and other areas.
Any analysis, whether or not it is called
"cost-benefit," that fails to deal with
the implications of this uncertainty
(i.e., "limited scientific data") will cer­
tainly be seriously flawed. In their sec­
ond conclusion, the authors cast around
for something that cost-benefit analysis
can do; they assume that it cannot do
what is most important.

The central issue of acid deposition
policy analysis is finding constructive
methods of discussing scientific uncer­
tainty and formulating strategies appro­
priate to that uncertainty. The range of
uncertainty is best illustrated by point­
ing to the authors' claim that "benefits
appear to be highly subtle and intangi­
ble." In other articles, however, propo­
nents of controls have argued that acid
deposition kills fish, can poison reser­
voirs, poses a menace to crops and for­
ests, and disfigures buildings (I).
These effects are neither subtle nor in­
tangible. The plain fact is that there is
no agreement that these effects are
widespread, will be widespread, or
would be avoided by the proposed con­
trols if they were widespread.

Due to their own inability to include
uncertainties, the authors present sin­
gle-number estimates for several cate­
gories of potential effects (materials,
forests, agriculture, and aquatic sys­
tems). These estimates have not been
published previously in a peer-reviewed

LETTERS
journal and have been strongly criti­
cized in the only written review of them
of which I am aware (2).

The article does not provide ranges
or probability distributions over the po­
tential benefits of acid deposition con­
trol measures or discuss why one might
want to construct such ranges or distri­
butions. This omission is particularly
ironic in view of the editorial in the
same issue ("Uncertainty and environ­
mental risk assessment," p. 99) calling
for scientists to present uncertainty in
the form of such distributions.

It is a lack of scientific knowledge
that lies at the heart of acid deposition
policy analysis. We need not relegate
cost-benefit analysis to insignificance,
as Crocker and Regens seem to do.
There are practical, tested methods for
presenting scientific uncertainty as
probability distributions (3). Posing
acid deposition policy in terms of mak­
ing decisions with the knowledge of our
uncertainty allows cost-benefit analysis
to expand its traditional horizons (4).
This would allow us to evaluate control
options that are contingent on the reso­
lution of scientific uncertainty, to deter­
mine whether we can afford to await
the outcome of scientific research, to
rank research programs according to
their value in making better policy deci­
sions, and to understand the role of risk
aversion and value trade-offs.

I urge your readers to compare the
benefits of expanding cost-benefit
analysis-to consider these important
issues-with the benefits of the meth­
ods proposed by Crocker and Regens.

Stephen C. Peck
Technical Director, Environmental and

Economic Integration Staff
Electric Power Research Institute

Palo Alto, Calif. 94303
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The authors reply:
Stephen Peck disagrees with two fea­

tures of our discussion. He first com-

plains about the absence of a treatment
of the uncertainties surrounding the es­
timate of a maximum of $5 billion in
1978 control benefits if all acid deposi­
tion effects had been eliminated. Al­
though we said that the estimate was
highly tentative, it is true thaI a thor­
ough treatment of the inherent, statisti­
cal, and model uncertainties surround­
ing the acid deposition issue was not
supplied. As for our inability to deal
either analytically or empirically with
uncertainties in benefit-cost analysis
we refer the reader to References 1-5.

We regard Peck's second disagree­
ment as more worthy of comment. It
illustrates a fundamental philosophical
difference about what the primary pur­
pose of benefit-cost analysis should be.
Because of the dynamic and stochastic
elements that dominate the acid deposi­
tion issue, we advised caution in using
the numbers (total benefits less total
costs of a change) that such an analysis
provides as the basis for policy choices.
Our opinion would have been even
more precisely conveyed if we had said
that the numbers rarely, if ever, should
be used as the sole basis for policy
choice, whether or not dynamic and
stochastic elements are taken into ac­
count because "policy decisions must
reflect societal values" (6).

A statement this strong undoubtedly
would have caused Peck to use harsher
phrases than "an artifact of the authors'
own analysis." He apparently believes
that the primary purpose of benefit­
cost analysis is to generate bottom-line
numbers, especially numbers stated in
probabilistic terms.

We, however, believe that its primary
purpose is to provide information about
marginal shifts in opportunity costs that
can be used by contestants in the politi­
cal arena to become informed about
what a given change is likely to hold for
them. Occasionally, bottom-line num­
bers will be informative. More often,
information about market response and
agent adaptations (allowing the be­
holder to draw inferences about the par­
ticulars of a change as it affects him)
will be much more useful. He can then
use this information to construct a polit­
ical strategy; knowledge about aggre­
gate benefits and costs is, at best, of
only abstract interest to him.

We point out in the article that net
benefits and economic efficiency arc
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identical only if effective markets exist
in which the good in question can be
traded. In effective markets, all poten­
tial gains from voluntary exchanges are
realized. With benefit-cost analysis,
those theoretically possible exchanges
are realized, but they also need never
occur in reality.

Those who gain from a change never
have to compensate losers. Govern­
ment is viewed as a rational planner
that denies the relevance of individual
circumstances to implement its concep­
tion of the collective will. Losers are to
be coerced into a change if the collec­
tive will is served. Any defense of such
a posture clearly must take one well
beyond the bounds of technical eco­
nomics into the realm of political phi­
losophy and ethics.

Moreover, it represents a position
that is incompatible with the day-to-day
practices of Western democracies.
These practices use the give-and-take
of government to create and transfer
wealth, particularly in circumstances
where markets are ineffective or other­
wise rejected. As a result, we question
the implication that government has or
should have the values of a private firm
in which the important thing to do is
tote up the personal advantages and dis­
advantages of an option and act only if
the net advantages are positive. The
bottom-line numbers of benefit-cost
analysis are useful only to those who
will gain if government does efficient
accounting.

Economic efficiency, in our view, is
more likely to be served if the analyti­
cal framework that supports the process
of benefit-cost analysis is used to in­
form participants in collective-choice
exercises of the particular economic
consequences to them of a proposed
change. Musing about nonexistent ra­
tional central planners who must keep
the accounts serves neither the process
of benefit-cost analysis nor the process
of collective choice. When applied un­
der that assumption, benefit-cost anal­
ysis is reduced to practical insignifi­
cance because it informs very few
collective-choice participants of what a
change holds for them.
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GUEST EDITORIAL

Clean shirts
and clean water

Soap and detergents belong to the category of mass­
produced chemical substances. Worldwide, the 30 mil­
lion tons produced each year poses a substantial poten­
tial for harm to the aquatic environment. In North
America and Western Europe each person uses an aver­
age of 23 kg of household detergents each year. These
products contain "wash active" substances, builders,
and other additives such as bleach and optical brighten­
ers; a few hundred grams of these substances is dis­
persed into every cubic meter of wastewater.

The imposition of stringent requirements on the eco­
logical compatibility of soap and detergents is justified
to protect the processing operations at wastewater treat­
ment plants and to safeguard aquatic ecosystems. First,
all organic detergent components should be fully biode­
gradable and should contain no decomposition interme­
diates; second, detergents should not contain algal nu­
trients that contribute to the man-made eutrophication
of lakes. These two requirements are not met by many
of the detergent formulations in common use today. But
manufacturers deserve credit for mitigating the foam
problem that plagued sewage treatment plants and re­
ceiving waters in the early 1960s.

The June ES&T editorial ("Phosphate here, phos­
phate there ..." p. 467) stated that "natural variations
in the complex interrelations among nutrient levels,
light availability, and plant growth are so substantial
that single control measures ... are likely to have ex­
tremely variable results, if applied over large areas."
Here I disagree; for every pollutant the cause-effect
relationship is complicated, but our power to predict
the effect of phosphate loadings on lakes (of different
morphology and hydraulic residence time) is remark­
ably quantitative and suited to generalization.

The entire limnological research community is
united in the opinion that reduction of the supply of
phosphate to receiving waters is the only cure against
man-made eutrophication. Even in turbid waters, such
as those found in the southeastern U.S., 100 g of algae
(dry weight), derived from about I g of soluble phos­
phorus, will upon decomposition cause an oxygen de-
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mand of 100-140 g. Phosphate removal in treatment
plants is necessary but insufficient because some
wastes unavoidably escape treatment; not all house­
holds are connected to treatment plants and storm wa­
ter overflows.

It is important to decide whether we should prevent
pollutants at the source or rely on some "end of pipe"
therapy in a treatment plant. Some states in the U.S.
ban the use of phosphates in home laundry detergents.
Canada has a federal limit of 2.2 % phosphorus. Most
European countries have set other limits.

In Switzerland, a land of many lakes, the history of
Lake Zurich became the first well-documented case of
man-made eutrophication; it is a history that has since
been repeated in tens of thousands of lakes throughout
the world. The Swiss government recently banned
phosphates from home laundry detergents. This legis­
lation complements that already in existence requiring
chemical phosphate removal in sewage treatment
plants.

In Japan, detergent makers decided on total re-for­
mulations. As a result, within only two years more than
90% of the detergents produced and sold in Japan are
phosphate-free; they contain zeolites instead. It is tech­
nologically feasible to manufacture phosphate-free de­
tergents that contain fully biodegradable surfactants.

We can have clean shirts and clean water.

Werner Stumm is a professor ar the Swiss
Federal/nstitute of Technology in Zurich
and head of its Laboratory of Warer
Resources and Water Pollution Control
(Institute for Aquatic Sciences and Water
Pollution Control. EAWAG. CH-8600
Dubendorf. Switzer/and).
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INTERNATIONAL

Lee: More environmental/nans

The World Bank addressed envi­
ronmental concerns in its annual
report for the first time in its 40­
year history. Issued in September, the
report warned that environmental
destruction is assuming massive
proportions, especially in Africa
where deforestation has caused a fuel
wood shortage for 100 million per­
sons. The report also notes that the
World Bank made a record $800
million available in loans last year
for reforestation and other environ­
mental programs in the Third World.
This sum represents about 5% of the
bank's total lending. James Lee,
environmental adviser to the World
Bank, says that he expects more
resources to be allocated to mitigat­
ing environmental problems in Third
World countries.

FEDERAL

The Risk Assessment Research and
Development Act of 1985, intro­
duced by Rep. Don Ritter (D-Pa.) as
H.R. 2479, has been endorsed by
American Chemical Society Presi­
dent Ellis Fields. Fields says that the
act would provide a means for public
understanding and acceptance of the
use of risk assessment in regulatory
decision making because it would
enable the public to make informed
decisions about what constitutes
acceptable risk. He says he is pleased
that the bill calls for the designation
of an "appropriate federal scientific
advisory agency to assist federal

CURRENTS

agencies in improving their use of
risk assessment."

In September, EPA issued a final
rule to control the discharge of
wastewater pollutants from pesti­
cide chemical plants. The rule affects
manufacturers of organic and me­
tallo-organic pesticides and pesticide
chemical formulators and packagers.
It sets direct discharge and pretreat­
ment standards for existing and fu­
ture pesticide chemical manufactur­
ing plants. The principal groups of
chemicals involved are phenols,
nitrosamines, cyanide, copper, zinc,
ammonia, and finished pesticides.
EPA estimates that the new rule will
result in the removal of nearly
2 million Ib/y of pollutants, including
almost 1.14 million Ib/y of toxic
substances.

EPA has established the Environ­
mental Methods Testing Site in
Chattanooga, Tenn., to conduct field
evaluations of environmental moni­
toring equipment and research tech­
niques and to assess methods of
measuring or predicting exposure to
chemical compounds. Chattanooga
was chosen because of its mix of
topographical features, industries,
climate, and pollution. Studies car­
ried out at the site should provide a
comprehensive data base that will
allow future field tests to be carried
out at lower costs. The site was es­
tablished in accordance with the
requirements of the Toxic Substances
Control Act of 1976, which directs
EPA to develop and refine methods
for assessing human exposure to
toxic substances.

EPA revoked existing secondary or
welfare-based standards for carbon
monoxide in September on the
grounds that there is no damage to
vegetation or materials caused by CO
concentrations normally found in
ambient air. The agency had planned
to make certain minor revisions to
the primary or health-based stand­
ards, but these will be deferred until
new scientific data indicate the need
for a change. The primary standard,
as monitored over an eight-hour

period, will stay at 9 ppm. For CO
monitored over a one-hour period,
the standard will remain at 35 ppm.
The standards may be exceeded only
once each year.

"

.._1 ..~.'.•. y

o
Stenholm: 7(Jxic cleanup legislation

A bill requiring EPA to create an
office to promote and oversee dem­
onstration projects for Superfund
technology was introduced by Rep.
Charles Stenholm (D-Tex.). Sten­
holm remarked that H.R. 3211,
which was introduced Aug. I,
"would relieve a regulatory paralysis
that is holding back technological
innovation." He explained that most
private developers of new cleanup
technologies "are small businesses or
individuals who cannot demonstrate
their techniques at hazardous waste
sites on the National Priority List
because of the regulatory structure of
Superfund." Stenholm expresses
hope that new techniques "will lead
to the detoxification, destruction, or
reuse of waste, rather than its re­
moval and redistribution."

EPA intends to cancel the registra­
tion of daminozide, a pesticide used
primarily on apples but also applied
to other fruits and vegetables. The
agency has submitted the proposed
cancellation to its scientific advisory
panel, as required by the Federal
Insecticide, Fungicide, and Rodenti­
cide Act. Research conducted by
EPA has determined that unreasona­
ble health risks result from long-term
exposure to the pesticide; the chemi­
cal has shown carcinogenic effects on
rats and mice. A metabolic by-prod­
uct also is suspected of causing can-
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cer. Oaminozide, the trade name for
which is Alar, was registered in 1963
by Uniroyal, its only registrant.

STATES

New York State's Department of
Environmental Conservation pro­
posed regulations in late August
that will require reduced sulfur con­
tent of oil and coal fuels. The new
rules, slated to go into effect Jan. I,
1988, would reduce the limit on
sulfur in fuel oil from 2% to 1%.
The limit on sulfur in coal would be
lowered from 2.5 Ib/million Btu to
1.7 Ib/million Btu. The department
expects the new rules to result in an
annual reduction of S02 emissions in
the state to 146,000 t below the 1980
level of 857,000 t.

Tschinkel: National groundwater law

Florida's Secretary of Environmen­
tal Regulation has called for a
national groundwater protection
act. Victoria Tschinkel suggests that
the level of protection given to a
drinking-water aquifer may vary
from state to state but that it should
not fall below an EPA-established
minimum. Tschinkeltold a U.S.
Senate committee in June that most
states support EPA's current policy,
which leaves the implementation of
groundwater protection to the states.
She added, however, that many of
the states will find groundwater pro­
tection hard to carry out without
financial assistance from the federal
government. Tschinkel notes that
Florida is the only state that requires
testing of drinking water; it tests for
almost 120 potential contaminants.

The Virginia State Water Control
Board has received a grant of
$148,700 from EPA to develop a
comprehensive groundwater protec­
tion strategy for the state. The strat­
egy will include an assessment of
existing state activities in this field
and a plan for improvements. A
spokesman said that one important
facet of the program will be the de­
velopment of a data base on ground-
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water availability, use, and contami­
nation. He added that the data base
will help Virginia authorities combat
several problems with groundwater
protection, including those associated
with leaking surface impoundments,
septic tanks, and underground stor­
age tanks.

Three of Idaho's water quality
standards may be overruled by
EPA. Agency representatives an­
nounced in August that EPA will
require the state to tighten standards
for dissolved oxygen (DO) and am­
monia and that the state must rescind
an exemption from meeting water
quality standards accorded to opera­
tors of dams (Fed. Regist. 1985, 50,
33672). Current state standards allow
DO concentrations of no less than 5
mg/L; EPA wants a cold-water DO
standard of9.5 mg/L, based on a
seven-day mean, and a warm-water
standard of 5.5 mg/L, based on a 30­
day mean. The revised standards'
principal objective is the protection
of fish. The ammonia standards
would vary according to the tempera­
ture and acidity of the receiving
water.

Cities that have not yet complied
with the Clean Water Act were to
explain to EPA how they will pro­
vide secondary sewage treatment
before July I, 1988, or be subject to
enforcement actions by the agency.
The explanations were due Sept. 30.
As many as 230 cities could be af­
fected, and spokesmen for some of
the cities say that sewage treatment
deadlines could not be met because
of huge capital costs and limited
funds now available under federal
grant programs. EPA maintains that
cities must comply with the Clean
Water Act regardless of whether they
receive federal aid.

SCIENCE

To find out why forests are declin­
ing, the Electric Power Research
Institute (EPRl, Palo Alto, Calif.)
and other organizations are sponsor­
ing research in the U.S., Scandina­
via, West Germany, and other parts
of Europe. The research concerns
cl imatic stress, management prac­
tices, acid deposition, and pollutants
such as ozone and heavy metals. An
article in the September 1985 issue
of EPRI Journal explains that al­
though scientists agree that forest
decline is a problem, they disagree
about its causes and about what strat­
egies should be used to combat it.
Some experts call for remedial action
"now, before it's too late"; others

argue that it is futile to take any
action until the causes and mecha­
nisms of forest decline are deter­
mined through scientific study.

Guidelines for the selection and use
of mathematical models in evaluat­
ing the effectiveness of remedial
action at uncontrolled hazardous
waste sites were published by EPA's
Environmental Research Laboratory
(Athens, Ga.) in August. They are
intended to assist regulatory officials
in incorporating models into the
planning process for remedial action
at federal and state Superfund sites.
For example, a model would be of
help in selecting techniques for eval­
uating contamination problems in
soil, groundwater, and surface water.
The report presents practical methods
for evaluating remedial action and
gives examples of their use.

Individuals deficient in the blood
enzyme glucose 6-phosphate dehy­
drogenase (G6PD) are probably not
at risk from ambient levels of ozone
or N02, much of which comes from
motor vehicle exhaust. In the U.S.,
about 2 million persons, primarily
black males, have this condition. It
had been believed that exposure to
ozone and N02 placed these persons
at risk of breakdown of their red
blood cells. Marie Amuroso of
Rutgers Medical School (Newark,
N.J.) recently prepared a report on
the subject for the Health Effects
Institute (Cambridge, Mass.), the
nation's center for the study of health
effects of motor vehicle emissions.
Amuroso's findings do not fully
disprove the original hypothesis, but
they do suggest that it is much less
likely to be correct.

TECHNOLOGY

The nation's largest scale demon­
stration plant for atmospheric
fluidized-bed combustion (AFBC) is
now under construction. It produces
electricity while it burns coal cleanly
(ES&T, October 1985, p. 894). The
160-MW facility will be located at
the Shawnee Steam Plant (Paducah,
Ky.), which is operated by the Ten­
nessee Valley Authority (TVA). The
process will allow utility companies
to burn high-sulfur, high-ash coal
without using expensive flue gas
desulfurization systems, according to
TVA. An AFBC power plant is ex­
pected to have capital and operating
costs 10-15 % lower than its conven­
tional coal-burning counterpart.
Completion is expected in mid-198B,
and the demonstration project will
continue until 1992.



Experimental open-cycle OTEC system
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An open-cycle ocean thermal en­
ergy conversion (OTEC) system is
being developed by the Solar Energy
Research Institute (SERI, Golden,
Colo.). The system works by con­
densing a fluid in a vessel located in
deep, cold ocean water and then
pumping the fluid up to a portion of
the system in shallower, warmer
water where the fluid boils and
powers an electricity-generating
turbine. SERI's 165-kW OTEC sys­
tem is designed for installation at the
Natural Energy Laboratory in Ha­
waii. At that site, the difference in
temperature between cold ocean
bottom water and near-surface water
approaches 20 °C, which is suitable
for a trial.

A demonstration project for the
disposal of sewage sludge on land
was carried out by EPA's Water Engi­
neering Research Laboratory (Cin­
cinnati, Ohio). Sewage sludge from
three Ohio cities and one county was
applied to agricultural land in Ohio
over a period of several years. The
aim was to dete'et any sludge-related
health risks to rural residents and
their livestock. The study showed
that health risks are insignificant
when sludge is applied at low rates.
It also showed that municipalities-in
this case, Columbus, Springfield,
and Defiance-can work coopera­
tively with large numbers of farmers
in the implementation of this kind of
project.

Microbes will manufacture the
pesticides of the future, Alan Put­
nam of Michigan State University
(East Lansing) told the Chicago
meeting of the American Chemical
Society. He predicts the formation of
insecticides and other pesticides by
bacteria, fungi, and actinomycetes
and foresees that such compounds
will pose less environmental danger
than many chemical compounds in
use now. Putnam is investigating

Cold
seawater
pump

allelochemicals, compounds plants
manufacture to fight off insects,
diseases, and weeds. AIIelochemicals
also are being studied for pesticidal
performance by the U.S. Agricul­
tural Research Service (Beltsville,
Md.). One promising source may be
the neem tree, native to parts of
tropical Asia and Africa, which pro­
duces a compound that deters more
than 80 pest species.

BUSINESS

Representatives of the chemical
industry and environmental advo­
cates have announced that they have
reached an agreement about how to
reauthorize the Federal Insecticide,
Fungicide, and Rodenticide Act
(FIFRA). The agreement breaks a
13-year deadlock. Among the pro­
posed changes to FIFRA are a pesti­
cide reregistration fee industry would
pay to help defray costs for addi­
tional health and safety studies EPA
would have to complete within two
years of reauthorization. Other
changes are a speed-up in the cancel­
lation process for' pesticides deemed
to endanger health or the environ­
ment, a requirement for registration
of inert components of pesticides-if
those compounds are found to
threaten health-and public notifica­
tion on possible health and safety
effects of pesticides before they are
registered (current law requires such
notification only after registration).

Engineering-Science (Arcadia,
Calif.) has begun the last phase of
a project to evaluate the safety of
using reclaimed municipal wastewa­
ter to irrigate crops of vegetables that
are eaten raw. This portion of the
Io-year, $9-million contract, awarded
by the Monterey Regional Water
Pollution Control Agency, involves
exhaustive analysis of data collected
from nearly 75,000 samples of water,
soils, and crops grown in 96 test

plots. The crops being tested include
two varieties of lettuce and cauli­
flower, broccoli, and celery. Exten­
sive tests of survival and transmis­
sion of viruses from the wastewater
have so far shown that the viruses
pose no threat. A final report is due
next fall.

The first contract under Superfund
to clean up contaminated ground­
water was awarded to Metcalf &
Eddy (Boston, Mass.). The New
Hampshire Water Supply and Pollu­
tion Control Commission awarded
the contract, which calls for treating
130 million gal of contaminated
groundwater at a Superfund site in
Nashua, N.H. Removed pollutants
will be burned in a closely monitored
fume incinerator, and treated resid­
uals will be placed in a secure on-site
landfill. When groundwater treat­
ment is complete, the site will be
closed and the iandfill will be cov­
ered with vegetation. Operations are
scheduled to start this month and last
for two years.

Corben: Strengthen protection

A Monsanto executive says that
existing programs to curb pollution
of groundwater can lie strengthened
by local, state, and federal govern­
ments "provided we continue moving
at a deliberate pace." Harold Corbett,
senior vice-president of Monsanto,
told a conference of the National
Association of Towns and Townships
that groundwater does not pose "the
sort of emergency situation that pre­
vailed with air and water pollution in
the late 1960s." Corbett added, "We
cannot write off polluted ground­
water that may be needed for drink­
ing or other high-purity uses, but on
the other hand, we cannot afford to
clean up rigorously every polluted
groundwater source, regardless of its
use." He suggested that state and
local governments should be respon­
sible for groundwater management,
with aid from the federal govern­
ment.
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Chemical cha~acteristics of
Adiron k lakes

Individual lakes respond differently to acid deposition

Charles T. Driscoll
Syracuse University

Syracuse, N. Y. 13210

Robert M. Newton
Smirh College

NorrhamplOn, Mass. 01063

There is much concern over the role of
atmospheric deposition of mineral acids
in the acidification of low-ionic­
strength (dilute) surface waters in re­
mote regions. Surface water acidifica­
tion has been attributed to atmospheric
deposition of H2S04 (or S02) (1) and
HNO) (2), the oxidation of organic ni­
trogen from soil, the production of sol­
uble organic acids through the decay of

dead plant and animal material in soil
(3), the oxidation of naturally occurring
sulfide minerals (4), and changes in
land use (5, 6).

In the northeastern U.S., many areas
are sensitive to mineral acidity. Acid­
sensitive watersheds are generally un­
derlain by granitic bedrock and have
small pools of readily available (ex­
changeable or easily weatherable) basic
cations (Co; Ca2+, Mgl+, Na+, K+).

These watersheds are also character­
ized by an inability to retain inputs of
acidic anions (SO/-, NO)-, Cn. That
is, atmospheric inputs are transported
through the watershed, rather than be­
ing retained. Therefore, high loadings
of acidic anions will not be attenuated

in the soil but will be removed from the
watershed with drainage water. Anionic
solutes must be accompanied by an
equivalent charge of cations to maintain
electroneutral ity (charge balance).
Complete neutralization of acidity can
be accomplished by the dissolution or
exchange of basic cations within the
soil.

In the absence of readily available
pools of basic cations, however, neu­
tralization will be incomplete, and
acidic cations-H+, labile monomeric
Al (Al"+)-will be transported from the
soil to the surface water (7). The effects
of this process cause concern because
high concentrations of acidic cations
appear to be harmful to aquatic biota
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and surface watcr quality (8- f f).
The research reported here was con­

ducted as part of the Regionalized Inte­
grated Lake-Watershed Acidification
Study (RILWAS). the objectives of
which are discussed in detail elsewhere
(/2). Our intent was to evaluate the
general chemical characteristics of
lakes in the Adirondack region of New
York and to assess the mechanisms that
regulate the acid-base chemistry of
these waters.

Study sites and methods

Twenty lakes and watersheds in the
Adirondacks were sampled for a period
of26 months at approximately monthly
intervals (Figure I; Table I). More in­
tensive sampling was done during
spring snowmelt. Samples were col­
lected from drainage lake outlets and
seepage lake surfaces. In an effort to
evaluate mechanisms that control the
sensitivity of Adirondack lakes to acidi­
fication, the study lakes were selected
to include a range of geologic and hy­
drologic characteristics (Table I).

The analytical methods used in this
study are summarized in Table 2. Sam­
ples were measured for temperature
and pH and extracted for monomeric
AI in the field to minimize transforma­
tions (e.g .. changes in temperature and
degassing of CO~) that might alter the
measurements of pH and AI. Samples
were refrigerated after collection and
transported to a laboratory at Syracuse
University. There they were analyzed
for dissolved inorganic carbon (D1C)
and nitrogen forms. placed in ampules
for the determination of dissolved or­
ganic carbon (DOC). and processed for
the determination of nonlabile mono­
meric AI. These samples were analyzed
as soon after collection as possible,
generally within 72 h. Samples were
stored at 4 DC until all analytical deter­
minations had been made.

The distribution of D1C and labile
monomeric (inorganic) AI was calcu­
lated using a chemical equilibrium
model. The equilibrium constants and
enthalpy values used for this analysis
are summarized elsewhere (23). Calcu­
lations were corrected for the effects of
ionic strength. using the Debye-Huckel
approximation for individual ion activ­
ity coefficients (24). and temperature.

Charge balance calculations were
made on all samples. Cationic equiva­
lence (charge) was assumed to be dis­
tributed among basic cations (Ca~+.
Mg~+. Na+, K+). NHH • H+. and
Aln+. The charge equivalence of Aln+
was calculated by dewrmining OW.
F-, and SO/- complexes. using a
chemical equilibrium model. Anionic
equivalence was distributed among
acidic anions (SO,>. NO,-. cn, free
F-, HCO,-. and free organic anions

(RCOO-). The amount of bicarbonate
was calculated from DIC, pH, and tem­
perature measurements, using the equi­
librium model. The concentration of
free organic anions was calculated as
the difference between the charge of in­
organic cations and the charge of inor­
ganic anions. To allow a comparison
between labile (inorganic) and nonla­
bile (organic) forms of monomeric AI,
nonlabile monomeric AI was assumed
to be trivalent and bound by an equiva­
lent organic ligand.

Chemical characteristics

The Adirondack region of New York
State receives substantial atmospheric
deposition of mineral acids (0.5-0.75
kiloequivalents [keq]/ha-y SO/-; 0.25­
0.4 keq/ha-y N03-) (25). Soils within
the region are generally Spodosols,
which adsorb minimal quantities of
SO/- (26). Sulfate in surface waters
apparently originates largely from at­
mospheric deposition (27, 28).

Although much of the region is un­
derlain by acid-sensitive bedrock. the
chemistry of surface waters varies
widely from about neutral to acidic (29,
30). These variations are the result of
the geologic and hydrologic character­
istics of the different watersheds (3 f.

FIGURE 1

Adirondack lakes in the study'

32). In some of the watersheds. natural
sources of acidity significantly influ­
ence the acid-base chemistry of surface
waters.

Average values of relevant chemical
characteristics for the 20 lakes in this
study are summarized in Table 3. There
is a wide range of pH, acid-neutralizing
capacity (ANC), N03-, Ca~+. AI, and
DOC in the lakes. Sulfate is the domi­
nant anion in all lakes, except for the
relatively insensitive Black and Wood­
ruff ponds, in which HC03- is the ma­
jor anion. There is a relatively narrow
range of SO,~- concentrations among
Adirondack drainage lakes (106-154
JLeq/L; this range does not include
Barnes Lake and Linle Echo Pond,
which are seepage lakes).

We have selected a subset of five
lakes to illustrate the range in chemical
compositions of Adirondack waters
(Figure 2). A study of the chemistry of
these lakes, together with the geology
and hydrology of their watersheds. al­
lows us to make an evaluation of the
significant processes controlling sensi­
tivity to acid deposition.

Seepage lakes

Seepage lakes are those that have no
surface inlets or outlets. They are gen-
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TABLE 1
Location and physical characteristics of Adirondack study lakes and their watersheds

Maximum Surface
Elevation depth area Volume

Lake Location (m) Lake type Surficial geology (m) (ha) (10' m')

Arbutus Pond 43°58'N,74'14'W 513 Drainage Thin/thick till 8.4 50 146
Barnes Lake 43'34'N,75'14'W 397 Seepage Glacial sand 9.0 5.1 7.7
Big Moose Lake 43'49'N,74°53'W 557 Chain drainage Thin till 22.0 520 3600
Black Pond 44'26'N,74'18'W 494 Drainage Thick till/stratified drift 14.0 32 199
Bubb Lake 43'5TN,74'51 'W 554 Chain drainage Thin till 3.0 20 42
Cascade Lake 43°48'N,74'53'W 554 Drainage Thin/thick till 5.0 40 172
Clear Pond 43'59'N,74°50'W 582 Drainage Thin/thick till 24.0 73 660
Constable Pond 43°49'N,74'50'W 584 Chain drainage Thin till 4.0 23 45
Darts Lake 43'48'N,74'53'W 536 Chain drainage Thintill 16.0 144 415
Heart Lake 44°26'N,74°18'W 662 Drainage Thin/thick till 13.0 II 54
Little Echo Pond 44°18'N,74°22'W 481 Seepage Sphagnum bog 5.0 0.8 2.8
Merriam Lake 43'5I'N,74'51'W 651 Drainage Thintill 4.9 7.8 11.5
Moss Lake 43°46'N,74'51'W 536 Chain drainage Thin/thick till 15.0 45 272
Otter Lake 43'll'N,74°30'W 488 Chain drainage Thin till 4.5 10 22
Lake Rondaxe 43'11 'N,74'55'W 525 Chain drainage Thin/thick till 10.0 92 220
Squash Pond 43'48'N,74'51'W 650 Drainage Thin till 7.0 3.9 7.2
Townsend Pond 43'48'N,74°51'W 561 Drainage Thin till
West Pond 43'48'N,74'52'W 579 Drainage Peallthin till 4.0 12
Windfall Pond 43'48'N,74'51 'W 595 Drainage Thin till 5.5 1.5 4.9
Woodruff Pond 43'48'N,74'10'W 470 Drainage Carbonate; thin/thick till 3.4 18.1 34

TABLE 2
Chemical characteristics analyzed in the stUdy
Characteristics Methods Reference

SOo'-, N03-, Cl- Ion chromatography 13
NH,' Phenate colorimetry; autoanalysis 14
Ca", Mg", Na", K' Atomic absorption spectroscopy (AAS) 15

pH Potentiometric with glass electrode; 16
field measurement

Acid neutralizing capacity Strong acid titration with Gran 17
(ANC) plot analysis
Dissolved inorganic carbon Syringe stripping of CO,; gas 18
(DIC) chromatography
Dissolved organic carbon Filtration; persulfate 19
(DOC) oxidation; syringe stripping of CO,;

gas chromatography
Dissolved silica Heteropoly blue complex colorimetry; 16

autoanalysis
Total F Potentiometric with ion-selective 20

electrode after addition of total ionic
strength adjustment buffer

Monomeric AI Field extraction by 8-hydroxy 21,22
quinoline into methylisobutyl ketone;
analysis by AAS; graphite furnace atomic
absorption

Nonlabile monomeric AI Fractionation by ion exchange ~ 22
column; analysis for monomeric AI

Specific conductance Conductivity bridge 16
Temperature Thermometer

erally found in areas covered by highly
permeable glaciofluvial sand and
gravel. The two seepage lakes in this
study are isolated from the surrounding
groundwater systems. Barnes Lake is a
perched clearwater seepage lake iso­
lated above the regional water table by
organic-rich bottom sediments (Figure
3a). Little Echo Pond is a brownwater
seepage lake surrounded by thick ( - 8
m) peat deposits (Figure 3b). The low
permeability of the peat prevents signif­
icant movement of groundwater into
this lake.
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The concentrations of Co, AI, and
dissolved Si are low in both lakes (Fig­
ure 2). These low concentrations and
the hydrology of the two lakes are indi­
cations that water enters primarily from
precipitation. The lack of surface run­
off or groundwater in the lakes is the
reason the waters are deficient in dis­
solved Si and contain low concentra­
tions of AI, despite their low pH. Lakes
that receive most of their water directly
from precipitation are extremely sensi­
tive to atmospheric deposition.

Although both lakes are acidic, there

are significant differences in their
chemical characteristics. The dominant
anion in Barnes Lake is S042-; in Little
Echo Pond there appear to be compara­
ble concentrations of S042- and organic
anions (on an equivalence basis), dem­
onstrated by the large discrepancy in
charge balance. This relatively large
concentration of organic anions is con­
sistent with the high concentrations of
DOC in Little Echo Pond. Although
much of the acidity of the pond can be
attributed to atmospheric deposition of
H2S04, it appears that the peat deposits
and the sphagnum mat surrounding the
pond release substantial quantities of
naturally occurring organic acids.
These substances then dissociate and
contribute to overall acidity.

Drainage lakes

The chemistry of drainage lakes, for
example, Merriam Lake, West Pond,
and Cascade Lake (Figure 2), is consid­
erably different from that of seepage
lakes. Drainage lakes have outlet
streams and receive water by stream
discharge and seepage, as well as by
direct atmospheric deposition. The
higher ionic strength and higher con­
centrations of Co and dissolved Si are
the result of contact between the drain­
age water and the soil (Figure 4).

Merriam Lake contains highly acidic
drainage water. It is a headwater lake
into which water drains from very shal­
low « I-m deep) acidic soil. Because
of a lack of readily available Co, the
neutralization of mineral acid deposited
in this catchment is accomplished in
part by the dissolution of Al in the soil.
Consequently, SO/- is the dominant
anion and H+ and Aln+ are found in
significant concentrations.



TABLE 3

Chemical characteristics of Adirondack study lakesa

ANC NO,- SOl- Ca2 + Monomeric AI DOCLake pH (~eq/L) (~eq/L) (}.eq/L) (~eq/L) (~moIlL) (~moIlL)

Arbutus Pond 6.2 ± 0.3 58 ± 21 10 ± 6 141 ± 10 152 ± 11 1.0 ± 0.6 420 ± 65
Barnes Lakeb 4.7 ± 0.1 -14 ± 10 2 ± 3 65 ± 12 30 ± 4 1.1 ± 0.6 450 ± 136
Big Moose Lake 5.1 ± 0.1 1 ± 10 24 ± 5 140 ± 11 93 ± 10 8.9 ± 2.7 340 ± 78
Black Pond 6.8 ± 0.2 200 ± 21 4 ± 5 130 ± 3 191 ± 11 0.3 ± 0.6 350 ± 65
Bubb Lake 6.1 ± 0.2 41 ± 28 16 ± 7 131 ± 14 108 ± 13 1.8 ± 1.3 280 ± 82
Cascade Lake 6.5 ± 0.3 95 ± 52 29 ± 9 139 ± 10 159 ± 24 2.8 ± 1.9 310 ± 92
Clear Pond 7.0 ± 0.2 100 ± 19 1 ± 2 139 ± 11 157 ± 21 0.8 ± 0.7 320 ± 64
Constable Pond 5.2 ± 0.6 8 ± 22 17 ± 12 149 ± 19 98 ± 10 10.5 ± 4.3 420 ± 80
Darts Lake 5.2 ± 0.2 6 ± 12 24 ± 5 139 ± 7 97 ± 9 7.6 ± 2.7 320 ± 86
Heart Lake 6.4 ± 0.3 43 ± 12 5 ± 6 106 ± 11 119 ± 12 0.6 ± 0:6 310 ± 51
Little Echo Pondb 4.3 ± 0.1 -51 ± 17 0 ± 0 78 ± 17 36 ± 6 1.2 ± 0.5 1100 ± 153
Merriam Lake 4.5 ± 0.2 -25 ± 15 21 ± 13 137 ± 11 58 ± 7 19.0 ± 0.6 480 ± 110
Moss Lake 6.4 ± 0.2 66 ± 25 26 ± 6 141 ± 8 146 ± 15 2.2 ± 1.6 310 ± 61
Otter Lake 5.5 ± 0.5 13 ± 16 9 ± 9 138 ± 21 88 ± 11 5.0 ± 3.6 200 ± 54
Lake Rondaxe 5.9 ± 0.5 33 ± 25 23 ± 6 134 ± 7 112 ± 10 4.4 ± 3.0 300 ± 60
Squash Pond 4.6 ± 0.6 -22 ± 39 24 ± 17 131 ± 18 65 ± 28 19.2 ± 7.6 580 ± 127
Townsend Pond 5.2 ± 0.6 18 ± 21 27 ± 15 154 ± 30 95 ± 16 9.9 ± 7.9 260 ± 81
West Pond 5.2 ± 0.5 29 ± 50 10 ± 6 111 ± 13 94 ± 24 6.6 ± 2.1 670 ± 204
Windfall Pond 5.9 ± 0.4 44 ± 30 26 ± 14 141 ± 17 143 ± 19 5.6 ± 2.4 390 ± 92
Woodruff Pond 6.9 ± 0.2 410 ± 140 2 ± 3 147 ± 17 430 ± 120 1.0 ± 1.1 710 ± 161

8 Arithmetic mean and standard deviations shown for the samples collected
b Barnes and Little Echo are seepage lakes; the others are drainage lakes

FIGURE 2

Charge distribution in Adirondack lake waters"

r--seepage systems ----11----- Drainage systems ---+1
300

8Values represent 26-monlh averages
Barnes and Little Echo are clearwater and brownwater seepage ponds, respectively. Merriam, West, and
Cascade are acidic, bog, and neutral pH drainage lakes, respectively
Ce is the sum of basic cation (Ca2.. , Mg2. , Na' , K') equivalence. .. .
The equivalence of labile monomeric AI (Aln .. ) is calculated by considering the vano.us morganlC cor:nPlexes
Nonlabile monomeric AI (Org·AI) is assumed to be trivalent and balanced by an eqUIvalent organic ligand
Free organic anions are calculated as the difference belWeen inorganic cations and inorganic anions
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Although SO/- is the predominant
anion in Merriam Lake waters, ele­
vated concentrations of NO,- and, to a
lesser extent, organic anions also may
contribute to the acidity. The modest
concentrations of DOC, organic an­
ions. and nonlabile monomeric Al
probably are indicators of the impor­
tance of forest floor mineralization
processes in the shallow acidic soils
within the watershed.

Nitrate represents a significant
source of acidity in many Adirondack
drainage lakes (33). Moreover, short­
term increases in H+ and Aln+ that oc­
cur in chronically acidic lakes during
hydrologic events are associated with
NO)- inputs (33). The source of the
NO)- is unclear, but it may be the result
of snow or seasonal variations in the
mineralization and assimilation of ni­
trogen by terrestrial biota and microor­
ganistns.

The chcmistry of Merriam Lake is
characteristic of chronically acidic
lakes. In thesc lakes, the equivalence of
SO.~- exceeds that of eB and NHh.
This difference suggests that H+ and
Aln+ acidity is largely the result of sul­
furic acid deposition. Aluminum in
clearwater acidic lakes such as Mer­
riam occurs primarily in an inorganic
(labile) form (aquo AI and AI in OH-,
F-, and SO.]- complexes), which is
thought to be toxic to fish (/0, 34, 35)
and other aquatic life (36).

West Pond is a bog drainage system
with thick deposits of peat that cover a
large area immediately adjacent to the
pond. Although the pond is characteris-
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iI tlJ0',f,' ~; ,Yitfl

( 0

:O:lr'·w!. J; I Environ. Sci. Techno!., Vol. 19, No. 11, 1985 1021



---

FIGURE 3
Acid-sensitive seepage lakes"

·Surface water in these lakes IS isolated from the surrounding groundwater. In perched seepage lakes (a) the
water is above the regional groundwater table because of the low permeability 01 organic rich bottom
sediments. Bog seepage lakes (b) are surrounded by thick peal deposits that restrict signiflcanl movement of
groundwater inlo the lake. Solute concentrations in isolated seepage lakes are strongly influenced by
atmospheric deposition

tically acidic, unlike clearwater acidic
lakes its acidity is attributed to sui furic
and organic acids alike. Because West
Pond is surrounded by thick organic
peat deposits, most of the AI appears to
be associated with organic matter (in
the nonlabile monomeric form) and
therefore is probably less toxic to
aquatic organisms than the labile inor­
ganic form of Al (10, 35).

Cascade Lake is generally illustrative
of Adirondack waters that are relatively
insensitive to atmospheric deposition of
mineral acids. Although there are sig­
nificant concentrations of SO/- in the
drainage waters, deposition of acids ap­
pears to be entirely compensated for by
the dissolution of CB from the soil. The
high concentrations of HCO)- and dis­
solved Si indicate that the extent of
weathering reactions is greater there
than in more acidic lake systems. In
part, these trends are the result of thick
till deposits (that is, soil and gravel de­
posited by prehistoric glaciation) within
the catchment area that allow the waters
that move through the watershed to
have greater contact with the mineral
soil (Table I).

The approximately neutral pH values
and low DOC concentrations in Cas­
cade Lake are consistent with the low
concentrations of monomeric AI. The
low concentrations of AI appear to be
associated largely with organic solutes
(in a nonlabile monomeric form).

Differences in lake chemistry
It is evident that there are profound

lake-to-lake variations in sensitivity to

Jr---....------.-.!!!--I Sand(II)
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&(AI"') as a function of the ratio of SO/~ and N03- equivalence to basic cation (CB) equivalence for the
20 lakes in the study
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FIGURE 4

Chemical transformations associated with water flow paths to a
drainage lake
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acidic cations (H+. AI"+) are evident in
surface waters (Figure 5). Although or­
ganic acids are the main cause of
brownwater lake acidity, H,SO. and, to
a lesser extent. HNO, are predomi­
nantly responsible for the acidi fication
of clearwater Adirondack lakes.

acidification and acidification proc­
esses. The southcrn and western
Adirondacks receive the highest load­
ing of SO. '-. whereas the northeastern
section receives Icss (25). Although
there are differences in thc atmosphe~ic
loading of SO.'- in the Adirondacks.
these 'intraregional variations appear
minor. as evidenced by the uniform
SO.'- concentrations [(lund in drainage
waters (Table 3). '

Differences in lake sensitivity and
water chemistry are largely the result of
variations in water Ilow paths and in the
contact of water with the surrounding
surficial geology (Figures 3 and 4) (3/,
32). For example. the presence of thick
peat deposits can have a profound effect
on water chemistry. Waters that come
into contact with such deposits are rich
in organic acids. which contribute to
acidity and bind potentially toxic forms
of AI. The brownwater lakes are proba­
bly naturally acidic. although deposi­
tion of SO/- undoubtedly has enhanced
their acidity (e.g .. Little Echo and West
ponds: Figure 2)

Clearwater lakes show a distinct
range in sensitiYity to acid deposition.
This sensitivity is a function of Ilow
paths of water through catchments or of
the presence of weatherable minerals
(e.g.. calcite) or both. Seepage lakes
isolated from the local water table
(e.g .. Barnes Lake) are extremely sen­
sitive to strong acids because of the
minimal contact of water with the min­
erai soil and therefore the minimal neu­
tralization of acidity from the release of
CIl (Figure 3).

Watt'rs that drain from shallow acidic
soils also are sensitive to mineral acids.
Pools of exchangeablc or casily
weatherable Cg in the soil are small.
and tht' retention time of water in the
mineral soil is short (32). Thereforc.
H + neutralization is incomplete and
results in the dissolution of AI"+ and
the transport of H+ and AI"+ to surt~lce

waters (Figure 4).
If there is adequate contact of drain­

age waters with deeper mineral soil­
thick till. for example-or an abun­
dance of easily weatherable minerals.
such as carbonate. CB will be rcleased
to compensate for mineral acids and
will neutralize CO, acidity in the soil.
These processes result in completely
neutralized mineral acids and produce
HCO,- in solution (Figure 4).

The sensitivity of surface water to
acidification largely depends on the ex­
tent to which Cg is released relative to
the deposition and retention of acidic
anions. In the Adirondacks. as the
equivalents of SO.'- and NO!- in solu­
tion approach and exceed the equiva­
lents of Cil • neutralization of mineral
acids is incomplete. and elevated con­
centrations of potentially harmful
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viewed for suitability as an ES& T feature
by Magda Havas, University of Toronto,
Toronto, Onto M5S lA4, Canada, and
Steven Eisenreich, University of Minne­
sota, Minneapolis, Minn. 55455.
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Statistics increasingly is recognized as
an important component of soil and
groundwater monitoring programs. In
the design of these programs, reliance
on subjective professional judgments
unaccompanied by statistically based
objective information has become less
acceptable to enforcement agencies and
the scientific community. The use of
statistics is now considered necessary
to determining the location of sampling
sites, the frequency of sampling, and
the representativeness of individual
samples. Statistical analysis is also used
in quality assurance procedures for
sampling in the field and for analysis in
the laboratory, as well as for interpret­
ing monitoring data.

Standardized approaches for deter­
mining minimum detection levels, pre­
cision, and bias are evolving rapidly.
EPA recently prepared detailed guid­
ance on the analytical and statistical
methods to be used in its programs for
calculating these parameters (1).

Useful statistical procedures have

long been available for examining
anomalies, differences, and trends in
data. The development of these proce­
dures intensified during the 1950s with
the increase in interest in monitoring
programs designed to measure radioac­
tivity in environmental samples. The
need to distinguish between changes in
radioactivity caused by human activi­
ties and those ascribable to natural
background variations, as well as rec­
ognition of the value of statistics in pre­
dicting radioactive decay, led to equa­
tions for combining errors of analysis
and for determining the confidence
level of the result.

Additional procedures were devel­
oped by the early 1960s that led to the
issuance of guidelines to cover many
aspects of quality control for analytical
techniques. The use of control charts
and methods for determining precision,
accuracy, and minimum detection lev­
els also were included. These guide­
lines have been updated and expanded
recently (2-5).

Also during the 1960s, similar ap­
proaches for use in chemical monitor-

ing were published in a handbook by
the National Bureau of Standards (6).
This handbook includes many of the ra­
diation concepts (such as detection lim­
its and control charts) and methods of
testing hypotheses of distributions and
concentrations of chemical contami­
nants.

Statistical procedures often were
based on the premise that the data con­
tained negligible measurement errors­
a questionable assumption in many en­
vironmental monitoring programs.
Newer techniques do not rely as heav­
ily on such an assumption. Recently,
the field of chemometrics has attracted
considerable attention. This field in­
cludes computer programs that analyze
large sets of data through pattern recog­
nition and related methods (7).

Until recently, only limited effort has
been directed toward the statistical as­
pects of designing procedures for sam­
pling under field conditions. Too often,
unwarranted quantitative extrapolations
have been made from small sets of
data, or excessive numbers of samples
have been taken to ensure the adequacy
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of monitoring coverage. Now, the costs
of cleaning up contaminated areas and
of laboratory analysis have become so
large that neither of these sampling ap­
proaches is acceptable. What is neces­
sary, rather, is an optimum number of
samples that furnishes a sufficient but
not excessive amount of data points to
characterize a contamination problem
and to provide the degree of confidence
in the quality of the data necessary to
support their intended use.

The American Chemical Society
guidelines in "Principles of Environ­
mental Analysis" touch on this topic
(8). The guidelines provide general
sampling rules and simple equations for
determining sample size if the required
precision and allowable error are speci­
fied in advance or can be estimated.
The principles pertain mainly to labora­
tory analyses; a companion set of ACS
guidelines for environmental sampling
is in preparation.

Recently, a government contractor
prepared a series of bulletins discussing
various statistical designs for monitor­
ing programs, such as random, strati­
fied, and grid designs and designs
based on professional judgment (9).
These bulletins are essentially a con­
densed presentation of techniques
found in many textbooks on statistics,
and they can be used readily by field
personnel.

A major area of concern is the assur­
ance that an individual sample is repre­
sentative of the environmental condi­
tion it is intended to define. The
representativeness of the analytical data
developed is directly affected by the ex­
act location and timing of sampling, the
methods of preparing composite sam­
ples, and the techniques of preparing
samples for chemical analysis.

Soil and groundwater contamination
are three-dimensional problems; the
size of the individual sample and the
number and location of the samples are
critical in any attempt to portray envi­
ronmental conditions. Sampling for
trend analysis adds temporal variation
as another dimension of the problem.

The use of statistics now plays a
greater role in the design of sampling
programs because of groundwater reg­
ulations promulgated by EPA under the
Resource Conservation and Recovery
Act (RCRA) (10). As applied to interim
status sites (disposal sites operating un­
der general regulations pending indi­
vidual permitting), RCRA regulations
call for a minimum of one upgradient
and three downgradient monitoring
wells. Total organic carbon (TOC), to­
tal organic halogen (TOX), pH, and
specific conductance-the indicator pa­
rameters-must be measured on a site­
by-site basis. A statistical technique,
known as the Student's t test, is used to

compare upgradient and downgradient
measurements (Figure I).

One problem with such sampling
arises because samples often are taken
from a small number of wells; there­
fore, they may not be representative of
actual upgradient or downgradient con­
ditions. Also, the direction of move­
ment of groundwater contaminants may
not be in total conformity with gradient
conditions, and the direction of contam­
inant flow may vary over time. An­
other problem is that it is difficult to
determine the extent to which the indi­
cator parameters represent contaminant
patterns involving a large number of
chemicals. Researchers within and out­
side of EPA are working toward im­
proving statistical procedures for char­
acterizing contamination problems
without incurring unacceptable costs
for monitoring at waste disposal sites.

The report of an ACS-EPA work­
shop on environmental sampling for
hazardous wastes provides an overview
of current designs of field sampling
programs (11). Case studies underscore
the continuing importance of profes­
sional judgments in addressing field
problems when work must be done
quickly. The report highlights the im­
portance of the statistician working
with other scientists in designing field
programs and selecting models for data
interpretation. It presents recently de­
veloped mathematical techniques for
addressing spatial correlations among
data points and for comparing data
from contaminated areas with data
from background or control areas.

Two of the major questions that arise
when risk assessments are conducted at
hazardous waste sites relate to the level
and extent of contamination and to the
way in which contamination compares
with background levels. Two recent
EPA monitoring programs illustrate
how statistics have been used to assess
monitoring data in addressing these

Sample size estimates
Number of samples = (Zup /e)2

Number of replicates = (Zum/Ef
Z = Standard normal variate (from
tables) (t from Student's ttest may
be used instead of Z if number of
samples or replicates is less than
seven)
up = Assumed standard deviation of
population
am = Standard deviation of the
measurement
e = Acceptable error of the mean of
the samples
E = Acceptable confidence interval

Source: Reference 8

FIGURE 1
Student's t test"

,.. t,=~
s,

~Delermmeswhether downgradienl conlamlnallon
IS Slallsucally greater than upgradlent
contammatlon
011 I' '" upgradlent mean value. i '" downgradlent
mean value, and s. = standard error 01 i. lhen Is IS
the value 10 be tested. Usmg to 9~. which IS
dependent on the number 01 samples used 10
determine i. test whether Is > to!J!>. It so. then i 15
statisllcally greater than l' wilh a probabitily
P < 0.05 (the probability IS less than 0.05 that the
means were deflved from the same sample). The
downgradlenl mean level would be represented by
the same curve as that shown above. but
displaced leftward: il was omilted for fhe sake of
clarlly. The lerm 09~ represenls t from a lable at the
95% confidence level

questions. They provide some guidance
as to how statistics might be used more
effectively in the future. These pro­
grams-the 1980 Love Canal Study and
the 1982 Dallas Lead Study-have at­
tracted considerable attention from the
scientific community and the public. In
a sense, they were bellwether cases for
subsequent monitoring efforts.

Contamination at Love Canal

In 1980, EPA began a program to
obtain environmental data that would
assist researchers in determining the
habitability of homes near Love Canal,
N. Y. The project was allotted limited
time and money, and access to some of
the desired sampling sites also was lim­
ited. Thus, from the outset of the pro­
gram, it was recognized that efforts to
conduct rigorous statistical analyses of
the monitoring data would not be possi­
ble, either as a basis for quantitative
risk assessment or as a means of com­
paring contamination near the canal
with background contamination.

The primary interpretation of the
data for characterizing contamination
was based on descriptive and graphic
presentations that would be helpful in
determining health risks to the popula­
tion. Despite known shortcomings in
the data base, particularly in the limited
number of samples from the control ar­
eas, limited statistical analyses also
were carried out to identify question­
able aspects of the descriptive presenta­
tions (12).

For each medium-soil, ground­
water, sumps, indoor and outdoor air,
drinking water, food, and biota-moni­
toring data were aggregated for three

Environ. Sci. Technol., Vol. 19. No. 11, 1985 1027



This difference of percentages test determines whether contamination in a
test area is more extensive than contamination in a control area. Here is how
the test is applied:

If A or C is not 0, decrease the smaller value by 1 and change the other
three values so that the margin totals remain constant, that is, so that the
numerator of the equation remains constant. Calculate a new probability, P"
using the new values of A, B, C, and D in the denominator (N will not
change). Continue to decrease the smaller value by 1 until A or C is O. Add
the results, Po + P, + ... , to calculate the exact probability of null hypothe­
sis, namely, that contamination in the test area is no more extensive than that
in the control area.

P _ (A + C)!(B + D)!(C + D)!(A + B)!
o - A!B!C!D!N!

Fisher's exact test

Test area
Control area

Number of samples
with values above

detection limit

A
C

A+C

Number of samples
with values below

detection limit

B
D

B+D

Totals

A+B
C+D

N

geographical areas: the canal area, an
unoccupied residential area immedi­
ately adjacent to the canal; the declara­
tion area, an area within 1-2 mi of the
canal that included occupied resi­
dences; and control areas several miles
from the canal. The statistical tabula­
tions and analyses consisted of sub­
stance-by-substance comparisons of
frequencies of detection and median
concentration levels for up to 150 ana­
Iytes in each area.

The extent of contamination in an
area was defined as the percentage of
samples that included a chemical con­
taminant at a trace or greater concentra­
tion level. A difference of percentages
test, using Fisher's exact test to com­
pute probability values, was used to de­
termine whether statistically significant
differences in the extent of chemical
contamination existed among the canal,
declaration, and control areas. An ex­
ample of the results of applying this test
is shown in Table I.

TABLE 1
Shallow groundwater contamination at Love Canal"

Percentage detected"
(Number of samples) ComparlsonC

Canal Declaration
Compound or element Declaration Control Canal with declaration with control

2,4-Dichlorophenol 2.1 9.1 18.8 Yesd NOd
(47) (11) (16)

2,4,6-Trichlorophenol 0.0 0.0 13.3 Yes No
(47) (11) (15)

1,4-Dichlorobenzene 0.0 0.0 12.5 Yes No
(47) (11) (16)

1,2-Dichlorobenzene 0.0 0.0 12.5 Yes No
(47) (11) (16)

1,2,4-Trichlorobenzene 0.0 0.0 12.5 Yes No
(47) (11) (16)

1,2,3,4-Tetrachlorobenzene 0.0 0.0 12.5 Yes No
(47) (11) (16)

Acenaphthalene 4.3 0.0 18.8 Yes No
(47) (11) (16)

Fluoren~ 4.3 0.0 18.8 Yes No
(47) (11) (16)

1,1-Dichloroethylene 2.3 0.0 14.3 Yes No
(47) (11) (21)

Tetrachloroethylene 2.3 27.3 19.0 Yes No
(43) (11) (21)

2-Chlorotoluene 0.0 0.0 19.0 Yes No
(43) (11) (21)

3-Chlorotoluene 0.0 9.1 10.0 Yes No
(43) (11 ) (20)

4-Chlorotoluene 0.0 0.0 9.5 No· No
(43) (11 ) (21)

Chlorobenzene 2.3 0.0 23.8 Yes No
(43) (11) (21)

Chromium 66.0 70.0 92.9 Yes No
(43) (10) (14)

Lead 72.3 77.8 100.0 Yes No
(47) ( 9) (13)

'Significant differences observed in extent of contamination
bPercentage detected is the number of analyses showing trace or quantifiable amounts of a contaminant divided by the total number of analyses
cThe canal area is compared with the declaration area, and the declaration area is compared with the control area based on the one-tailed, difference­
of-proportions test, used to determine statistically whether values of a parameter in one domain will be greater than the values of the same parameter in
another domain. This test is based on Fisher's exact test
d"Yes" means that the level of contaminants in one area is significantly greater than the level in another area; "no" means that there is no significanl
difference
'" =0.1 04, where" is the probability of being wrong. When ,,~0.1 04 there is a 10.4DA> probability of a false positive or negative. For the one-tailed,
difference-of-proportions test described above, " =0.1 0
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East-

nizes the spatial dependence within
sampling patterns, as in the case of the
deposition of materials in an air con­
taminant plume from a lead smelter
(Figure 2) .

Figure 2 shows that as the distance
between two samples increases and
their correlation weakens, the differ­
ence in their values also increases, as
represented by a rising curve. When
this difference becomes great enough,
the sample values become independent
of one another, and the curve becomes
a horizontal line.

The distance along the X-axis,
through which the semivariogram
curve rises, represents the range ofcor­
relation, or the distance within which
samples may be correlated. This range
is used to determine the grid design for
sampling. A grid spacing of two thirds
of the range of correlation usually en­
sures that the sampling points are close
enough to one another to have corre­
lated values. To sample at closer dis­
tances would provide little new infor­
mation; sampling at greater distances
could miss a change in pollutant levels.

A technique called kriging interpo­
lates pollutant levels at points between
the sampling sites so that the isopleths
of pollutant levels can be mapped. The
kriging estimate of the pollutant level at
any particular point is the weighted av­
erage of the values of the nearest neigh­
boring samples. The size of the neigh-

t
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FIGURE 3

Lead contamination in Dallas'

lIOata obtained by geost81lsttcal analysis from VlclMy of one smeller site
DOrlQln IS arbitrary

interpretations are seldom completely
reliable. Moreover, practical consider­
ations often limit the number of sam­
ples.

Contamination in Dallas
In 1982, EPA conducted a soil moni­

toring program around two lead smelter
sites in Dallas, Tex. The study made
extensive use of geostatistics-the ap­
plication of statistics to geological
problems-to determine the location of
sampling sites and to interpret the mon­
itoring data (14). Geostatistics recog-

EDcBA

Distance between pairs of sample points

__----Range of correlation----_.

•------------------------------------:.:.--::;!;.;--;,;,;---.--...---:----~
• •

FIGURE 2

Relationships between sample observations

The degree of contamination was de­
fined as the median concentration of all
sample measurements for a chemical
contaminant in the area of interest. A
difference of medians test, again using
Fisher's exact test to compute probabil­
ity values, was used to determine
whether statistically significant differ­
ences in the degree of chemical con­
tamination levels existed among the
three areas.

Other statistical procedures used to
summarize the data consisted of group­
ing the data into frequency distributions
in which intervals were defined accord­
ing to concentration levels, computing
various percentiles of interest, report­
ing finite (quantified) minimum and
maximum observed concentrations,
and computing the mean (arithmetic av­
erage) value of the observed finite con­
centrations.

The statistical analyses were consist­
ent with the descriptive and graphical
interpretations of the data. They indi­
cated substantial contamination in the
canal area; there was no evidence of
such contamination in the declaration
area. There was concern about the ade­
quacy of the power of the statistical
analyses to detect contamination differ­
ences of possible interest between the
declaration and the control areas, given
the limited number of samples from the
control area (13). For this reason, the
statistical analyses were not a pivotal
factor in the determination of the habit­
ability of the area, but they were help­
ful in confirming at least an upper limit
to possible differences in contamination
levels.

The approach of comparing contami­
nant levels in contaminated and control
areas, as attempted in the Love Canal
study, is now used frequently. Even
with small amounts of data, statistical
interpretations can help to point out
possible problem areas, although such

Environ. Sci. Technol.. Vol. 19, No. 11, 1985 1029



borhood is determined by the range of
correlation. By kriging, one can com­
pute the standard errors of estimation
for sample values when the range of
correlation is used. Error estimates also
can be mapped.

On the basis of data from preliminary
sampling, which indicate the degree of
spatial correlation, geostatistics can be
used to determine the appropriate spac­
ing between sampling sites. The use of
geostatistics also permits easy and ob­
jective interpolations of values between
data points and makes it possible to es­
timate errors that could be associated
with the interpolations and with the data
points themselves.

Figure 3 shows one technique for dis­
playing the results from the Dallas
study. The interpolated concentration
levels and. the associated error estimates
were used to develop maps that showed
which areas could be identified with a
specified degree of confidence as being
contaminated at levels above or below
an action level, that is, the level of con­
tamination that triggers remedial
action.

The soil-monitoring program in Dal­
las, which measured only one pollu­
tant, was much less complicated than
most monitoring programs. Still, the
principles used can be applied to other
situations-particularly to the study of
contaminant plumes from waste sites­
because spatial dependence among
samples is probably the rule rather than
the exception.

Improving data interpretation

Research is under way to improve
the statistical techniques for guiding the
design of monitoring programs and for
improving the interpretation of moni­
toring data. Methods are being devel­
oped for combining the use of statis­
tics-especially geostatistics-with the
application of hydrogeological and
other models. Although such research
efforts are helpful, the most immediate
need is in the appl ication of elementary
statistical techniques to operational
monitoring programs.

A clear understanding of the pur­
poses of the monitoring effort and of
the quality of the data required to
achieve these purposes is essential to
the selection of statistical techniques.
Many monitoring programs, however,
are undertaken with neither a proper
understanding of their purposes nor an
appreciation of the need for data quality
assurance.

Experience has underscored the im­
portance of many characteristics of
successful sampling programs. These
include the need for preliminary sam­
pling, for adequate numbers of samples
from control areas, and for using qual­
ity assurance procedures in providing

1030 Environ. Sci. Technol.. Vol. 19, No. 11, 1985

Improving statistical
procedures

Experience with the application of
statistical techniques to monitoring
programs has highlighted several
areas that need more allention.

The first problem area involves
combining monitoring data with fac­
tors that are based on professional
judgment about the likely subsur­
face behavior of contaminants.
When monitoring data are inade­
quate in one aspect or another, such
factors often help regulators to reach
decisions. Guidelines and appropri­
ate models should be developed that
will permit assessment of the advan­
tages and limitations of combining
such factors with data.

Another problem area involves
statistics for small sample sets. In
many cases, the number of samples
available is limited, and the variance
of the results is so large that regula­
tory decisions cannot be reached,
even when professional jUdgments
are made. It would be helpful if
methods could be developed to use
such limited information with greater
confidence. For example, the "boot­
strap" technique, which is used to
manipulate small sample sets in
large numbers of different combina­
tions, might be useful (15).

Statistical analyses of long-term
monitoring under varying back­
ground conditions also should be ex­
amined. Trends in long-term moni­
toring results can be detected
readily when the background data
remain constant over time, but prob­
lems increase when the background
changes because of variability allrib­
utable to natural causes.

data that will meet specific criteria of
acceptability.
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EPA's groundwater
research

Richard M. Dowd

A special subcommittee of EPA's Sci­
ence Advisory Board, created to re­
view EPA's groundwater research pro­
gram, has reported its findings. The
review covers the transport, fate, and
effects of contaminants; abatement and
control technologies; modeling; moni­
toring and analytical methods; and
quality assurance. The report makes
useful reading for anyone interested in
groundwater protection and in the regu­
latory pattern that is emerging.

The increasing concern over ground­
water quality and the need to protect
groundwater and to identify sources of
contamination (industrial and nonpoint)
can be taken to mean that we know a
great deal about how, when, and where
to protect groundwater. But the report
points out that in fact there are large
gaps in our knowledge of the sources of
groundwater contamination. Nor are
we completely sure of how ground­
water and contaminants move, of what
the appropriate methods are for mea­
suring, monitoring, and controlling
contaminants, or of how groundwater
resources should be protected for future
use.

The committee concludes in the reo
port that although EPA's research pro­
gram is basically sound, it is in need of
improvement. The members emphasize
a need for centralized direction and
management of the groundwater re­
search program, for increased technol­
ogy transfer and training, and for in­
creased resources.

The committee also recommends that

Superfund appropnallons (perhaps 1­
2%of the Fund) be authorized for such
research. Even this small percentage
would effectively double EPA's ground­
water research funding over the ex.ist­
ing level of $18.2 million. Recom­
mended funding improvements in the
areas of monitoring, predictive model­
ing, and aquifer cleanup would more
than double existing levels.

Control of contaminant sources
The committee's discussion of source

controls indicates that substantial gaps
exist in the research on the conse­
quences of land disposal of hazardous
wastes. The committee observes that
even under the current prohibitions
against land disposal there are ulti­
mately only three kinds of disposal sites
possible: the atmosphere, surface wa­
ters, and land. Because land will con­
tinue to be used for the treatment and
disposal of many wastes, including
some regulated hazardous wastes, re­
search on land treatment techniques
should be accelerated.

Another recommendation points to
the need to identify "the magnitude and
importance of groundwater contamina­
tion from nonhazardous waste disposal
operations, and to specify the technical
and economic feasibility" of controls
for those sources.

The committee also focuses attention
on monitoring groundwater quality.
Groundwater monitoring provides data
necessary for making decisions, verify­
ing models and the usefulness of con­
trol technology, determining back­
ground levels of pollutants and ex.isting
groundwater quality, and determining
the physical, chemical, or biological
processes and characteristics of a par­
ticular groundwater system. The com­
mittee finds, in particular, that there are
substantial gaps in the areas of quality
assurance (QA), quality control (QC),
methods, and protocols for handling
contaminants in groundwater. The re-

port indicates the importance of devel­
oping monitoring practices and verifi­
cation techniques for the 250
compounds regulated under the Re­
source Conservation and Recovery Act
(RCRA), for which there are no proven
methods, standards, QA, QC, or vali­
dation data.

Uncertainties in information
The document identi fies gaps in

knowledge and the problems that can
result from proceeding as quickly as
this program has to protect ground­
water. Like many thoughtful reviews,
the committee's report concludes with
as many questions as it starts: "Which
sources of groundwater contamination
warrant greater emphasis? Which tech­
nologies promise the best results for
protection or remediation? What levels
of protection or remediation are techno­
logically feasible? To what extent can
sources of contamination be reduced?
Can exposure of humans to ground­
water contamination be accurately de­
termined or predicted?"

The list of questions continues: "Can
present and potential health effects be
quantified, and what are they? Can in­
stitutional controls be developed to
safeguard against human exposure?
Does a scientific basis exist to conclude
that compliance with proposed laws
and regulations is feasible? What will
such compliance cost?"

It should not escape anyone's atten­
tion that regulatory decisions must be
made under RCRA, Superfund, and the
pesticides and drinking-water pro­
grams-questions or no questions. The
more quickly such an expanded
groundwater research program is im­
plemented, the greater becomes the
likelihood of making scientifically
sound decisions.

Richard M. Dowd, Ph. D., is a Wash­
ington, D. c., consultant to Environ­
mental Research & Technology, Inc.
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Jekyll Island meeting report
George Hidy reports on the acquisition

ofreliable atnwspheric data

In May 1985, the 15th Annual Sympo­
sium on the Analytical Chemistry of
Pollutants convened in Jekyll Island,
Ga. As part of the meeting, a series of
lectures on acid deposition and the
closely allied subject of acquiring valid
air quality monitoring data was pre­
sented. In last month's issue, we re­
ported on a talk given by Courtney Rior­
dan of EPA. This month, we report on
the lecture given by George Hidy of the
Desert Research Institute (DR!) in
Reno, Nev. Next month, we will con­
clude this series of Views with a report
on the talk given by James Galloway of
the University of Virginia.

Hidy's lecture covered recent prog­
ress in formalizing the process of mak­
ing environmental measurements. He
discussed the need for atmospheric sci­
entists to build a framework, a data
base, for monitoring programs that will
generate data of a defined quality and
traceability. More than 100 scientists
have been involved in this field; a frame­
work has been developed and adopted
for air quality measurements and moni­
toring, a subject closely allied to the
study of acid deposition.

The ultimate reasons for making such
measurements are to establish historical
records ofatmospheric pollutants, to ex­
plore the spatial and temporal distribu­
tion of atmospheric gradients of pollu­
tants, to test scientific and regulatory
hypotheses, and to verify mechanistic
and source-receptor models.

Hidy illustrated the use of air quality
data with application to each of these
areas. Particular discussion was focused

George Hidy

Hidy illustrated the use of air quality
data with application to each of these
areas. Particular discussion was focused
on the importance of traceability and
consistency in measurements for trend
analysis. It is important that atmos­
pheric scientists know how and when
such monitoring data are collected and
whether they are reliable. Hidy dis­
cussed the difficulty encountered in in­
terpreting observations of precipitation
chemistry in light ofchanges in pollutant
emissions. He also outlined the use of
data to infer spatial and temporal
changes in meteorology and atmo­
spheric chemistry. Finally, he listed the
data requirements for the validation of
models, specifically for the determina­
tion of particulate matter source-recep­
tor relationships (1).

Hidy defined the details of air quality
measurement processes and illustrated
these aspects with recent examples of
significant measurements, such as "The
Sulfate Regional Experiment" (2). He
also related these aspects to the process
of interpreting the data collected. The
evaluation of monitoring activity, which
has been formalized by John Watson
and others (3), involves consideration of
four basic factors: the datum of the ob­
servation, the precision or reproducibil-

ity of the measurement, the accuracy of
the measurement against a reference
standard, and the validity of the mea­
surement in relation to interferences.

On the cutting edge

The development status of measure­
ments was illustrated by three examples
of current technology. First, the current
established method of measuring S02 in
the atmosphere is accurate to a level of
3-5 ppb. The methodology for verifying
this measurement has been described by
Mueller and Hidy (2) and Mueller and
Watson (3). These scientists employed
the four characteristics ofmeasurements
mentioned earlier.

Second, the development of a semi­
established method for size-fractionated
particulate matter measurement has re­
sulted in a proposed new ambient air
quality standard. This standard involves
the < IO-/Lm fraction of particulate mat­
ter; new monitoring requirements are
required for this standard. In the past
five years, many atmospheric scientists
have been involved in the development
of sampling devices. Collectively, they
have arrived at new standard operating
procedures, compared the sampling
schemes and inlet ducts of the sampling
devices for the 1O-/Lm fraction of partic­
ulate matter, resolved the efficiencies of
the collection process, identified and
quantified filter artifacts from gas ad­
sorption and desorption on the colleCted
particulate matter samples, established
criteria for accepting the precision and
accuracy of sample collection, and vali­
dated the collected data.
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Comparisons of several particulate samplers have been made recently by the Electric Power Research Institute. The left inset photo
shows the standard high-volume filter sampler used in U. S. air-monitoring programs since 1969. The right inset is a sampler with a
size-fractionated inlet that collects particles < 10 I"m. 1t may replace the older units entirely.

Terms used in acquiring valid atmospheric data
Measurement. The representation of an observation at a specific time and

place is characterized by the four elements proposed for verification; these
include its value-the center of the measurement interval; its precision-the
width of the measurement interval; its accuracy-the difference between
measured and reference values; and its validity-the compliance with as­
sumptions made in the measurement method.

Measurement methods require the use of a combination of equipment,
reagents, and procedures to provide the value of a measurement, that is, data
that are uniform and of acceptable accuracy.

Quality control. The periodic presentation of known or replicate quantities
of an observation to a measurement method, the comparison of the measured
value with the known or replicate value, and corrective action when the
difference exceeds a preset tolerance. These differences are used to estimate
precision.

Quality assurance. An independent presentation of reference quantities of
an observation to a measurement method. Differences between the measure­
ment and reference values are used to estimate accuracy.

Validation. The identification of deviations from standard operating proce­
dures (SOPs) and measurement method assumptions, corrections, deletions,
and quantifications of the affected measurements.

Development status. Methodology here can be divided into three catego­
ries-established, semi-established, or unestablished. The characteristics of
each are as follows:

Established methodology has accepted SOPs, interferences that are identi­
fied and quantified, traceable calibration and quality assurance standards,
agreement with other established methods, and acceptable levels of preci­
sion, accuracy, and validation.

Semi-established methodology uses different SOPs and allows for incom­
plete characterization of interferences, nontraceable standards, and dis­
agreement among methods, but requires acceptable levels of precision,
accuracy, and validation.

Unestablished methodology uses operating procedures that are incomplete
or unspecified and offers little or no characterization of interferences, ques­
tionable or nonexistent calibration standards, and little or no data comparison
of interlaboratory methods. It provides for unacceptable or unknown levels of
precision, accuracy, and validation.

Measurement process. This is a combination of established and semi­
established methods, including quality control, quality assurance, and valida­
tion procedures that produce measurement values of known precision, accu­
racy, and validity.

The third example Hidy discussed in­
volved the unestablished method for the
measurement of the amount of liquid
water in suspended particles. Although
research in this area is in a relatively
early stage, such measurements are use­
ful in studies of atmospheric visibility
and for determining atmospheric light
extinction. Light scattering, which is a
function of relative humidity and filter
collection of particulate matter, is mea­
sured by chromatography and micro­
wave spectroscopy. Microwave spec­
toscopy appears the more promising
measurement method because it is semi­
continuous and free from interference.
But the sampling technique and analyti­
cal method for the measurement of liq­
uid water in suspended particles involve
preconcentration on a filter, which
presents significant difficulties, such as
artifact formation. Nevertheless, no
standard operating procedure exists for
this measurement, and although limited
comparisons have been made between
the methods, no formal method for veri­
fying the data by the four characteristic
criteria exists.

Although Hidy' s presentation re­
vealed little new science, it did provide a
thought-provoking insight on the stan­
dardization of measurement processes.
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Senior
Environmental
Scientist
EG&G Idaho, Inc., prime operating contrac~

tor for the Department of Energy's Idaho
National Engineering Laboratory(lNEL), has
an immediate opening for a Senior Scientist
responsible for evaluating unit processes of
current and proposed nuclear and non­
nuclear operations for environmental com­
pliance. Working knowledge and experience
in interpretation/application of current Fed­
eral Environmental Regulations will be
required.

The successful candidate will have an
advanced degree in Environmental Science
or Engineering with at feast three (3) years
experience including environmental pro­
gram auditing experience and technical
knowledge in two (2) or more of the follow­
ing fields: health physics, air poJ(ution,
hazardous waste and water quality.

Engineers and
Scientists
Additional openings are anticipated for
Engineers and Scientists with experience in
hazardous waste management. Individuals
with expertise in waste treatment or remedial
investigations are specifically invited to
apply.

A career with EG&G Idaho, Inc., is a commit­
ment to the future, at a work location in the
heart of the western recreation areas.

/( interested and qualified, please send
resume, with salary history, in confidence to
Salary and Staffing Services, (8D-69) ,
EG&G Idaho, Inc., P.O. Box 1625, Idaho
Falls, Idaho 83415. U.S. Citizenship Re­
quired. We are an equal opportunity em­
ployer, M/FIHIV.

n EGd3
~~ Idaho, Inc.

ANALYTICAL CHEMISTRY: Assistant or associate
professor, tenure-track position; appointment for
August 1966. Ph.D. required. Primary teaching ra·
sponsibility in Instrumental Analysis. Active ra·
search program expected. Qualified candidates in
physical, inorganic, or environmental chemistry will
also be considered. Research analytical instruman·
tation including nmr, HPlC, and capillary gc·mass
spec available. Send vita, transcripts, and three let·
ters of reference to: L. Keller, Department of
Chemistry, Florida International University, Miami,
Fl33199. Closing date is November 21,1985, but
the search will continue until the position is filled.
FlU is a member of the State University System of
Florida with an enrollment of 16,000 students and
with anticipated expansion in science and engi­
neering. FlU is an equal opportunity/affirmative
action employer.

PROJECT MANAGER-EDI Engineering & Science, an equal
opporlunity employer. is seeking project managers for hydro­
geological and multi-disciplinary projects. Minimum require­
ments are a degree in hydrogeology, geology or engineering,
lour years 01 prolessional experience and one year of relevan!
project management experience. Experience with hazardous
waste site inves!igations and design of groundwater contain­
menl recovery sys!ems. and compuler skills are highly desir­
able. Reply in confidence to Personnel Director. EDI, 61 t Cas­
cade West Parkway. SE. Gland Rapids. MI 49506.

HEALTH PHYSICISTS
ENVIRONMENTAL
ENGINEERS
UNC Nuclear Industries, a prime operating contractor to the U.S.
Department of Energy at Richland, WA, is embarking upon a major
multi-year program to upgrade the N Reactor. Weare looking fora few top
professionals to join our select technical team.

We have entry and mid-level professional positions in:

• Radioactive waste shipping and management, including DOT
regulation compliance.

• Exposure reductionlALARA efforts involving reactor operation and
maintenance forces.

• Radiological support services including audit, development and
presentation of radiological safety training material.

• Implementation of environmental and emergency preparedness
plans, controls, procedures, and instructions in accord with all
applicable standards.

The successful candidates will possess a degree and strong technical
knowledge in one of the above areas, plus mature Judgment and the
ability to effectively interface with all levels of plant personnel.

If the above describes your background, and you are interested in being
considered, please send resume, salary history and salary requirements,
in confidence to: K.A. Bresnahan, Dept. JD, UNC Nuclear Industries, P.O.
Box 490, Richland, WA 99352.

U.S. citizenship required (DOE security clearance preferred).

Equal employment opportunity is our pledge and our practice.

unc nUCLEAR
InDUSTRIES

Environmental
Chemists

ENVIRESPONSE has been awarded the EPA's Environmen­
tal Emergency Response Unit (EERU] contract In Edison, New
Jersey. The following openings currently exist ,n the sampling
and analytical section:

• GC/MS
Degree In Chemistry, Chemical Engineering, or Environmental
SCience plus a minimum of 3-5 years' experience for thiS pOSI·
tlon which offers the challenge that only a state-of-the-art
GC/MSI MS tOXICS In air monitoring system can provide. Ac..
tlvitles will include collection, analysis, interpretation of envi­
ronmental data from wastes, SOil, air and other media. Individ­
uals Will be reqUired to support projects in the field. Extensive
travel and experience In dealing With hazardous wastes are
required for thiS position.

• Field Chemist
Degree In Chemistry, Chemical Engineering or Environmental
SCience as well as a minimum of 3 years' related experience
required. Duties Include the development and performance of
procedures for the rapid analyses of numerous samples of
complex waste.

To be considered for the above pOSItions, please send resume,
Including salary history, to: Kevin McDonald, Personnel Dept.,
Envlresponse. 110 South Orange Avenue, livingston, New
Jersey 07039. We are an equal opportunity employer
m/f/h/v .

ENVIRESPONSE
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Prediction of Multicomponent Adsorption Equilibria Using Ideal Adsorbed
Solution Theory
John C. Crlttenden,*,t Paul Luft,t David W. Hand,§ Jacqueline L. OravRz,1I Scott W. Loper,t and Metln Arlt

Department of Civil Engineering, Michigan Technological University, Houghton, Michigan 49931, Westvaco Corporation,
Charleston, South Carolina 29406, Water and Waste Management Programs, Michigan Technological University, Houghton,
Michigan 49931, and Morrison-Knudson Engineers, Inc., Denver, Colorado 80290

• The capability of ideal adsorbed solution theory (IAST)
to predict multicomponent competitive interactions be­
tween the following volatile organic chemicals was tested:
chloroform, bromoform, trichloroethene, tetrachloroethene,
I,2-dibromoethane, and chlorodibromomethane. A total
of seven mixtures that contained various combinations of
two, three, and six solutes were tested for three commer­
cially available activated carbons. The predictions were
satisfactory for the 256 isotherm data that were collected.
An error analysis was performed for various isotherms that
are used to represent single solute data in lAST calcula­
tions. This analysis demonstrated that the Freundlich
equation was sufficiently accurate in representing the data
under certain simplifying assumptions, and the use of the
Freundlich equation in lAST calculations resulted in a
relatively straightforward expression to describe the
multicomponent data. The multicomponent data for the
mixtures were plotted as total organic halogen (TOX) and
total organic carbon (TOC), and, when the mixture data
were plotted in this manner, appeared to behave as a
pseudo single solute.

Introduction
A potentially useful technique for the removal of syn­

thetic organic chemicals (SOCs) is adsorption onto granular
activated carbon (GAC). The degree of removal of SOCs
from drinking water or wastewater by GAC depends on
the multicomponent competitive interactions of organic
chemicals which are present in solution. In order to design
a cost-effective system, the adsorption capacity of a solute
in the presence of other solutes must be quantified. The
design of GAC treatment systems using isotherm results
such as those which are reported herein is discussed
elsewhere (1-11).

Ideal adsorbed solution theory (lAST) has been used to
predict the multicomponent equilibria of two components
using their respective single-solute isotherm parameters
(10-17). In this study, lAST was used to predict the
multicomponent equilibria of up to six volatile organic
compounds (VOCs) by using a simple algorithm. The
identical algorithm has also been used to predict multi­
component equilibria of known adsorbates in unknown
mixtures by using hypothetical components to represent

t Department of Civil Engineering, Michigan Technological
University.

I Westvaco Corporation.
i Water and Waste Management Programs, Michigan Technolog­

ical University.
II Morrison-Knudson Engineers, Inc.

the adsorption strength of the background (18-21).

Materials and Experimental Methods
Chemicals. All chemicals were reagent grade or better.

I,2-Dibromoethane, bromoform, and chlorodibromo­
methane were obtained from Aldrich Chemical Co., Mil­
waukee, WI. Methanol, 2,2,4-trimethylpentane, chloro­
form, and trichloroethene were obtained from Burdick &
Jackson Co., Muskegon, MI. Tetrachloroethane and
I,I,I-trichloroethane were obtained from J. T. Baker
Chemical Co., Phillipsburg, NJ. Three activated carbons
were used in these studies: Calgon's (Pittsburgh, PAl
Filtrasorb-400 and Westvaco's (Covington, VA) WV-G and
WV-W.

Chemical Analysis. The VOCs were analyzed by using
gas chromatography with liquid-liquid extraction (LLE)
and purge and trap methods (22). The samples for LLE
method were extracted by using 5-30 mL of solution with
5-10 mL of 2,2,4-trimethylpentane following the procedure
which was described by Mieure (23). I,I,I-Trichloroethane
was used as the internal standard for the LLE method.
Hall, electron capture, and photoionization detectors were
used for identification.

To determine the total organic halogen (TOX) of the
isotherm mixtures, the gas chromatograph was used to
quantify each halogenated species, and the total number
of halogens in the various organic molecules was summed
and expressed as chloride. This analytic procedure would
give similar results to the actual procedure because Billet
and Lichtenberg (24) have shown high TOX recovery for
many of the solutes which were used in this study.

Isotherm Procedure. The equilibration time that was
used satisfied the requirements which were discussed by
Crittenden and Hand (5), Hand et al. (6), and Randtke and
Snoeyink (25). A bottle point isotherm procedure was used
to conduct all equilibrium studies. Carbon dosages, gen­
erally ranging from 6 to 3000 mg/L (1-500 mg in 160-mL
bottles), were added to serum bottles that were then filled
head space free with water containing the VOCs. The
isotherm bottles were then rotated at 25 rpm and allowed
to come to equilibrium.

Initial liquid-phase concentrations were determined by
running blanks, with no carbon dosage, along with the
samples. VOC loss, due to volatilizatIOn, was found to be
negligible by comparing samples that were analyzed im­
mediately to those that were equilibrated along with the
samples.

Solutions were prepared with distilled, deionized Milli-Q
water (Millipore Corp., Bedford, MA). The six-component
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for i = 1 to N (10)
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The diagonal elements of the Jacobian are
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in which. qnew a!,1d iiold are the new and old guesses to the
roots of eq 10; Fold is the numerical value of eq 10 which
is evaluated at iiold' The off diagonal elements of the
Jacobian are given by (eq 12 is valid for all i and k except
when k equals i)

To implement this algorithm, we start with an initial guess
for q and improve our guess using eq 10-12 until eq 10 is
satisfied. Usually four to six iterations are required to
obtain greater than 0.01 % precision in the roots to eq 10.

After a great deal of algebraic manipulation. the following
equation for each adsorbate was derived:

According to eq 10. the equilibrium state in an isotherm
bottle is determined by setting Fi equal to zero. Fur­
thermore. all that is needed to define the equilibrium state
are the Freundlich K and lin, the initial concentration
of each solute. and carbon dosage M I V. Since eq 10 is
valid for all components, N nonlinear simultaneous
equations with N unknown qi values must be solved to
estimate the final equilibrium state in the isotherm bottle.

This set of equations was solved by using a Newton­
Raphson algorithm. If we let iinew equal the new guesses
of (ql> q2. qi. gN)T (T is the mathematic operand known as
transpose), F equal (Flo F2• .... Fi • ... FN)T. and J-I equal
inverse of the Jacobian of eq 10, then the Newton-Raphson
algorithm can be formulated by

Fritz et aI. (16) reported an lAST algorithm that used a
series of Freundlich parameters over various concentration
ranges; accordingly. eq 9 may be considered a simplfication
of their lAST equations. Equation 9 was combined with
the mass balance. eq 1. to eliminate the liquid-phase
concentration. Ci. in lAST predictions for bottle point
isotherms as shown in the equation:

Fi(ql>q2• .... qi• ... qN) = 0 =

(

fnq)n,M qi j=l) )

CiO - V qi - "N nK
" ' ,Lq·
j=l }

(8)

(5)

(1)

(3)

(4)

j=2toN

i=ltoN

i=ltoN

N

l/qT = LZJq?
i:l

RT

Carbon Preparation. Representative samples of the
GAC were obtained by mixing and splitting the GAC.
Powdered granular activated carbon (PGAC) which was
within U.S. no. 200 and 400 sieves was used in the isotherm
studies. PGAC was obtained by crushing representative
samples of the U.S. no. 12 by 40-sieve carbon such that
all of the crushed GAC passed the U.S. no. 200 sieve. The
PGAC that was retained on a U.S. no. 400 sieve was then
washed with Milli-Q water and dried overnight at 105°C.

Approach

Ideal Adsorbed Solution Theory. In lAST. the fol­
lowing five basic equations are used to predict muIticom­
ponent behavior from single-solute isotherms (12):

N
qT = Lqi (2)

i=l

isotherm experiment was conducted at 10-12 °C in a
termperature-controlled room. The two- and three solute
mixture isotherms were conducted at 20-22 °C. The so­
lutions were buffered with a 0.001 M phosphate buffer at
a pH of 6.0.

Once equilibrium was achieved. the PGAC was removed
by centrifuging the isotherm bottles. and the liquid-phase
concentrations were determined. The corresponding
surface loadings were calculated from the following mass
balance on an isotherm bottle:

qi = K;Ci l / n, (7)

If the Freundlich isotherm equation is used to represent
single-solute behavior in eq 6. then eq 6 will simplify to
the expression:

i ql'd In cy ...~A
--- dq~= - =

odin q~ RT

i
q/ d In C'J ...JA .
--Q dqJ = RT = ... for) = 2 to N (6)

odIn q)

Equation 2 defines qT. the total surface loading. Equation
3 defines Zi. the mole fraction on the surface of the carbon
for component i. Equation 4 is analogous to Raoult's law.
where C? is the single-solute liquid-phase concentration
in equilibrium with q? The single-solute surface loadings.
q? are the loadings that cause the same spreading pressure.
or reduction in surface tension. as the mixture. Equation
5 is the expression for no area change per mole upon
mixing in the mixture from the single-solute isotherms at
the spreading pressure of the mixture. Equation 6 equates
the spreading pressures of the pure component systems
to the spreading pressure of the mixture.

In this study. the single-solute isotherm representations
which were proposed by Freundlich. Jossens et al. (13). and
Singer and Yen (14. 17) were used in eq 6 to evaluate the
spreading pressure.

Ideal Adsorbed Solution Theory Using the
Freundlich Isotherm Equation. The Freundlich ad­
sorption isotherm equation is given by the expression:
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Table I. Summary of the Single-Component Isotherms, Experimental Conditions, and Freundlich Isotherm Parameters

equili-
bration
time, K, ~g/g, 95% K,~M/L, 95% lin 95% conen

. carbon type, days, (L/~g)I/" confidence (L/~M)I/" confidence best confidence range,
temp compound and pH best fit interval K best fit interval fit interval lin ~g/L

F-400, 10-20 °C cis-dichloroethene 7,6.0 150.7 121.4-187.2 39.0 26.7-57.1 0.7045 0.6687-0.7402 120-1250
trichloroethene 6.5,6.0 3389.7 2795.6-4109.9 196.6 124.4-310.6 0.4163 0.3620-0.4706 5.6-360
tetrachloroethene 6.0,6.0 10388.8 ~443.1-11429.2 650.6 530.1-798.9 0.4579 0.4365-0.4794 3.5-1170
bromoform 10,6.0 1802.0 1696.2-1914.4 160.5 142.9-180.3 0.5629 0.5528-0.5730 40.0-2000
chloroform 7,6.0 284.8 254.7-318.4 30.4 24.5-37.9 0.5325 0.5102-0.5549 8.0-1180
l,2-dibromoethane 7,6.0 1795.0 1632.6-1973.5 118.4 98.5-142.4 0.4808 0.4637-0.4979 32.0-1750
chlorodihromomethane 7,6.0 1265.7 ?SU-1631.8 96.0 59.8-154.2 0.5170 0.4758-0.5581 92.0-1830

F-4oo, 20-22 °C chloroform 2,6.0 39.23 36.19-42.92 12.19 11.87-12.50 0.7556 0.7387-0.7725 34.5-1324
trichloroethane 2,6.0 1245 1012-1531 93.66 85.00-103.2 0.4696 0.4216-0.5177 3.2-528
bromoform 2,6.0 436.6 370.8-498.7 78.17 74.85-81.64 0.6889 0.6640-0.7139 11.8-3871

WV-G, 10-12 °C cis-dichloroethene 7.0,6.0 180.4 141.2-240.4 35.4 23.1-56.6 0.6441 0.6045-0.6383 143-1340
trich1oroethene 6.5,6.0 3261.9 2986.9-3562.2 181.0 148.7-220.3 0.4073 0.3850-0.4295 5.3-120
trichloroethene 3.0,6.0 2847.0 2482.3-3265.3 148.4 107.3-205.1 0.3944 0.3561-0.4327 3.7-400
tetrach1oroethene 6.0,6.0 7524.3 6700.6-8449.3 589.5 460.8-753.7 0.5017 0.4762-0.5271 7.0-910

WV-W, 20-22 °C chloroform 2,6.0 55.69 51.30-60.46 15.91 15.45-16.38 0.7380 0.7188-0.7571 4.2-947
trichloroethene 2,6.0 1062 816.7-1380. 92.84 82.12-105.0 0.5005 0.4399-0.5612 3-537
bromoform 2,6.0 474.6 401.8-560.6 64.82 64.60-67.28 0.6482 0.6236-0.6728 37-8092

HD 3000, 20-22 °C chloroform 2,6.0 92.48 88.63-96.52 19.12 18.90-19.34 0.6704 0.6612-0.6795 13.5-888
trichloroethene 2,6.0 712.8 479.2-1060 53.77 44.61-64.80 0.4702 0.3766-0.5637 4-585
bromoform 2,6.0 632.0 538.8-741.2 55.72 53.11-58.46 0.5608 0.5373-0.5843 46-8319
chlorodibromomethane 2,6.0 281.0 263.7-299.4 31.31 30.61-32.02 0.5890 0.5749-0.6031 14.5-510

FIg..e 2. Trichloroethene data and the Freundlich isotherm fit for F-4oo
carbon.
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The dots are the experimental data and the solid lines are
the Freundlich isotherm fits.

Analysis of Errors Associated with Using Ideal
Adsorbed Solution Theory To Predict Multicompo­
nent Equilibrium Using Various Single Solute Iso­
therms. Errors that arise from utilizing lAST are caused
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Figure 1. 1,2-Dibromoethane isotherm data and the Freundlich iso­
therm fit for F-400 carbon.

Results and Discussion
Single-Solute Isotherms. The single-solute isotherm

data were fit to the Freundlich adsorption isotherm
equation. The data points were transformed by taking the
logarithm of Ci and qi' and the resulting values were fit
by the least-squares method_ Calculated values for Ki and
1lni' along with upper and lower 95% confidence limits,
are shown in Table I for the various GACs and adsorbates.
Adsorption isotherms were conducted at two temperatures,
10-12 °C, which is a typical groundwater temperature in
the Northern United States, and 20-22 °C. As shown in
Table I, the adsorption capacities at 10-12 °C were ap­
proximately 2-4 times as high as those that were observed
at 20-22 °C.

The time it takes for an isotherm to achieve equilibrium
must be considered when conducting isotherms (5, 6, 25).
Dobbs and Cohen (26) reported isotherm data that had
been equilibrated for 2 h at 22°C. This was not sufficient
time to achieve equilibrium (5, 6, 25). For similar tem­
perature, carbon, and adsorbates, capacities which were
measured in this study was 2-3 times higher than were
reported by Dobbs & Cohen (26) for all adsorbates except
for bromoform. With a decrease in temperature to 10-12
°C, trichloroethane was still not at equilibrium until after
6 days. This was demonstrated by conducting long-term
isotherms for 20 days. Consequently, 20-22 and 10-12 °C
isotherm experiments were conducted for at least 2 and
6 days, respectively.

The agreement of the data to the Freundlich equation
was expressed in terms of the average percent error (APE)
in the fit:

100,\, IXobsen>ed - X predictedl
APE ~ -L.." (14)

N Xob,erved

The isotherm data for 1,2-dibromoethane were described
with excellent precision by the Freundlich isotherm with
an APE of 3.9% in C and 1.1 % in q. The isotherm data
for tricWoroethene had the most scatter of the single-solute
isotherms with an APE of 14.9% in C and 1.5% in q. The
single solute isotherm data for 1,2-dibromomethane and
tricWoroethene are shown in Figures 1 and 2, respectively.
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Figure 3. Chloroform Isotherm data in the six-component mixture 7,
lAST predictions using eq 10, and the single-solllle Isotherm.

from extrapolating the single-solute isotherm data to zero
and high concentrations. As shown in eq 6, a plot of d In
C?/d In q? vs. q? may be used to evaluate the importance
of the single-solute isotherm on lAST predictions. Singer
and Yen (14, 17) have proposed an isotherm that extrap­
olates the isotherm to low concentrations by assuming the
isotherm is linear at a zero surface loading. However, IAST
calculations that were made in this study using Singer and
Yen's isotherm had a negligible effect on lAST calcula­
tions. Consequently, it was not used in IAST calculations
because Freundlich lAST calculations which are given by
eq 9 are much simpler to use.

With respect to extrapolation of single isotherms to high
concentrations, lAST predictions often required single­
solute surface loadings that were much higher than ex­
perienced in multisolute systems, particularly for the
weakly adsorbed components. In spite of the fact that the
single-solute isotherms were extrapolated, it is interesting
to note that the lAST predictions for high surface con­
centrations were not any further off than the low con­
centration predictions.

Since no curvature was found in the single-solute iso­
therms when plotted on a log-log scale, the representations
of the single-solute isotherms that account for curvature
(10,11,13,16) were not used to predict the VOC data.

Comparisons between Ideal Adsorbed Solution
Theory Predictions and Multicomponent Volatile
Organic Chemical Isotherm Data. As shown in Table
II, isotherms were conducted for four bisolute mixtures,
two ternary mixtures, and one six-component mixture to
verify that IAST could predict multicomponent equilibria.
All the raw isotherm data and lAST predictions for mix­
ture 7 were presented by Luft (20). The information that
is required for an lAST prediction using eq 9 is the
Freundlich isotherm parameters, initial concentrations
which are given in Table II, and the bottle volume and
carbon dosages. For all the isotherm mixtures, the initial
concentrations in the isotherm bottles were held constant,
and the carbon dosages were varied to obtain the results.
This procedure was used because this would be the situ­
ation that analysts would face in the field when they are
estimating the capacity of GAC.

Table II also displays the APE in predicting C and q by
using lAST. If all the 256 data are included, the APE
which is defined by eq 14 was 29% and 16% for C and q,
respectively. The greater precision in predicting q is ex­
pected because the isotherm slopes are close to 0.5 and
errors in C would have less impact on q. Accordingly,
multicomponent equilibria can be predicted satisfactorily
by using eq 9.

Figures 3-5 provide a visual representation of the pre-
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Figure 5. Trichloroethene isotherm data in the six-component mixture
7, lAST predictions using eq 10, and the single-solute isotherm,

cision of IAST predictions for three of the components in
the six-component mixture (mixture 7 in Table II). The
adsorbate chloroform, 1,2-dibromoethane, and trichloro­
ethene, which are shown in Figures 3-5, are weakly, in­
termediately, and strongly adsorbing components in this
mixture. The open boxes are the lAST predictions that
correspond one to one with the data which are represented
as solid dots. In cases where the prediction matches the
data exactly, the dots hide the boxes. This displacement
of the capacity which was observed in the mixture from
the single-solute capacity can be seen by comparing the
dashed lines which represent the single-solute isotherms
to the data. This displacement is the greatest for higher
liquid-phase concentrations or for small PGAC dosages
because high surface concentrations of the strongly ad­
sorbing components caused more competitive interactions.

On the basis of sensitivity analyses that were conducted
by Luft (20) and the APEs that were observed in the
single-solute isotherms, the lAST predictions were as
precise as the experimental methods used to determine the
single-solute isotherms. For example, the APE for TCE
was 14% and 1.5% in C and q for the single-solute iso­
therms as contrasted to 22% and 4% in mixture 7.
Therefore, no improvements in lAST predictions would
be necessary until better methods could be obtained to
measure single-component data.

Table III displays one set of the trisolute isotherm re­
sults and IAST predictions using the Freundlich isotherm
equation. Also shown are the experimental relative ad­
sorptivities which give the preference of component i as
compared to component j by the adsorbent. The relative
adsorptivity is defined by

a) = q;Cj/(qF;l (15)



Table II. Average Percent Error between Experimental Multisolute Equilibrium Data and Ideal Adsorbed Solution Theory
Predictions

mixture temp,
no. carbon °C

F-400 2(}-22

F-400 2(}-22

3 WV-W 2(}-22

HD-3000 2(}-22

5 WV-W 2(}-22

6 F·400 2(}-22

F-400 1(}-12

8' BlO·1

8b BI0·1

relative

initial % error

conen in using no.
mixture, lAS of C range, q range,

components JlM/L C q data JlM/L JlM/g

chloroform 1l.8 12 Il 22 1.46-10.2 12.8-29.5
trichloroethene 12.4 44 4 0.019-3.33 15.4-182

chloroform 10.9 8 20 16 2.53-10.3 13.6-53.0
trichloroethene 70.4 84 18 0.512-56.9 1I3-1l51

chloroform 9.76 21 21 22 0.276-9.03 4.39-19.7
trichloroethene 45.2 12 2 0.0990-27.1 20.9-492

chloroform 8.46 57 67 24 2.07-7.25 7.61-27.3
chlorodibromoethane 4.79 54 17 0.431-3.35 5.19-32.4

chloroform 38.5 31 45 18 7.09-35.7 20.2-113
trichloroethene 35.2 25 2 0.244-26.7 22.7-345
bromoform 30.2 12 2 0.368-23.1 19.3-283

chloroform 38.5 22 30 23 4.16-37.4 15.7-82.1
trichloroethene 35.4 24 2 0.102-30.6 16.2-389
bromoform 30.2 27 15 0.198-27.0 13.8-256

chloroform 14.0 64 21 22 0.05-14 1.7-66
trichloroethene 13.5 22 4 24 0.04-12.3 7.4-224
chlorodibromoethane 12.4 24 13 24 0.13-11.9 6.7-128
1,2·dibromoethane 13.4 22 8 24 0.13-12.7 7.3-146
bromoform 11.4 19 12 23 0.07-10.9 6.5-195
tetrachloroethene 12.3 45 4 14 0.04-5.4 95.7-915

av % error for mixtures 1-7 29 16 256

phenol 3 8 50
p·nitrophenol 47 I 50

phenol 21 44 50
p·nitrophenol 1 28 50

'Data of Fritz et al. (7), predicted by using the Jossens et al. (13) isotherm in lAST predictions. bData of Fritz et al. (7), predicted by
using eq 10.

According to Table In, the adsorbent prefers bromoform
over chloroform by a factor of 4-18. It is interesting to
note that the multicomponent Langmuir isotherm would
predict a constant relative adsorptivity. Recently, Yen and
Singer (17) demonstrated that the multicomponent
Langmuir equation did not describe multicomponent
equilibria for several phenols, whereas IAST was successful
in describing the data.

Jossens et al. (13) presented lAST predictions for bi­
solute isotherm data that were collected by Fritz et al. (16).
Since their data were collected at much higher concen­
trations, curvature was observed in their single-solute data,
and the Jossens et al. isotherm equation was used to rep­
resent the single-solute isotherms in lAST calculations.
The APE that was reported by Jossens et al. (13) was 2%
in q; however, the APE in C was not reported. Bisolute
data for phenol (initial concentrations 0.01, 0.02, 0.03, 0.04,
0.05, 0.06, 0.07, 0.08, 0.09, and 0.1 mM/L) and p-nitro­
phenol (initial concentrations of 0.02, 0.03, 0.04, 0.05, and
0.1 mM/L) were reanalyzed in this study by using the
Jossens et al. isotherm in IAST calculations, and the APEs
for q were 8% and 1% for phenol and p-nitrophenol, re­
spectively. The APEs for C were 3% and 47% for phenol
and p-nitrophenol, respectively. Jossens et al. (13) also
reported 2-21 % relative error for q in three other pairs
of bisolute-substituted phenol data. Accordingly, the de­
viations from lAST which was found in this study were
not significantly out of line with those reported by Jossens
et al. (13) given the fact tbat this study was conducted at
lower concentrations.

For the sake of mathematic expediency in fixed-bed
model calculations, the curvature that is observed in the
single-solute isotherm data may be ignored if less precision
in the fixed-bed calculations can be tolerated. For exam­
ple, the data which were predicted by Jossens et al. (13)
isotherm were reanalyzed by fitting the Freundlich iso­
therm equation to the single-component data. Following
this, eq 9 was used to predict their multicomponent iso­
therm data. As shown in Table II for mixture 8, the APE
for C and q for phenol was 21 % and 44 % and for p­
nitrophenol was 1% and 28% using the Freundlich iso­
therm as compared to 3% and 8% for phenol and 47% and
1% for p-nitrophenol, respectively, using the Jossens et
al. isotherm. Consequently, one could use eq 9 to represent
the data; however, the lAST predictions would not be as
good.

TOe and TOX Isotherm Representations of Mul­
ticomponent Data. The multicomponent isotherm re­
sults for the various mixtures shown in Table II were ex­
pressed as single-component TOe and TOX isotherms,
and their effective single-solute isotherms were evaluated.
For example, according to these results, TOC or TOX
isotherms of the various mixtures may appear to behave
as pseudo single components. Figure 6 displays TOC and
TOX isotherms for the trisolute mixture of chloroform,
trichloroethene, and bromoform on F-400 carbon which
was reported in Table II.

Conclusions
Ideal adsorbed solution theory (lAST) satisfactorily
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Table III. Mixture 6 Equilibrium Data for Chloroform (Species 1), Bromoform (Species 2), and Trichloroethylene (Species
3), for F-400 Carbon and Initial Concentrations of 38.5 I'M/L Chloroform, 30.2 I'M/L Bromoform, and 35.4 I'M/L TCE As
Compared to lAS Predictions Using Equation 10

experimental predicted experimental predicted experimental
surface concentration, surface concentration, solution concentration, solution concentration, relative

I'M/g I'M/g I'M/L I'M/L adsorptivity

ql q, q3 q, q, q3 C, C, C, CI C, C, ",' "I'
82.1 256 389 80.8 491 353 37.4° 27.0° 30.6° 37.4 24.1 31.0 4.33 5.79
60.9 289 373 80.4 420 339 37.0° 23.2° 26.4° 36.5 20.0 27.1 7.58 8.58
57.7 281 323 80.0 365 322 36.4° 19.9° 23.7° 35.5 16.8 23.5 8.88 8.60
73.4 242 311 79.5 320 303 34.8° 18.2° 20.1° 34.5 14.2 20.2 6.32 7.33
99.8 205 287 79.0 288 286 32.4° 17.6 17.9" 33.6 12.4 17.7 3.78 5.21
81.0 213 272 78.4 258 268 32.5° 14.2 15.1° 32.5 10.8 15.2 6.02 7.20
55.7 193 238 77.5 227 296 33.3° 12.8 13.6° 31.2 9.09 12.5 8.98 10.5
47.2 161 206 75.8 188 212 32.7° 10.4 10.3° 29.1 7.02 9.16 10.7 13.9
39.5 140 176 73.6 157 182 32.5° 8.41 8.11° 26.9 5.49 6.67 13.7 17.8
38.1 120 156 71.4 137 161 31.4° 7.13 6.42° 25.0 4.52 5.14 13.9 20.0
40.0 113 141 69.1 121 143 29.8° 5.77 4.98° 23.3 3.80 4.06 14.6 21.1
40.9 93.1 115 64.4 97.5 116 27.1° 4.27 3.43° 20.3 2.80 2.65 14.5 22.3
43.8 86.8 106 62.3 89.4 107 25.0° 3.50 2.82° 19.1 2.47 2.22 14.2 21.5
39.5 64.3 78.9 53.9 65.8 76.7 21.5° 2.51 1.55 15.0 1.59 1.19 13.9 27.7
34.5 46.5 56.0 44.0 46.9 55.8 17.2° 1.48 0.890 11.0 0.977 0.589 15.6 31.2
32.1 36.6 43.7 37.1 36.6 43.4 12.9° 1.04 0.586 8.55 0.685 0.353 14.1 29.8
28.5 31.9 38.1 33.4 31.9 37.8 11.8° 0.779 0.388 7.37 0.561 0.264 17.0 40.6
26.3 27.4 32.6 29.6 27.3 32.3 10.1° 0.597 0.301 6.20 0.448 0.190 17.6 41.5
24.2 24.0 28.5 26.5 23.9 28.2 8.62° 0.494 0.213 5.33 0.370 0.144 17.3 47.7
22.0 21.6 24.9 24.2 21.5 25.3 7.42° 0.419 0.228 4.70 0.316 0.113 17.4 36.9
20.7 19.2 22.8 21.9 19.1 22.5 6.36 0.348 0.154 4.08 0.266 0.0880 17.0 45.2
17.8 16.1 18.9 18.7 16.0 18.8 5.47 0.285 0.263 3.28 0.204 0.0586 17.4 22.2
15.7 13.7 16.2 16.2 13.6 16.0 4.16 0.198 0.102 2.70 0.163 0.0425 18.4 42.0

° Extrapolated beyond existing single-solute isotherm data for evaluation of spreading pressure.
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dissimilar adsorbates and adsorbates of different sizes.
An error analysis was performed for various isotherms

that are used to represent single-solute data in lAST
calculations. This analysis demonstrated that the
Freundlich equation was sufficiently accurate to represent
the data under certain simplifying assumptions, and the
use of the Freundlich equations in lAST calculations re­
sulted in a relatively simple expression to describe the
multicomponent data. Accordingly, resulting lAST
equilibrium expressions which are given by eq 9 can be
sued if two conditions are met. First, the single-solute
isotherm data cannot exhibit any curvature on a log-log
scale. Second, extrapolation of the Freundlich isotherm
equation to high and zero surface concentration must not
result in significant errors in the calculation of the
spreading pressure.

The multicomponent data for the mixtures were plotted
as total organic halogen (TOX) and total organic carbon
(TOe). When the mixture data were plotted in this
manner, the mixture appeared to behave as a pseudo single
solute.

EQUILIBRIUM CONCENTRATION. fLQ/L

Figure 6. TOG and TOX (as Gil isotherms for the trisolute mixture 6
which contains chloroform. bromoform, trichloroethene. and F-400
carbon.

predicted multicomponent competitive interactions be­
tween the following volatile organic chemicals: chloroform,
bromoform, trichloroethene, tetrachloroethene, 1,2-di­
bromoethane, and chlorodibromomethane. A total of seven
mixtures that contained various combinations of two,
three, and six solutes were tested for three commercially
available activated carbons. The average percent error was
29% and 16% for C and q, respectively, for the 256­
multicomponent data that were collected. This amount
of error is reasonable when compared to the precision of
the single-solute data. However, these results are for
relatively similar molecules, and more work is required to
prove lAST can predict competitive interactions between
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Glossary

A

M
N

surface area of adsorbent per unit mass of adsor­
bent, U/M

liquid-phase concentration for component i, M/L3
single-solute liquid-phase concentration for com­

ponent i which is evaluated at the spreading
pressure of the mixture, MIL"

initial liquid-phase concentration for component
i, M/L3

vector of values of eq 10 which are evaluated at qold

vector of values of eq 10 which are evaluated at qn,w
Jacobian of eq 10
inverse of the Jacobian of eq 10
Freundlich capacity parameter for component i,

(M/M)( L3/ M),/n,
mass of carbon in isotherm bottle, M
number of components



1/ni Freundlich isotherm intensity parameter for com-
ponent i, dimensionless

ni inverse of 1/ni
q solid-phase concentration for component i, M/M
q~ single-solute solid-phase concentration for compo-

nent i which is evaluated at the spreading
pressure of the mixture, M/M

Qnew vector of the new guesses to the roots of eq 10,
M/M

Qold vector of the old guesses to the roots of equation
10, M/M

qT total surface concentration, M/M
R universal gas constant
T absolute temperature
V volume of isotherm bottle, L3
Zi mole fraction of component i adsorbed on surface,

dimensionless
Greek
" spreading pressure of the mixture"f spreading pressure of the single solute i
Symbolic

vector of values of a variable
Abbreviations
APE relative percent error as defined in eq 14
DCE cis-dichloroethene
EDB 1,2-dibromoethane
GAC granular activated carbon
lAST ideal adsorbed solution theory
LLE liquid-liquid extraction
PGAC powdered granular activated carbon
~OC synthetic organic ch~mical

[If transpose of vector F
TCE trichloroethene
TOC total organic carbon
TOX total organic halogen
VOC volatile organic chemical

Registry No. C, 7440-44-0; chloroform, 67-66-3; bromoform,
75-25-2; trichloroethene, 79-01-6; tetrachloroethene, 127-18-4;
1,2-dibromoethane, 106-93-4; dibromochloromethane, 124-48-1.
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Table IV. PAH Levels in Rainwater (in ng/L) at the Eurotower Rotterdam at the Top (T) and at Ground Level (B) Se t 15
1983, 10.50 h ' p ,

sample

compound Tl T2 T3 T4 BI B2 B3 B4

Phen" 53 45 46 30 133 91 89 90
Fl 110 85 66 70 180 142 120 115
Py NDb ND ND ND 37 ND ND ND
Chry" ND 62 57 62 67 ND ND ND
BaA 33 30 9 9 30 32 20 10
BbF 53 60 60 45 48 57 70 55
BkF 23 27 22 17 22 25 30 20
BaP 37 37 22 17 30 30 29 10
DahA" 13 10 7 9 10 12 10 20
BghiP" 63 70 54 51 55 52 69 40
IP 90 110 85 70 72 77 100 50

amount, mm 0.300 0.400 0.650 0.450 0.400 0.400 0.800 0.200
rate, mm/h 1.50 4.00 13.00 9.00 2.00 3.43 16.0 4.00
sampling interval, min 12 7 3 3 12 7 3 3

"Phen, phenanthrene; Chry, chrysene; DahA, dibenz[a,hlanthracene; BghiP, benzo[ghi]perylene. bND, not detected.

Table V. Data for the Relation between PAH Deposited
and the Amount of Rain

at 200 m at ground level

com- slope, slope,
pound r' ng/(m'.mm) r' ng/(m'.mm)

Phen 0.9934 41.7 1.000 89.2
Fl 0.9976 71.2 0.9987 124.5
BaA 0.9112 13.6 0.9819 21.8
BbF 0.9966 56.2 0.9985 65.5
BkF 0.9930 21.8 0.9980 27.9
BaP 0.9765 24.0 0.9933 27.3
DahA 0.9958 8.2 0.9912 11.5
BghiP 0.9959 56.8 0.9962 62.2
IP 0.9929 86.7 0.9955 89.8

Rotterdam Eurotower, located near the center of the city
at a distance of 300 m from the harbor in an area with
dense traffic (see Figure 2).

On Sept 15, 1983, a precipitation event was sampled in
four fractions with the results shown in Table IV. The
direction of wind was about south, thus transporting PAH
emitted from automobiles in the city and on nearby
highways south of Rotterdam.

Contrary to the data in Tables I and II a drastic decrease
in PAH during precipitation is not observed in this case.
In fact, it can be calculated that the total amount of a PAH
precipitated per square meter is directly proportional to
the amount of rain (Table V).

In order to relate PAH levels in rainwater at the two
altitudes, samples at similar time periods and hence with
identical volumes are required. The combination of sam­
ples Tl and Bl does not completely meet this requirement:
the volume of Bl is 4/3 of that of T1. However, because
of the slight decrease in PAH levels observed for both the
TI-T4 and the BI-B4 series, the difference in sample size
only results in a slightly too high value for the ratio Tl:B1.
The sample sizes of T3 and T4 are not compatible at all
with those of B3 and B4. Therefore, PAH concentration
values for T3 and T4 were combined and divided by the
sum of B3 and B4. The results are given in Table VI.

Discussion

The presence of PAHs in rainwater is the result of both
in-cloud and below-cloud scavenging. One of the main
differences between these two processes is that the latter
only occurs during precipitation events. As PAHs in air
are present both in the gas phase and adsorbed on par-
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Table VI. Ratio of PAH Levels in Rainwater at the Two
Altitudes

T(3+4)/
TI/Bl T2/B2 B(3+4) average

Phen 0.39 0.49 0.45 0.44 ± 0.05
Fl 0.61 0.60 0.55 0.59 ± 0.03
BaA 1.10 0.94 0.45 0.83 ± 0.34
BbF 1.10 1.05 0.80 0.98 ± 0.16
BkF 1.04 1.08 0.71 0.94 ± 0.20
BaP 1.23 1.23 0.79 1.08 ± 0.25
DahA 1.30 0.83 0.65 0.92 ± 0.34
BghiP 1.14 1.35 0.84 1.11 ± 0.26
IP 1.25 1.43 0.88 1.19 ± 0.28

averageO 1.18 ± 0.10 1.16 ± 0.22 0.78 ± 0.08 1.04 ± 0.23

"Excluding Phen, Fl, and BaA.

ticular matter (8), the scavenging of PAHs in air by either
cloud water or rainwater is the result of dissolving of
gas-phase PAHs in water and the result of scavenging of
particulate bound PAHs by cloud or rain drops.

The scavenging of gas-phase PAHs below clouds is the
result of gas-water partitioning. The equilibrium is de­
scribed by the Henry coefficient H. It can easily be derived
that the rate constant (in mm-I ) for disappearance of
gas-phase compounds in air by precipitation over a height
h (mm) is given by 1/(Hh), with H in dimensionless units,
on the assumption of equilibrium partitioning between the
gas and water phase. For phenanthrene with H = 6.6 X
10-3 (from a vapor pressure of 6.8 10-4 mmHg (9) and a
water solubility of 1 mg/L (10)), when an estimated value
of 106 for h is used, the removal rate constant for gas-phase
phenanthrene below clouds is expected to be 1.5 x 10-4

mm- I .

The below-cloud scavenging by rain of PAH-containing
particulate matter in air is a result of the nature of the
particulate matter and not of the PARs. In general it is
believed that aerosol particles are more efficiently removed
from within rather than from below clouds (11). Below­
cloud aerosol particles are scavenged by gravitational
collision resulting in removal of only giant particles in the
course mode (radius;:' Illm) (12, 13).

The rate constant for this aerosol removal can be esti­
mated to be 0.07 mm- I and 0.9 mm- I for aerosol particles
with diameters of 4 and 40 Ilm, respectively (14). A com­
pilation of literature data on the scavenging coefficient of
aerosols obtained from field data are given by McMahon
and Denison (15). The data for below-cloud scavenging



(sometimes including in-cloud scavenging) lie in the range
1O-5-1Q4 s-\ or, with a rain intensity of 5 mmlh, 7 X 10-3-7
X 10-2 mm-I

The in-cloud scavenging of particulates is a result of
diffusion, interception, and impaction. This scavenging
may occur whether a cloud is at that time precipitating
or not. Furthermore, gas-phase compounds may enter
cloud water before precipitation. Therefore, the rate of
in-cloud scavenging of compounds does not necessarily
correlate with the apparent removal rate obtained via
rainwater analysis.

From our measurements on the precipitation event on
Dec 10, 1982, at 16.30 h we obtained an appparent removal
rate constant of 1.46 ± 0.20 mm-' as the average for Py,
BaA, BbF, BkF, and BaP (Table III). The rate constants
for the individual PAHs are 4 orders of magnitude greater
than that expected for the below-cloud scavenging of
phenanthrene and do not vary substantially with the type
of PAH. Accordingly, it may be assumed that on that
precipitation event the gas-phase below-cloud scavenging
of the PAHs does not significantly contribute to their
presence in rainwater. A similar conclusion holds for the
event on Dec 10, 1983, at 10.08 h with an estimated re­
moval rate constant of 3 mm-'.

The mass median diameter for PAH-containing aerosols
in The Netherlands and Belgium in 1977 was found to be
ca. 1 I'm (16). Accordingly, it may be expected that the
removal rate constant for PAH-containing aerosols in air
below clouds will be close to the removal rate constant of
0.07 mm-' for 4-l'm aerosols (14). The two rate constants
of 1.46 and ca. 3 mm-' found in our study of the precipi­
tation event on Dec 10, 1982, are 20-40 times as high as
expected for below-cloud scavenging of PAH-containing
aerosols. Accordingly, we conclude that at least for these
precipitation events the below-cloud scavenging ofPAH­
containing aerosols does not significantly contribute to the
measured PAH levels in the rainwater.

By this process of elimination we arrive at the conclusion
that the measured PAH levels in rainwater from the Dec
1982 events are predominantly the result of the in-cloud
scavenging of PAHs.

From the measurements at the Rotterdam Eurotower
we found, in contrast to the earlier measurements on Dec
10, 1982, a too little decrease in PAH levels during the
precipitation event to calculate apparent removal rate
constants. This could indicate below-cloud scavenging of
either gas-phase or aerosol-associated PAHs. However, this
mechanism is not in agreement with the dependence of the
PAH concentration levels on the sampling altitude as will
be discussed hereafter. Therefore, it is more likely that
the observed PAH concentration variations during pre­
cipitation may very well not be the result of scavenging
kinetics.

The data in Table V demonstrate that the average
concentration levels of BbF, BkF, BaP, DahA, BghiP, and
IP in rain during the precipitation event are the same at
Om and at 200 m. Therefore, it can be concluded that the
scavenging of these compounds by rain between 0 and 200
m does not contribute significantly to their concentration
levels at 0 m. Since it is hard to imagine that (i) scavenging
above 200 m, but below the cloud base, differs from that
between 0 and 200 m and (ii) PAH concentration levels
in urban air are higher above than below 200 m, and be­
cause cloud bases are located at ca. 1000 m, it is concluded
that the presence of BbF, BkF, BaP, DahA, BghiP, and
IP in rain is mainly the result of in-cloud scavenging.

The data for Phen, Fl, and BaA in Table V reveal a
scavenging of PAH in air by rain between 0 and 200 m.

Most probably this scavenging is acting on gas-phase PAHs
since Phen in air is mainly found in the gas phase, Fl and
BaA both in the gas phase and on aerosols, and BbF, BkF,
BaP, and others mainly or exclusively on aerosols (8).

The concentration of Phen in rainwater more than
doubles between 200 m and ground level. This supports
the theory that the presence of Phen in rain is mainly the
result of below-cloud gas-phase scavenging. If for Phen
below-cloud scavenging is the exclusive scavenging process,
then it can be calculated from the data in Table IV that
below-cloud scavenging of Fl and BaA accounts for 50 and
15%, respectively. This may perhaps explain the relatively
slow decrease in concentrations of Fl compared to other
PAHs in Table II to be the result of the additional be­
low-cloud gas-phase scavenging of FI.

In conclusion, our measurements ofPAH concentration
levels in rain at two different altitudes show for the event
on Sept 15 that those PAHs mainly present in air on
aerosols are present in rain as a result of in-cloud sca­
venging and that PAHs which in air are mainly present
in the gas phase enter rain as a result of below-cloud
scavenging. The conclusion for PAHs on aerosols is sup­
ported by the observed rate of concentration decay during
the precipitation event. In a strict sense this conclusion
only holds for the event at Rotterdam. However, since
site-specific data were not needed to explain the observed
behavior of PAH, it may well be that this scavenging model
is generally applicable.

Finally, it is interesting to note that our results imply
that concentrations of especially Phen in cloud water
should be low relative to "higher" PAHs. A mathematical
model for the description of equilibrium in-cloud parti­
tioning of PAH is therefore currently being developed.
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Effects of Silicon on the Crystallization and Adsorption Properties of Ferric
Oxides

Paul R. Anderson and Mark M. BenJamin'

Environmental Engineering and Science, Department of Civil Engineering, University of Washington,
Seattle, Washington 98195

• The effect of dissolved silicate on the bulk and surface
properties of aged ferrihydrite was investigated. Under
aging conditions where ferrihydrite crystallizes to goethite
in less than 24 h in the absence of silicate, the solid remains
noncrystalline for at least 1-2 weeks in its presence. Some
of the dissolved Si associates with the solid, and the point
of zero charge (PZC) of the solid decreases from about 8
to about 4 as the ratio Si/Fe in the solid increases from
oto 0.35. Incorporation of the Si in the solid dramatically
increases the solid's binding strength for Cd but has rel­
atively little effect on its strength for Cu, Co, or Zn. The
binding strength for Se03 decreases with Si content in the
solid, correlating closely with the PZC.

Introduction
Oxides, hydroxides, and oxyhydroxides of iron are

present either as discrete phases or as coatings on other
solids in many soils and sediments and provide an im­
portant control on the distribution of trace elements in
aquatic environments (1-4). Numerous studies of trace
element adsorption onto these solids, which we will refer
to collectively as ferric oxyhydroxides, have been con­
ducted (5-9). These studies have focused primarily on
single-component, pure oxides as model adsorbents.

The ferric oxyhydroxides are secondary minerals formed
as the weathering products of primary minerals. Thus, the
environments in which they form normally contain an
array of other weathering products. The ferric oxy­
hydroxides and these other compounds can interact in
various ways which may alter their affinity for soluble ions
and the rate of formation or the identity of the solid phase
formed. Examples include the inhibition of crystallization
of ferric oxyhydroxides in the presence of fulvic acid (10),
increased stability of ferrihydrite over lepidocrocite in the
presence of Si (11), and the preferential formation of he­
matite over goethite in the presence of Al under certain
aging conditions (12). Characterization of the solids
formed under these conditions has generally been limited
to analyses of their bulk physical and chemical properties,
while the surface chemistry has been largely neglected.

This report describes a study of how the presence of
silicate affects the solids formed when ferrihydrite is aged
at elevated temperature and pH. Both the bulk crystal­
linity of the solids and their surface properties were
characterized.

Materials and Methods
Ferric oxyhydroxides were prepared in either glass or

Teflon beakers containing a 0.1 M NaN03 solution pre­
heated to 50°C. Concentrated NaOH was added to 10-3

or 10-1 M Fe (III) solutions to raise the pH to 10.5, and
the precipitate was aged up to 2 weeks. In some experi­
ments Si was added (as NazSi03) either prior to, 2 h after,
or 24 h after the precipitation step. All of the preparation
steps were performed under a Nz atmosphere.

At the desired oxyhydroxide age, the solution was rap­
idly cooled to 20°C, and concentrated HN03 was added
to attain a final pH of about 7. Batch adsorption exper­
iments, oxalate solubility tests, and point of zero charge
(PZC) determinations were conducted with subsamples
from this suspension. The precipitate was washed several
times with deionized water and air-dried prior to the ox­
alate, X-ray, and infrared absorption analyses.

The pH of the PZC was determined by the salt titration
procedure of Davis and Leckie (6). The quantity of non­
crystalline material in the solids was estimated by solu­
bility in ammonium oxalate using a procedure similar to
that described by Landa (13) and McKeague and Day (14).
The infrared absorption spectra were obtained with sam­
ples prepared as KBr pellets. Air-dried solids crushed to
pass through a 0.105-mm sieve were used for the X-ray
analysis. Particulate and soluble fractions were separated
by centrifugation and analyzed by atomic absorption
spectrophotometry after digestion with HF.

Procedures followed in the batch adsorption experiments
were similar to the methods used by several previous
workers (15, 16). In all of the batch adsorption experi­
ments the total Fe concentration was 10-3 M, and the
background electrolyte was 0.1 M NaN03.

Formation and Identification of the Solid
The rate of crystallization and the identity and mor­

phology of the crystalline phase formed when iron oxy­
hydroxides are aged can be affected by several factors,
including the identity of the major anions in solution and
the temperature and pH of the aging solution. In the
systems studied, the conversion of ferrihydrite to geothite
(a-FeOOH) was of interest. This conversion is accelerated
by aging ferrihydrite suspensions at elevated pH and
temperature (17-19). Atkinson et al. (20) reported that
a 0.12 M Fe(N03)3 solution adjusted to pH "near 12" and
aged 24 h at 60°C yielded crystalline geothite free of other
X-ray identifiable phases. The authors noted that .....no
precautions were taken to prevent silicate contamination
[from processing in glass beakers], which is possible at high
pH". Sung and Morgan (21) tried to synthesize a-FeOOH
by using the same pH and temperature conditions as
Atkinson et al. but reported that the precipitate was X-ray
amorphous. The solid did have an infrared absorption
spectrum similar to that of a-FeOOH. They did not in-
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Table I. Ratio of Oxalate-Soluble Fe to Total Fea
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aFe (l0-3 M) aged in glass at 50 ac and pH 10.5. bVisually, it
appeared that the solid dissolved completely in these tests, i.e.,
oxalate-soluble Fe/total Fe ~ 1.0.
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Figure 2. Si concentration and pH of the PZC vs. oxide age. All
samples are suspensions of 10-3 M FeT aged at 50 eC and pH 10.5
in glass.

terfered with the conversion of ferrihydrite to lepidocrocite,
and Schwertmann and Taylor (22) reported a similar result
for conversion of lepidocrocite to geothite. Analysis of
soluble and total Si in the suspensions as a function of time
(Figure 2) indicated that significant amounts of Si were
indeed being solubilized. Over a period of 144 h, about
61 mg of Si dissolved from approximately 600 cm2 of glass
surface, giving a total Si concentration (soluble plus par­
ticulate) of 41 mg/L. The majority of the Si released
remained in solution. Nevertheless, Si:Fe atomic ratios
in the solid phase were as high as 0.35 in some samples.

The relationship between crystallization and Si was
evaluated by precipitating and aging ferric oxides in Teflon
beakers under conditions identical with those aged in glass
(10-3 M F9T, 0.1 M NaN03, pH 10.5, 50 ec). In the absence
of Si, the X-ray diffractogram (Figure 1, line b) indicated
that goethite formed within 24 h. By contrast, solids
prepared in Teflon beakers with 20 mg/L Si added to the
solution prior to precipitating the Fe remained X-ray
amorphous (Figure 1, line e). This confirmed the ability
of Si to inhibit crystallization. The solid-phase Si:Fe ratio
at which inhibition first occurs can be bracketed between
approximately 0.02, the largest ratio found in a solid which
crystallized (according to X-ray analysis), and 0.11, the
smallest ratio found in a solid which did not.

The IR spectra of these solids are also informative
(Figure 3). Two absorption peaks characteristic of
goethite are observed in the solids prepared in Teflon in
the absence of Si (Figure 3, line b) and are absent in the
spectra of freshly prepared ferrihydrite (Figure 3, line c).
The ferrihydrite aged in the presence of Si (Figure 3, line
a) has a broad peak centered at 950 cm- I

, which Carlson
and Schwertmann (23) attribute to Si-O-Fe bonds.

As noted earlier, Sung and Morgan (21) reported that
a ferrihydrite aged at high temperature and pH was X-ray
amorphous but had some of the IR-absorbing character­
istics of goethite. In our case, the aging apparently caused
the solid to acquire some of the characteristics of goethite
and some of freshly precipitated silica. This conclusion
is also consistent with the surface characteristics, which
are presented later.

In their study of the effects of Si on the transformation
of lepidocrocite to goethite, Schwertmann and Taylor (22)
reported that the conversion was affected by the time at
which Si was added. To study this effect in our systems,
Si was added to 10-3 M Fe suspensions in Teflon at various
times during the aging process. On one series of tests,
20-80 mg/L Si was added 2 h after the precipitation step,
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-----.-'-- ----'-r-
25 20

oxalate-soluble Fe/
tolal Fe

0.99b

0.96b

0.80b

0.74

24
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288

Fe oxide
age, h

dCAO) 2.45 (0) 2.69 (G.H)

2e(Cu~ 3'5: 30

Figure 1. X-ray diffraction patterns for ferric oxides. All of the solids
were prepared and aged in 0.1 M NaN03 at 50°C and pH 10.5. (a)
10-3 M FeT in Teflon, aged 48 h: 20 mg/L Si added after 24 h. (b) 10-3

M FeTin Teflon, aged 24 h. (c) 10-1 M FeT in glass, aged 24 h. (d)
10-3 M FeTin glass. aged 144 h. (e) 10-3 M FeTin Teflon, aged 48
h; 20 mg/L Si added at t = O. The d spacings indicated on the top
axis are characteristic of goethite (G) or hematite (H).

dicate the concentration of FeT in their system.
Initially, conditions similar to those of Atkinson et aI.,

but somewhat less severe (pH 10.5, 50 ec), were used to
investigate the conversion of ferrihydrite to goethite_ In
addition, the suspensions were more dilute than those of
Atkinson et al. (10-3 M F9T in a background electrolyte of
0.1 M NaN03) to facilitate comparisons with previous
adsorption experiments. Samples were aged from 2 h to
12 days under these conditions and were analyzed for
crystallinity.

X-ray diffraction analysis, oxalate dissolution, and visual
appearance of the solids indicated that none of them had
crystallized to a significant extent even after aging 12 days.
All these samples were X-ray amorphous (Figure 1, line
d) and retained the characteristic deep red color of fer­
rihydrite throughout the aging period. (Goethite formed
using Atkinson's method is typically a gold yellow.) They
remained completely soluble in oxalate for aging times of
at least several days and were predominantly so after 12
days (Table 1). By contrast, suspensions containing 10-1

M FeT exposed to identical conditions (pH 10.5, 50 ec)
were converted to goethite within 24, on the basis of X-ray
pattern, oxalate solubility, and color (Figure 1, line c; Table
I).

A possible explanation for the failure of the ferrihydrite
to crystallize in the 10-3 M suspensions is poisoning of the
crystal nuclei by Si dissolving from the beaker walls.
Schwertmann and Thalman (11) had reported that Si in-
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Figure 3. Infrared spectra of solids prepared in 0.1 M NaN03. (a) 10-3
M Fe + 20 mg/l Si (added as Na2Si03) aged 24 h at 50°C, pH 10.5,
in Teflon. (b) 10-3 M Fe aged 24 h at 50°C, pH 10.5. in Teflon. The
peaks at 890 and 797 cm-' are characteristic of a-FeOOH. (c) 10-3

M Fe aged 2 h at 22°C. pH 7.5, in Teflon.

and the high temperature and pH aging conditions were
maintained for 144 h. Although these solids were not
analyzed by X-ray diffraction, they retained the charac­
teristic color and texture of ferrihydrite, and the results
of the batch adsorption experiments (see below) suggest
that the solids were noncrystalline. However, when 20
mgjL Si was added 24 h after the precipitation step, the
X-ray diffraction pattern (Figure I, line a) indicated the
presence of both goethite and hematite within 24 h of
additional aging. Thus, the transformation of ferrihydrite
to goethite is inhibited if Si is introduced early in the
crystallization process «2 h), while the introduction of Si
at a later stage (>24 h), after significant amounts of
goethite have formed, apparently favors the formation of
hematite.
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experiments and is related to the Si:Fe ratio shown in
Figure 2. All the solutions were adjusted to pH 7.0 and
20 cC before adsorbate was added. As is commonly ob­
served for hydrolyzable metals, adsorption increased from
near 0 to near 100% removal over a narrow pH range (the
pH adsorption "edge") in all cases.

The adsorption behavior of Zn, Cu, and Co was not
significantly affected by the Si concentration, the PZC, or
the aging time of the oxide. The bulk crystallinity of the
solids also appears to have no effect, since adsorption onto
goethite and onto the X-ray amorphous, aged oxy­
hydroxides is quite similar.

Also shown is the adsorption edge for each metal onto
ferrihydrite which was precipitated and aged for 2 h at pH
7.0 and 20 cC. These are literature data in which the Si
concentration was not measured but was presumably
negligible. In each case the adsorption edge on the fresh
precipitate is displaced toward alkaline pH compared to
that on the aged oxyhydroxides. The shift is about 1 pH
unit for Co and about 0.5 pH unit for Zn and Cu (Figure
4, top). This means that Si ferrihydrite and goethite are
stronger adsorbents for the metals than is fresh ferrihydrite
when equal concentrations of Fe are used as the basis of
comparison. Because the adsorption edge for these metals
is not affected by aging times between 2 and 288 h, it
appears that the change in binding strength is related to
changes in the solid which occur in the very early stages
of aging. For these three metals adsorption is similar on
all aged ferrihydrites and goethite and significantly dif­
ferent on fresh ferrihydrite. This fact, along with the IR
spectra presented here and those of Sung and Morgan (21),
suggests that the aged ferrihydrite was microcrystalline
goethite, despite lacking a clear X-ray pattern.

Figure 4. Percent metal ion removal vs. pH. Batch adsorption ex­
periments with 10-3 M FeT • The Fe oxides were prepared in glass
beakers at 50°C and pH 10.5. The solid iines are for adsorption onto
ferrihydrije freshly precipitated at room temperature and are from ref
27 and 28.
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Surface Properties of the Aged Oxyhydroxides

Changes in pH of the PZC during Aging. The next
portion of the study involved an investigation of selected
surface properties of the aged oxyhydroxides. The PZCs
of most iron oxyhydroxides are in the range 6.5-10, and
those of silicon oxides are 1.5-3.0 (24). Thus, one might
expect the PZC of a mixture of these two to decrease with
increasing silicon concentration. The PZCs of the solids
aged in glass beakers are presented in Figure 2. Electro­
phoretic mobility measurements on a few of these samples
yielded values for the isoelectric points (lEP) which were
always within a few tenths of a pH unit of the PZC. PZCs
of Fe + Si coprecipitates have been investigated by Pyrnan
et al. (25) and Schwertmann and Fechter (26) and show
the same trend. Though there was some variation in the
absolute values of the PZC among batches, the change in
PZC in any given batch of oxyhydroxide followed a con­
sistent trend, decreasing with increasing age and increasing
Si concentration in the solid up to at least several weeks.
Thus, while the tests for bulk crystallinity did not indicate
that an identifiable crystalline phase was forming, surface
properties of the solids were changing significantly during
the aging process.

Cation Adsorption. Adsorption data for Zn, Co, Cu,
and Cd onto these solids are presented in Figure 4. In
these graphs the aging time listed is the time the solid was
aged at pH 10.5 and 50 cC prior to starting the adsorption

1050 Environ. Sci. Technol.• Vol. 19. No. 11, 1985



Figure 5. Percent Cd removal vs. pH. The Fe oxide was prepared
in Teflon beakers at 50°C and pH 10.5. Na2Si03 was added 2 h into
the aging process.
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Figure 6, but the results for Zn and Co release were similar
(Cu was not analyzed). These results contrast with those
obtained when coprecipitation and aging are conducted
at 20°C and pH 7.0. In the latter case, trace metal removal
is identical whether the trace metals are added before or
after the solid is formed (9, 27). Although other expla­
nations are possible, the results are consistent with the
hypothesis that the solid was crystallizing during the
high-temperature, high-pH aging, "trapping" metal ions
in the lattice. If the crystallites were small and randomly
oriented, it would be possible for a large fraction of the
solid to have crystallized but not have a sharp X-ray
diffraction pattern. As a practical matter, the coprecipi­
tation data are significant in that they show the remarkable
increase in removal efficiency that can be accomplished
by varying the conditions under which the same reagents
are mixed.

Relative Adsorptive Strengths of Ferrihydrite and
Goethite. The relative binding strength of various solid
phases for metals can be assessed in a number of ways. For
instance, relative adsorptive strength can be evaluated by
comparing, for identical solution conditions, the mass
adsorbed per unit mass of adsorbent, per unit surface area,
or per mole of adsorption sites. For the solids under
consideration here, typical specific surface areas are 500
m2/g of Fe(OH)3 and 30-50 m2/g of a-FeOOH for fresh
ferrihydrite and for goethite, respectively. Site densities
for these solids also differ by more than an order of
magnitude: 0.87 mol of sites/mol of Fe for ferrihydrite and
0.02 mol of sites/mol of Fe for goethite (6, 7, 31).

It has commonly been asserted that ferrihydrite may
have an influence greatly out of proportion to its mass
fraction in soils and sediments because of its extremely
large specific surface area. However, the results presented
here indicate that goethite is a stronger sorbent than fresh
ferrihydrite for the four hydrolyzable metals studied on
any basis of comparison. That is, given equal masses of
goethite-Fe and fresh ferrihydrite-Fe in a system, metals
would preferentially bind to the goethite despite the higher
surface area and site availability of the ferrihydrite. In
systems with equal surface areas or equal numbers of
binding sites of the two solids, the preferential binding to
goethite would be even more pronounced. Many adsorp­
tion models define an "intrinsic binding" constant to
quantify and compare adsorptive bond strengths. The
numerical value of such constants is model dependent.
Our results indicate that, regardless of the model chosen,
the intrinsic binding constant of goethite for Co, Cu, Cd,

Figure 6. Metal ion removal vs. pH for batch coprecipitation studies.
Metal and ferrihydrite were coprecipitated and aged at 50°C and pH
10.5 for 144 h. then cooled to 20°C, and adjusted to the pH indicated
for 2 h. The data with numbers adjacent are for samples held at that
pH for the number of hours indicated. The solid lines are for adsorption
onto solids aged 144 h, from Figure 4.
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In contrast to the other metals, Cd sorption is continu­
ously enhanced as the Si content of the ferrihydrite in­
creases (Figure 4, bottom). This may be due to either the
changing electrostatic properties of the solid or the creation
of strong Cd-specific binding sites. If the latter, the
strength of these binding sites would be striking, since
sorption of Cd is not particularly strong on any known pure
iron or silicon oxyhydroxide (I5, 29, 30).

The effect of Si on Cd sorption was confirmed in ex­
periments using Fe + Si oxyhydroxides prepared in Teflon
beakers. In these experiments Si was added 2 h after
precipitating the iron, and the solids were then aged an
additional 24 h. The strength of Cd sorption to these solids
correlated strongly with the concentration of Si in the solid
and was independent of aging time (Figure 5). Since the
Cd sorption strength also correlated reasonably well with
the concentration of dissolved Si in these experiments, it
seemed possible that Si was affecting sorption via a re­
action with Cd in solution prior to uptake. To explore this,
a batch of solids was prepared as in the previous experi­
ments and was then thoroughly washed and resuspended
in Si-free electrolyte. Cadmium sorption onto these solids
was similar to that on unwashed solids, indicating that it
is the amount of Si associated with the oxyhydroxide, and
not the Si in solution, which affects Cd sorption.

Coprecipitation Studies. For amorphous oxy­
hydroxides the process of aging is usually accompanied by
dehydration and conversion to a less porous structure. The
aged oxyhydroxides in this study showed little evidence
of bulk crystallinity by X-ray or oxalate dissolution tests.
However, other evidence (PZC and Cd sorption) indicated
that significant changes were occurring in the solid during
the aging process, possibly reflecting crystallization at a
microscale. This possibility is supported by the results of
coprecipitation experiments, in which the solid was formed
and aged in the presence of the adsorbate (Figure 6).

In these experiments removal of trace metals was con­
siderably greater than when the metals were added after
the aging process was complete. The similarity of the
removal curves for coprecipitation of the three metals
analyzed, even though their adsorption edges are separated
by 11/ 2 pH units, suggests that the removal mechanism
during coprecipitation is relatively nonselective. The
strength of the bonding in the coprecipitation experiments
is attested to by the fact that little metal was released when
the pH was held near 4.7 for 6 days. Only the data for Cd
release during long-term aging at low pH are shown in
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Summary and Conclusions
Iron oxyhydroxides that are prepared in the presence

of Si can associate with the Si and form solids with some
surface properties different from either pure ferrihydrite

pH - PZC

Figure 7. Percent Se03 removal vs. pH-PZC. Batch adsorption
experiments w~h 10-3 M Fer. The Fe oxide was prepared in glass
beakers. For the 2-. 24-, and 48-h solids, PZCs were determined on
the same batch of solids as used in adsorption experiments. For the
144-11 solids, the PZC was estimated from analysis of other batches.
For the fresh ferrihydrite, data were taken from ref 27.

and Zn would be larger than that of fresh ferrihydrite.
Depending on the specific metal under consideration, the
basis used for comparison, and the adsorption model, the
difference between the two would be 1-3 orders of mag­
nitude.

Anion Adsorption. When oxyanions adsorb on an
oxyhydroxide surface, the binding strength often correlates
strongly with average electrostatic field near the surface.
That is, for a series of oxyhydroxides with a varying
isoelectric point (IEP), the adsorption edge for an oxyanion
such as CrO., SeO., or As03often moves up or down the
pH scale as the IEP changes (32-34). This characteristic
pattern for anion sorption was observed for selenite ad­
sorption on the Si-ferrihydrites. As the Si content in­
creased, the PZC of the solid decreased; in all cases the
adsorption of Se03 started to decrease as the pH was raised
above the PZC. (As noted earlier, the PZC and IEP were
quite similar for the solids under consideration.) The
adsorption of Se03 onto goethite (PZC = 8) and onto fresh
ferrihydrite was also consistent with this pattern. Selenite
sorption onto all the Si-ferrihydrites and fresh ferrihydrite
collapses to a single narrow band when the pH is nor­
malized to the PZC of that solid (Figure 7). Anderson et
al. (34) reported a similar result for asdsorption of arsenate
onto amorphous aluminum hydroxide, although in that
case the reduction in the IEP was caused by adsorption
of the arsenate itself, rather than incorporation of another
ion in the solid matrix.

The sorption experiments emphasize the very different
effects of the average surface charge on adsorption of ox­
yanions and hydrolyzable cations. These electrostatic
effects seem to be extremely important in the former cases,
while they are almost totally absent in the latter. Evidence
supporting this generalization has also been provided by
Benjamin (35), Benjamin and Bloom (28), and Davis (36)
from competitive adsorption studies. The explanation for
these differences may lie in different adsorption stoi­
chiometries for the two types of ions or in differences in
the closeness of approach of the adsorbates to the surface.
Whatever the explanation, the observation has significant
implications for the modeling of the electrostatic contri­
bution to ion adsorption.
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Trace Organic Compounds in Rain. 4. Identities, Concentrations, and
Scavenging Mechanisms for Phenols in Urban Air and Rain

Christian Leuenberger, Mary P. Ligocki, and James F. Pankow'

Department of Chemical, Biological, and Environmental Sciences, Oregon Graduate Center, Beaverton, Oregon 97006

dissolved and suspended particulate phases in the rain and
between the gaseous and aerosol particulate phases in the
case of the atmosphere. Air and rain samplers that meet
these needs have been developed in our laboratory by
Ligocki and Pankow (19), Pankow et al. (16), and Ligocki
et al. (20,21), respectively. They provide filtration for the
collection of aerosol and rain particulate matter and for
the immediate preconcentration of gaseous and dissolved
organic compounds with sorbent cartridges.

If </J is the fraction of a given compound in the atmos­
phere associated with aerosol particles (22), then to a first
approximation gas scavenging will dominate if (16)

where R = 8.2 X 10-5 m3·atm/(mol.K), T = temperature
(K), and H(T) = temperature-dependent Henry's law
constant (atm.mol/m3).

The research described here has employed the air and
rain samplers developed in our laboratory to provide
concurrent, ground-level air and rain measurements of
numerous phenols for seven storms sampled between Feb
and April 1984 in an urban residential section of Portland,
OR. Results acquired from the analysis of the same sam­
ples for a variety of nonpolar compounds are available
elsewhere (20, 21). The emphasis on phenols here is a
result of the fact that they can be present in rain at rela­
tively high, microgram per liter concentrations. A main
goal will be the examination of the relative roles played
by gas and particle scavenging for these compounds. On
the basis of their low H values (~1O-7 - 10~ atm.m3/mo!)
(23), and their relatively large vapor pressures (10-3 - 10-1

torr (24) (and therefore low </J values», low molecular

• The gaseous and fIlterable air concentrations of a variety
of phenols were determined for seven rain events in
Portland, OR. The dissolved and filterable rain concen­
trations were also determined concurrently. The phenols
in the air were found to exist virtually exclusively in the
gaseous state as expected on the basis of their large vapor
pressures. The fact that virtually all of the phenols found
in the rain were present in the dissolved state is in
agreement with the air data. The rain (dissolved) con­
centrations were quite high, in the microgram per liter
range. Of all the constituents present in the rain samples,
the most concentrated ones were phenols. The results
indicate that gas scavenging is much more important than
particle scavenging for phenols. Considering the rather
low values of their Henry's law constants, gas scavenging
is an efficient atmospheric removal process for these com­
pounds.

Introduction

The importance of the atmosphere for the distribution
and degradation of organic compounds has been docu­
mented (1-4). An increasing level of effort has therefore
been devoted to understanding how dry (5-7) and wet
(8-18) deposition remove atmospheric organic compounds.
For wet deposition, it is of interest to evaluate the roles
played by gas and particle scavenging. Precipitation sca­
venging has been studied both theoretically and in the
field. The determination of the importance of gas and
particle scavenging requires a differentiation between the

• To whom correspondence should be addressed.

RT/H(T)>> Wp</J/(I- </J) (1)
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Table I. Per Cartridge Field Blank Amounts (ng) with
ADC-ls and ADC-2s (N = 7)

Results and Discussion

Phenols in Air: Gaseous. Breakthrough was small
«1 %) on the ADCs in good agreement with other infor­
mation on the air sampling of phenols with Tenax-GC (28).
The average nanogram amounts of the ADC blank values
(Table I) were comparable to the corresponding values for
rain sampling. 2-Nitrophenol and the C3-phenols could
not be found in the ADC blanks. The chlorinated phenols
were not present in either the ADC or PUFP blanks_ The

and electron multiplier were at 240 DC, 250 DC, 100 DC, and
1400 V, respectively.

The extraction and workup of the air GFFs is described
elsewhere (20). An additional pertinent detail is that the
50 ILL volume of internal standard (IS) (in acetone) that
was added to the filters prior to extraction also contained
4.0 ng/ILL 2,4-dibromophenol and 2,4,6-tribromophenol.
The resulting 10-mL extract was then separated into acid
and base/neutral fractions as described elsewhere (19).
The acid fraction contained the phenols. The final volume
reduction, ES addition, and GC/MS/DS analysis steps
were earned out as with the rain filter extracts.

The RECs and PUFPs were extracted and analyzed as
described elsewhere (see ref 21 and 19, respectively). As
a.hove, however, the 50 ILL volume of internal standard (IS)
(m acetone) added to the RECs and PUFPs prior to ex­
traction also contained 4.0 ng/ ILL 2,4-dibromophenol and
2,4,6-tribromophenol. In addition, the workup of the
PUFP acid fraction extracts involved a cleanup on 5 mL
of 15% deactivated silica gel and then recovery in 20 mL
of methylene chloride prior to the N2 blowdown step.

The thermal desorption analysis of the RDCs, ADC-ls,
and the ADC-2s was as described elsewhere (21). In ad­
dition to the IS compounds cited there, the 2.0 ILL volume
of IS solution (in methanol) contained phenol-ds (10
ng/ ILL), 2,4-dibromophenol (2 ng/ ILL), and 2,4,6-tri­
bromophenol (2 ng/ILL). Both 0.25- and 1.0-ILm film
thickness capillary columns were used. The MS conditions
were as described for the rain filter analyses.

.The water that passed through the RECs was spiked
With the same IS solution as the rain filters and then
extracted 3 times with 200 mL of methylene chloride. The
extracts were reduced in volume as with the rain filter
extracts, cleaned up.on 5 mL of 15% deactivated silica gel,
and then recovered m 20 mL of methylene chloride. They
then were concentrated again and then analyzed by
GC/MS/DS as with the rain filter extracts.

The identifications of the target compounds in sample
ru~s were carried out as described earlier (16). Quanti­
tatlO? was performed by analysis of standards containing
varymg amounts of the target and internal and external
standard compounds. Relative response factors (RRFs)
were calculated by using the GC/MS/DS software, taking
nonlinearity into consideration. The phenol IS compounds
were used in the RRF calculations in their respective
chromatographic regions.

weight phenols should be exclusively gas scavenged. The
experimental verification of this premise is presented in
this paper.

Experimental Section

Air Sampling. Sampling took place at 5824 S.E. La­
fayette St. in Portland, OR. The air sampler has been
descriJ:>ed in detail (19). It was coupled electronically to
the ram sampler to allow concurrent sampling. It em·
ployed primary and backup glass-fiber filters (GFFs)
followed by three parallel arms containing (1) primary and
backup Tenax-GC cartridges for sampling ~30 L of air
at 40 mL/min with subsequent analysis by thermal de­
sorption (air desorption cartridges, "ADC-1s"), (2) primary
and backup Tenax-GC cartridges for sampling ~400 L of
air at 500 mL/min with analysis by thermal desorption
(ADC-2s), and (3) primary and backup polyurethane foam
plugs (PUFPs) for sampling ~100 m3 of air with analysis
by solvent extraction. Identical field blank filters car­
tridges, and PUFPs were transported to, stored at: and
recovered from the field site for each rain event.

Rain Sampling. The rain sampler used was that of
Pankow et al. (16) as modified by Ligocki et al. (20,21).
Rainwater was forced in increments through a Teflon­
membrane prefilter and a silver-membrane filter. Ap­
proximately 80% of the rain then passed through primary
and backup rain extraction cartridges (RECs) for analysis
by adsorption/solvent extraction (ASE). The remaining
20% passed through primary and backup rain desorption
cartridges (RDCs) for analysis by adsorption/thermal
desorption (ATD). The air temperature, total collection
time, and the sample volumes were measured. Field blanks
were employed as in the air sampling.

Adsorbent Material and Filter Preparation. The
methods used to prepare the Tenax-GC cartridges and
PUFPs are described elsewhere (21). The methods used
to prepare the filters are also available (20).

Recovery Experiments. Tenax-GC exhibits excellent
retention of many nonpolar aqueous compounds (25, 26).
For phenols, however, there can be substantial break­
through. Recovery experiments were carried out with two
phenols using procedures described elsewhere for aqueous
ASE with Tenax-GC (25). A standard solution of the
phenols (20 ILL, 4.0 ng/ ILL in acetone) was injected into
a stream of water flowing at 1 mL/s through an injection
port, a glass wool mixing cartridge, and then two RECs in
series. A total of 1 L of water (pH 7.6) was then passed
through the system. The analytes were recovered by
solvent extraction with acetone. Other details were as
described below.

Analytical Procedures. After sampling, all units were
resealed, then returned with the field blanks to the labo­
ratory, and refrigerated at 4 DC. The extraction and
workup of the rain filters is described elsewhere (20). An
additional pertinent detail is that the 50 ILL volume of
internal standard (IS) (in acetone) added to the filters prior
to extraction also contained 4.0 ng/ILL 2,4-dibromophenol
and 2,4,6-tribromophenol. A 1.5 ILL volume of the con­
centrated extract was injected on-column into a 30 m X
0.32 mm i.d., 0.25-ILm film thickness SE-54 DB-5 fused
silica capillary column (J & W Scientific, Rancho Cordova,
CAl. The column was mounted in a Finnigan 9610 or a
Hewlett-Packard 5790A GC interfaced (27) to a Finnigan
4000 mass spectrometer/data system (MS/DS; Finnigan­
MAT, Sunnyvale, CAl. The tempe"rature program used
was 800 to 3200 at 100C/min. The MS was scanned from
60 to 450 amu in 0.5 s. Electron impact (EI) ionization
was employed. The transfer line, source, MS manifold,
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compound

phenol
2-methylphenol
3- + 4-methylphenol
2-methoxyphenol
2,6-dimethylphenol
2,4- + 2,5-dimethylphenol
3,5-dimethylphenol
3,4-dimethylphenol

ADC-ls

11 ± 5.4
0.13 ± 0.079
1.1 ± 0.95
0.073 ± 0.042
0.005 ± 0.007
0.18 ± 0.21
0.52 ± 0.57
0.030 ± 0.040

ADC-2s

10 ± 2.8
0.11 ± 0.08
0.64 ± 0.49
0.15 ± 0.19
0.55 ± 1.1
2.0 ± 4.0
0.47 ± 0.94
2.8 ± 5.6



Table II. Gas-Phase Phenol Concentrations (Cr.t-b, ng/m')" and Average Concentrations (ng/m')b during Seven Rain Events
in Portland, OR

sampling days

2/12/84- 2/14/84- 2/20/84- 2/23/84- 2/29/84- 3/16/84- 4/11/84-
2/13/84, 2/15/84, 2/21/84, 2/24/84, 3/01/84, 3/20/84, 4/12/84, aver-

compound Sun-Mon Tues-Wed Mon-Tues Fri-Sat Wed-Thurs Fri-Tues Wed-Thurs age

phenol 220 430 350 270 410 280 250 320
2-methylphenol 52 88 88 51 130 46 51 71
3- + 4-methylphenol 87 170 160 89 230 86 100 130
2-methoxyphenol 110 190 170 89 290 91 130 150
2,6-dimethylphenol 8.4 11 14 8.0 24 6.4 8.3 11
2-nitrophenol 17 15 39 11 28 34 24 24
2,4- + 2,5-dimethylphenol 24 30 37 26 70 15 29 33
2,4-dichlorophenol 0.60 1.3 1.7 0.93 2.3 1.9 2.0 1.5
3,5-dimethylphenol 13 26 23 15 42 9.7 13 20
3,4-dimethylphenol NO' NO 5.4 NO NO NO 3.5 4.0
2,6-dichlorophenol 0.009 0.15 0.14 0.12 0.31 0.12 0.13 0.14
C,-phenols 20 40 34 21 57 7.5 8.8 27
2,4,6- + 2,4,5-trichlorophenol 0.023 NO 0.31 0.061 0.13 0.11 0.29 0.15
2,3,4,6-tetrachlorophenol NO NO 0.38 0.069 0.62 0.23 0.064 0.27

"Individual data are averages of AOC-l and AOC-2 values. bAverages were computed by using only detected values. 'NO = not detected
at statistically significant levels.

may be used to estimate [X]. A lower bound B (%) on the
breakthrough from the first cartridge is B = [Sjl00/([Pj
+ [S]).

storm to storm due to variable sample volumes and vari­
able background in the quantitation ion signals.

Phenols in Air: Particulate. Particulate matter-as­
sociated phenols were only found in the samples collected
during two storms (2/23/84-2/24/84 and 2/29/84-3/1/
84). The compounds included phenol, the methylphenols,
2-methoxyphenol, and two dimethylphenols. They were
<5% of the gas-phase values in every case, and generally
<1 %. No phenols were found on the backup GFFs:
sorption on the filters from the gas phase was not a
problem.

Aqueous Phenol ASE/Tenax-GC Recovery Studies.
The amounts of 2,4-dimethylphenol and 2,3,5-trimethyl­
phenol found on the first cartridge (AI ± Is) were 22 ± 1%
and 34 ± 6%, respectively (three replicates). The amounts
on the second cartridge (A z) were 18 ± 3% and 17 ± 1%,
respectively (three replicates). The sums of the two
amounts were 40% and 51 %, respectively. Since the pH
was 7.6, and since the pK. values of these two phenols are
~10, ~100% of both were present in the neutral form,
and so this breakthrough was a result of simple polarity,
and not ionization. Indeed, the recoveries were less than
the ~85% observed for strongly retained, nonpolar com­
pounds with a single cartridge under identical conditions
(25). As in that prior study, however, the fractions of the
phenols that passed into cartridge 2 and were retained
there (Rz = Az/(100% - AI) were similar to the corre­
sponding values for the first cartridge (R l =A t /l00%).

Such behavior is expected if sorption on the bed is
diffusion limited, though under the conditions used here
if such mass transport in the bed was the only factor in­
fluencing sorption, Rl should have been near 0.85 as ex­
pected for strongly sorbing compounds (25, 26). Under
diffusion limitation, the fraction R of the analyte that
passes onto a cartridge and is retained is constant for each
cartridge and is set by the bed hydrodynamics (26). If [Xj
is the total concentration in the sample and [Pj and [Sj
are the concentrations found with the primary and sec­
ondary (backup) cartridges, respectively, then

magnitudes of the ADC blanks may be compared to the
observed air concentrations (see below) by assuming av­
erage ADC-l and ADC-2 sample volumes of 30 and 400 L,
respectively.

Although the ADC blank levels were low in absolute
terms, the small air volumes sampled in some cases re­
quired a careful comparison of sample and blank levels
prior to calculating blank-corrected concentrations. The
required t-test criterion for a 95% confidence level dif­
ference between a sample and a blank was (A - Ab)(l/n
+ 1/nb)O.5 > tSb where A was the amount (ng) on either a
given primary or backup cartridge, Ab was the amount (ng)
on the field blank for that event, n = I, nb is the number
of blanks, and Sb was the standard deviation of the Ab
values for the rain events. If both the primary and backup
concentrations were significant, a Cg,t-b (total minus blank)
value was calculated as their sum minus twice the equiv­
alent concentration for the blank (Ab/sample volume). If
only the primary cartridge value was significant, Cg,t-b was
calculated by subtracting (Ab/sample volume) directly. If
neither was significant, then the phenol was not detected
(ND) at statistically significant levels in that event.

There was very good agreement between the data ob­
tained with the ADC-l cartridges and those obtained with
the ADC-2 cartridges. The means and standard deviations
of the ADC-l/ADC-2 ratios for the several rain events were
the following: 2-methylphenol, 1.07 ± 0.22; 3- + 4­
methylphenol, 1.08 ± 0.08; 2-methoxyphenol, 0.70 ± 0.11;
2,6-dimethylphenol, 1.04 ± 0.38; 2-nitrophenol, 0.91 ± 0.38;
and 2,4- + 2,5-dimethylphenol, 1.03 ± 0.34.

The Cg,t-b values for 11 specific phenols and four mul­
timember phenol classes are given in Table II. The major
compounds were phenol, the methylphenols, and 2-meth­
oxyphenol. The data for the nonchlorinated phenols are
the averages of the ADC-l and ADC-2 results where the
phenol was determined on both types of cartridges. When
a phenol was found at a statistically significant concen­
tration on only one type of cartridge, the significant value
was selected. The chlorinated phenols were determined
on the PUFPs with multiple ion detection (MID, or
"selected ion monitoring") since their lower concentrations
prevented their detection in the lower air volume ADC
sampling. The average gas-phase concentrations were
computed by using only those storms in which a given
compound was detected. ND values were not included as
zeroes in the averaging since detection limits varied from

[Pj =R[X]

R =1 - [Sj/[Pj

[Sj = R(1 - R)[X] (2)

[Xj = [Pj/(I- [S]/[P]) (3)

Environ. Sci. Technol., Vol. 19, No. 11, 1985 1055



Table Ill. Dissolved Phenol Concentrations in Rain (Cd.-b, ng/L)' and Average Concentrations (ng/L)· for Seven Events in
Portland, OR .

sampling days

B (NY
2/12/84- 2/14/84- 2/20/84- 2/23/84- 2/29/84- 3/16/84- 4/11/84-
2/13/84, 2/15/84, 2/21/84, 2/24/84, 3/01/84, 3/20/84, 4/12/84, aver-

compound RDCs RECs Sun-Mon Tues-Wed Mon-Tues Fri-Sat Wed-Thurs Fri-Tues Wed-Thurs age

phenol 56 (7) 58 (2) >110 1200 >93 >210 >100 >75 >150 >280
2·methylphenol 56 (7) 46 (7) 240 1200 1500 770 2800 >260 >370 >1000
3- + 4-methylphenol 56 (7) 46 (7) 380 1900 2000 1300 1000 460 >610 >1100
2-methoxyphenol 56 (7) 42 (7) 790 1900 5400 2300 2300 710 1100 >2100
2,6-dimethylphenol 47 (7) 32 (7) 84 110 280 150 92 91 160 140
2-nitrophenol 24 (7) 28 (6) 26 51 130 41 78 43 46 59
2,4- + 2,5-dimethylphenol 47 (7) 36 (7) 300 710 1300 810 750 940 940 820
2,4-dichlorophenol 35 (2) 8 (1) 5.0 13 7.4 3.2 2.8 2.9 7.0 5.9
3,5-dimethylphenol 47 (7) 40 (7) 160 410 640 440 600 680 500 490
3,4-dimethylphenol 33 (7) 39 (7) 54 82 140 160 190 140 140 130
2,6-dichlorophenol 45 (1) NAd 0.56 ND' 1.1 0.83 1.5 ND 2.5 1.3
C,-phenols 31 (7) 32 (7) 250 480 1100 1000 790 430 400 640
2,4,6-trichlorophenol 32 (4) NA 0.81 ND 1.9 ND 1.9 0.98 1.2 1.4
2,4,5-trichlorophenol 29 (4) NA 0.69 ND 0.92 ND 1.8 1.1 ND 1.1
tetrachlorophenol 24 (4) NA 1.9 ND 2.8 1.8 4.6 2.0 ND 2.6
2,3,4,6-tetrachlorophenol 31 (7) NA 14 16 34 23 10 21 25 20
pentachlorophenol 43 (7) 24 (6) 71 20 54 84 72 44 35 54

'Individual data are RDC and REC averages or best values. • Averages were computed by using only detected values. 'N = number of
replicates. dNA = not available. 'ND = not detected at statistically significant values (95% confidence level).

While eq 2 and 3 will be most accurate for strongly
retained compounds, they may also provide rough esti­
mates of [Xl for phenols which are at least moderately
retained and for which retention is perhaps partially dif­
fusion limited. When applied to the recovery experiments,
the results are [X] ± Is ~ 120 ± 80% and 68 ± 18% for
2,6-dimethylphenol and 2,3,5-trimethylphenol, respectively.
While not fully satisfying, they are moderately close to
100%. The s values were calculated on the basis of
standard error propagation procedures. As B ~ 50% (R
~ 0), the model breaks down rapidly since retention on
the bed is far from diffusion controlled.

Phenols in Rain: Dissolved. The pH of the bulk rain
samples averaged 5.2 and ranged between 4.9 and 5.6 The
15 specific phenols and the three multimember phenol
classes found in the rain are given in Table Ill. According
to the identification criteria of Christman (29, 30), a me­
thylnitrophenol, a methoxymethylphenol, and a di­
methylmethoxyphenol were also tentatively identified in
some of the samples on the basis of mass spectral data
alone. The sensitivity of the aqueous ATD (31) with the
RDCs allowed some of the minor phenols to be deter­
mined. Six of the phenols are U.S. EPA priority pollutants
(32).

For the RDCs, the average amounts of phenol, 2­
methylphenol, and 3- + 4-methylphenol detected on the
blank cartridges were 5.2, 0.06, and 0.37 ng, respectively.
No others were detected. For the RECs, only 2-meth­
oxyphenol and 3,5-dimethylphenol were detected on the
blank cartridges (phenol itself was not examined), and the
amounts were 0.78 and 4.0 ng, respectively. When nor­
malized to the average sample volumes (RDCs, 2.0 L;
RECs, 10.0 L) and compared to the rain concentrations
(see below), these blank levels were very low: a statistical
comparison of sample and blank values was not required.

The average B values (.8) are given in Table III. They
were in the 24-56% range for the RDCs and in the 8-58%
range for the RECs. The compounds with B ~ 50% were
those with the lowest degree of nonpolar substitution. The
REC B values for 2,6-dimethylphenol and the C3-phenols
(32% and 32%, respectively) were similar to the recovery
study B values. The relative acidity (i.e., anion formation)
of pentachlorophenol (pK. ~ 4.8) was probably the cause
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of its substantial breakthrough on the RDCs. The indi­
vidual B values did not appear to depend upon the rain
sample volume. Thus, for the more retained compounds,
the use of eq 2 and 3 may allow the estimation of the actual
rain concentrations to within a factor of 2-3.

Whenever possible (B < 50%), the total, dissolved,
blank-corrected concentration Cd,l-b ([P] + IS] - 2Cd,b)
values were corrected for breakthrough. Table III presents
the resulting best estimates with their averages. When
both RDC and REC data were available, any preference
of one value over another was based on the minimal B
value; when characterized by comparable B values, the two
were averaged. In a few cases (marked with a greater than
sign), B was >50%, correction for breakthrough was not
possible, and the actual concentrations were certainly
greater than the values reported. In the case of 2­
methylphenol, the analysis of the REC effluent water alone
resulted in an average concentration of 1300 ng/L.

2,4- and 2,5-dimethylphenol were incompletely separated
on the GC column. Nevertheless, both concentrations were
approximately equal (their peak sizes and RRFs were
always approximately equal). Thus, estimates of their
average individual concentrations are half the 2,4- + 2,5­
dimethylphenol numbers in Table III. 3- and 4-methyl­
phenols were not separated at all. At least eight separate
C3-phenols contributed to the values given for "C3­

phenols". Their values were based on the assumption that
the RRFs for the contributing C3-phenols were similar to
those for 2,3,5-trimethylphenol. The concentration data
given for the unknown tetrachlorophenol are based on the
assumption that its RRF was equal to that for 2,3,4,6­
tetrachlorophenol. Other information on specific phenols
is limited to a study in Hawaii where average penta­
chlorophenol concentrations of 60 ng/L were observed (33).
For this study, the average was 54 ng/L.

The methylphenols, 2-methoxyphenol, and the uniden­
tified methylmethoxyphenol were the largest peaks in the
GC/MS/DS chromatograms of the RDC and REC sam­
ples. As described above, even the concentrations in Table
III may underestimate the actual levels. In previous work
(21), we have demonstrated that neutral gas-phase com­
pounds such as PAHs are scavenged by rain according to
Henry's law partitioning. The same is likely to be true of
the phenols. The dissolved rain concentrations (Cd, ng/L)



Table IV. Vapor Pressures and Solubilities of Phenols and Resulting Henry's Law Constants (H, atm.m'/mol) and
Rain/Air Partition Coefficients (a)

vapor pressure, torr solubility, giL H, atm·m'/mol a,
compound 25°C 8°C ref 25 °C 8°C ref 8 °C .a°C

phenol 0.34 0.064 24 82 74 36 1.1 X 10~7 2.2 X 10'
2-methylphenol 0.29 0.045 24 26 23 36 2.8 X 1O~7 8.2 X 10'
3-methylphenol

liquid' 0.14 0.032 24 23 36
solid 0.029 24 21 36 2.0 X 1O~7 1.2 X 10'

4-methylphenol 0.12 0.020 24 18 13 36 2.2 X 1O~7 1.1 X 10'
2-methoxyphenol 0.13 0.022 34 16d 15' 37 2.4 X 10-7 9.6 X 10'
2,6-dimethylphenol 0.18 0.029 24 5.9 2.9 36 1.9 X 104; 1.2 X 10'
2-nitrophenol 0.12 0.019 35 1.4' 1.0' 7 3.5 X 104; 6.6 X 10'
2,4-dimethylphenol

liquid' 0.098 0.020 24 6.2 36
solid 0.013 24 3.3 36 6.3 X 10-7 3.6 X 10'

2,5-dimethylphenol 0.030 0.0038 24 4.6 2.3 36 2.6 X 10-7 8.8 X 10'
2,4-dichlorophenol 0.089 0.015 34 4.5 3.0b 37 1.1 X 104; 2.2 X 10'
3,5-dimethylphenol 0.020 0.0027 24 4.8 2.7 36 1.6 X 10-7 1.4 X 10'
2,3-dimethylphenol 0.027 0.0035 24 4.7 2.9 36 2.0 X 10-7 1.2 X 10'
3,4-dimethylphenol 0.014 0.0018 24 5.1 3.0 36 9.3 X 10-8 2.5 X 10'
2,4,5-trichlorophenol 0.022 0.0035 34 1.2 0.7' 37 1.3 X 104; 1.8 X 10'
2,4,6-trichlorophenol 0.017 0.0025 34 0.80 0.5b 37 1.3 X 104; 1.8 X 10'

'Melting point (Tm ) is 12°C. Solid vapor pressure at 8°C calculated from the equation P,(Tl = PI exp[6.8(1 - Tm/Tl]. 'Estimated by
analogy to the other phenols. 'Melting point is 24.5 DC. d At 15°C. 'At 20°C.

Table V. Mean Measured Air Concentrations and Predicted and Measured Mean Rain (Dissolved) Concentrations

mean air predicted mean measured mean
compound conen, ng/m3 a(8°C) rain conen, iJg/L rain conen, ,ug/L

phenol 320 2.1 X 10' 68 >0.28
2-methylphenol 71 8.2 X 10' 5.8 >1.0
3- + 4-methylphenol 130 1.1 X 10' 15 >1.1
2-methoxyphenol 150 9.6 X 10' 14 >2.1
2,6-dimethylphenol 11 1.2 X 10' 0.14 0.14
2-nitrophenol 24 6.6 X 10' 0.16 0.059
2,4- + 2,5-dimethylphenol 33 (3.6-8.8) X 10' 1.2-2.9 0.82
2,4-dichlorophenol 1.5 2.2 X 10' 0.033 0.006
3,5-dimethylphenol 20 1.4 X 10' 2.9 0.49
3,4-dimethylphenol 4.0 2.5 X 10' 0.99 0.13
2,4,5- + 2,4,6-trichlorophenol 0.15 1.8 X 10' 0.0028 0.0025

may then be estimated from the gas-phase concentrations
(cg, ng/m3) (16):

cd = 1O-3cgRT/ H(T) = 1O-3cga (4)

cd"" 1O-3cgRTS/P (5)

where a is the rain/air partition coefficient, S is the sol­
ubility (mol/m3), and P is the vapor pressure (atm). The
use of the"" sign applies to compounds whose solubilities
lie above Henry's law limiting range. Table IV presents
a compilation of literature vapor pressure and solubility
data for the phenols at 25 and 8 °C. The latter value was
the average temperature during sampling. The a(8 °C)
values range from 6.6 X 103 to 2.5 X 105. They are high
enough to result in significant depletion of the gas-phase
concentrations of phenols during a single rainstorm.

On the basis of the air data in Table II, the a(8 °C)
values in the Table IV have been used to predict the av­
erage rain concentrations. The results are presented in
Table V and also compared to the average measured
concentrations. Both the predicted and the measured
values for the nonchlorinated phenols are quite high
(microgram per liter levels) compared to the nanogram per
liter levels of neutral compounds found in the same sam­
ples (21). The predicted and measured concentrations
tend to agree more closely for the compounds with the
lowest a values since they are the least polar and tend in
general to be retained somewhat better on Tenax-GC.
Overall, these results indicate that the total concentration

of phenols in the rain samples may have been ~ 100 !J.g/L,
two-thirds due to phenol itself. Total phenol concentra­
tions in Los Angeles rainwater have been reported to be
in the 2-8 !J.g/L range (17).

Phenols in Rain: Filterable. The analyses of the rain
filters showed only phenol, the methylphenols, a di­
methylphenol, and pentachlorophenol to be present.
Moreover, the levels of these compounds were very low,
~1.0% of the Cd ,-b concentrations in every case. It is
possible that sorption on the filters from the dissolved state
was responsible for at least a portion of these low levels.

Conclusions

The phenols determined in the air samples were found
to exist virtually exclusively in the gaseous state. This is
in agreement with the large vapor pressures of the phenols
studied. It is also supported by the fact that virtually no
phenols were found on the rain filters, even though sub­
stantial amounts were found dissolved in the rain. Despite
the fact the rain (dissolved) data only provided estimates
of the actual concentrations, the air and rain data together
clearly demonstrate that gas scavenging was much more
important than particle scavenging for these phenols.
Considering their rather low Henry's law constant values,
it is evident that even in absolute terms, gas scavenging
will be an efficient removal process for these compounds.
This efficiency is reflected clearly in their high rain (dis­
solved) concentrations.
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Wall Loss of Gaseous Pollutants in Outdoor Teflon Chambers
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• Loss rates have been measured for ~20 gaseous pollu­
tants in FEP Teflon chambers. Loss rates were ::0;(1-4) x
10-4 min-I for toluene, o-cresol, benzaldehyde, biacetyl,
pyruvic acid, S02, and methyl nitrate. Higher loss rates,
(10--20) X 10-4 min-I, were measured for ammonia, benzoic
acid, and nitric acid. Ozone loss rates in dry air were
(0.5-3.0) X 10-4 min-I in the dark and (2-8) X 10-4 min-1

in sunlight and increased in humid air. These loss rates
are consistent with collision yields of ~ ::0;2 X 10-8 (number
of molecules lost per collision on the Teflon surface). Loss
by chemical reactions cannot be ruled out for the most
reactive compounds studied. For oxides of nitrogen, the
measured loss rates reflected the competing pathways of
thermal oxidation of NO (dark), photolysis of N02 (sun­
light), loss of NO, and loss of products (e.g., HON02) to
the walls, and heterogeneous hydrolysis of N02. The latter
pathway contributes to the production of free radicals, with
k(N02 + wall --> HONO) = (1.5-4.0) X 10-4 min-I under
our conditions.

Introduction
Environmental chambers (commonly referred to as smog

chambers) have been extensively used in atmospheric
chemistry studies (e.g., see ref 1-5). In fact, most of the
experimental information concerning hydrocarbon pho­
tochemistry, ozone production, and aerosol formation in
urban air has been derived from smog chamber studies of
"model" systems such as single hydrocarbon-NO, mixtures
in purified air. Experimental results obtained in smog
chambers are also used extensively for the formulation,
testing, and validation of increasingly detailed computer
kinetic models (e.g., see ref 6-8) describing the gas-phase
chemistry of atmospheric pollutants.

As for any other laboratory instrument, smog chambers
are not without shortcomings and limitations. Wall effects,
including film contamination, heterogeneous reactions on
the chamber walls, and release of reactive species including
free radicals and their precursors have been the object of
several reports (9-12). Wall-promoted processes are ob­
viously related to the extent of gas-phase pollutant loss
to the chamber walls. In a typical example, a net flux of
free radicals may result from a sequence of processes in­
volving diffusion of N02to the walls, reaction of N02with
water on the wall to form nitrous and nitric acids, release
of volatile nitrous acid from the wall to the gas phase, and
subsequent photolysis of nitrous acid to form hydroxyl
radicals.

While the importance of these heterogeneous effects is
now well recognized, there is a paucity of data regarding
the loss rates of organic and inorganic pollutants in en­
vironmental chambers. For example, current computer
kinetic models take only into account measured or esti­
mated loss rates for ozone and, in some instances, oxides
of nitrogen. A more comprehensive assessment of wall loss
rates for gaseous and particulate pollutants is critical to,
for example, the validation of computer kinetic models,
the derivation of carbon, sulfur, and nitrogen mass bal­
ances in chemically reactive mixtures, and the determi­
nation of organic aerosol formation rates from precursor
hydrocarbons.

In the course of recent studies of organic aerosol for­
mation from olefins (13), aromatic hydrocarbons (14), and

organosulfur compounds (15), we have measured loss rates
for a number of pollutants in outdoor environmental
chambers constructed from fluorinated ethylene-propene
copolymer film (FEP Teflon). While the chamber facility
we employed no longer exists, our results are applicable
to other Teflon chambers, a number of which are currently
being employed for atmospheric chemistry and physics
studies (e.g., see ref 16 and 17). While the emphasis of this
report is on gas-phase pollutants, detailed studies of aerosol
losses have also been carried out and are described else­
where (1B, 19).

Experimental Section

The outdoor chamber facility and its dedicated instru­
mentation have been described in detail elsewhere (13-15),
and only a summary of information relevant to this study
is given below.

Outdoor chambers were constructed from panels of FEP
200A Teflon film heat sealed together, with the seams
externally reinforced with 5 cm wide strips of plastic tape
(mylar). Large chambers were constructed from 10 panels,
each 9.14 x 1.22 m, with a total wall area of 111.6 m2. For
a typically initial volume of ~80 m3 (fully inflated cham­
ber), the initial surface to volume ratio was ~1.4 m-I .

Smaller chambers were constructed from four panels, each
3.05 x 1.22 m, with a wall area of 14.9 m2. For a typical
initial volume of 3.9 m3, the initial S/V was 3.8 m-I.

Newly constructed chambers were first "conditioned"
by sunlight irradiation for 6-10 h of purified air containing
1-5 ppm of ozone followed by purging several times with
purified air. This protocol has been shown to minimize,
in subsequent runs, contamination due to organic im­
purities desorbing from the Teflon film (9). Following this
initial "conditioning" protocol, the chambers were purged
at least once with purified air after each experiment, and
sunlight irradiations of purified air were carried out at
regular intervals. Detailed studies for a number of pollu­
tant mixtures (20) have shown that "memory" effects, i.e.,
the possible retention of a fraction of the reactants and
products from one run to the next, were reduced to neg­
ligible levels by using this cleanup protocol.

In a typical experiment, a test atmosphere was prepared
by injecting the pollutant of interest into the chamber
containing purified air provided by an Aadco 737-14 air
purification system. Stability studies were conducted in
the dark (chamber covered with opaque plastic film which
removed ~99% of the incident sunlight) and in sunlight
(opaque cover removed after injection and mixing).
Measurement methods and other pertinent information
are summarized in Table 1. Temperature (YSI-741-A-10
sensor), dew point (EG&G 880-C-1 hygrometer), and
sunlight intensity (Eppley ultraviolet radiometer) were also
monitored. While most experiments were conducted with
dry matrix air (typically dew point = -20 to -16°C at T
= 18-26 °C), the stability of ozone, NO" and ammonia was
also studied in humid air. Compounds that photolyze
rapidly in sunlight such as pyruvic acid (27) and other
carbonyls were obviously tested only in the dark. While
most runs were carried out for 4-6 h, shorter (~2 h) and
longer runs (~10--12 h, overnight) were also included.

Control experiments were also carried out. The matrix
air provided by the purified air generator contained low
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Table I. Experimental Conditions

measurement method

ultraviolet photometry, Dasibi l003-AHa
chemiluminescence, Teco 14B/Ea
chemiluminescence, Teco 14B/Ea
pulsed fluorescence, Monitor Labs 8550a

collection on oxalic acid impregnated filters, ion I

chromatography
chemiluminescence, Teco 14B/E,' and collection on nylon

filters/ion chromatography (21)
gas chromatography-flame ionization detection (GC-FID) (22)
GC-FID (22)
GC-PID'
GC-PID'
gas chromatography-photoionization detection (GC-PID) (14)
GC-PID'
gas chromatography-electron capture detection (GC-ECD)I
collection in impingers, ion chromatography (23)
GC-ECD (24), also chemiluminescence'

injection

b
b
b
b
b
b
b
b
diluted output,

or prepared in situg
b
prepared in situi

direct

diluted output
b
b
b
b

air stream through diluted
aqueous solution

source/preparation

Welsbach generator
lecture bottle
gas cylinder. 100 ppm in N,
gas cylinder, 50 ppm in N,
lecture bottle

d
d
d
d
d
d
d
d
synthesized (23)

synthesizedh

d

compound

GC-ECDI
collection in KOH impingers, ion chromatography with

ultraviolet detection (25)

a Calibrated according to U.S. EPA approved methods involving NBS-traceable standards. b Diluted with pure nitrogen in 200-cm' glass
bulbs. 'Instrument response to nitric acid and to PAN is quantitative in NO, mode of instrument. "Commercial source, purity 2:98%, used
without further purification. 'On Teflon, TCEP, or SP 1240 packed columns. ISame column and conditions as for PAN. <From irradiated
chlorine-acetaldehyde-NO, (24), propene-NO" or biacetyl-NO, mixtures. hSynthesized according to ref 26. 'From styrene-ozone or ~­

methylstyrene-ozone mixtures in the dark.

nitric acid

n-butane
n·pentane
styrene
~-methylstyrene

a-cresol
benzaldehyde
biacetyl
pyruvic acid
peroxyacetyl nitrate

(PAN)
methyl nitrate
benzoic acid

ozone
nitric oxide
nitrogen dioxide
sulfur dioxide
ammonia

Table II. Summary of Pollutant Loss Rates in Outdoor Teflon Chambersa

no. of range of initial loss rate, XIO-4 min-1

compound runs conen, ppb chamber sizeb dark sunlight

ozone 14 10-1280 L 1.3 ± 0.9 5.1 ± 2.8
8 340-1450 S 3.4 ± 1.4 6.7 ± 2.2

NO' 11 6-590 L,S 0.4 ± 4.15 0.5 ± 1.1
NO,' 11 4-460 L,S -1.6 ± 4.1" 3.9 ± 3.6
NO, 11 10-710 L,S 0.7 ± 1.1 2.6 ± 1.7
SO, 3 200-500 S 1.3 ± 0.3
NH, 7 100-420 S 4-17'
nitric acid 2 125 S 15 ± 1
n-butane 3 25-100 L,S :52.ot :52.ot
n-pentane 1 130 S :52.ot :52.ot
toluene 4 300-1100 L,S :52.51 :52.51
styrene 2 500-1000 S :52.41
~-methylstyrene 1 500 S :52.91
a-cresol 4 900-1100 S :53.41 :52.ot
benzaldehyde 3 500-1000 S 3.4 ± 1.7 NA<
benzoic acid 1 25 S 10.8
biacetyl 3 50-400 S :52.51 NA<
pyruvic acid 4 200-400 S :52.51 NA<
methyl nitrate 3 50-500 S :50.at
PAN 8 15-400 L,S :54.3h 3.9 ± 1.6'

aIn dry air (dew point = -20 to -16 ac at T = 18-26 °C) unless otherwise indicated. b S = small (V = 3.9 m', initial S / V = 3.8 mol); L =
large (V = 80 m', initial S/V = 1.4 m"). 'In mixtures of NO and NO,; see Table IV for details. "Net production of NO, in some runs by
thermal oxidation of NO; see text. 'Includes runs witb humid air (-55-50% RH). INo measurable loss was observed. The upper limit
listed was calculated from the precision of the measurements and the length of the run. <NA = not applicable; compound photolyzes in
sunlight. h In the presence of NO,.

levels of oxides of nitrogen (typically 6-12 ppb) and of
non-methane hydrocarbons [:0;10 ppb as measured by gas
chromatography analysis of individual hydrocarbons (22)].
No measurable pollutant increase could be detected in
chambers filled with purified air and kept in the dark for
up to 6 h. This indicates negligible contamination from
impurities desorbing from the walls and/or by permeation
of ambient air contaminants through the Teflon film (see
ref 9 for a more detailed discussion). In sunlight, only low
levels of ozone were formed in either newly conditioned
or older chambers (20). Maximum ozone concentrations
obtained in 4-8-h sunlight irradiations of purified matrix
air were in the range 2-21 ppb, with a median value of 5.0
± 4.7 (I,,) ppb (22 runs). The corresponding initial NO,

concentrations were 12.6 ± 5.3 ppb. Net ozone formation
rates (i.e., photochemical ozone production minus loss of
ozone on walls; see below) were in the range 0.3-7 ppb h-I ,

with a median value of 1.34 ± 1.56 ppb h- I (I", 22 runs).

Results and Discussion
Pollutant removal rate constants are summarized in

Table II and are derived from measured concentrations
vs. time in individual runs, as is illustrated in Figure 1 for
nitric acid.

Removal of Pollutants on Teflon Film Surfaces.
The data listed in Table II indicate that FEP Teflon film
has a reasonably low efficiency with respect to removal of
gaseous pollutants. Assuming that gas-phase chemical
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Table III. Collision Yields on FEP Teflon Film and Other Surfaces

collision yields

compound

0 3

NO
NO,
SO,
NH3
HONG,
n-butane
n-pentane
toluene
styrene
fl-methylstyrene
o-cresol
benzaldehyde
benzoic acid
biacetyl
pyruvic acid
methyl nitrate
PAN

collision rate
constant he! m S-l a

91

115
93
79

153
79
83
74
66
62
58
60
61
57
68
67
72
57

FEP Teflon,
this workb

1.75 X 10~8'

1.65 X 1O~8

0.16 X 1O~8

<1 X 10-8

0.73 X 10-8

1.2-4.8 X 10-8

8.3 X 10-8

<1.0 X 10-8
<1.2 X 10-8
<1.7 X 10-8
<1.7 X 10-8
<2.2 X 10-8
<2.5 X 10-8

<2.4 X 10-8
8.3 X 10-8

<1.6 X 10-8
<1.5 X 1O~8

<0.5 X 10-8

<1.5 X 10-8

FEP Teflon'

0.9 X 1O~8

sulfuric acidd

<10-<

<10-<
<10-<
<10-<
>10-'
~2.4 X 10-4
<10-<'

carbon soote

<10-<
<10-<
<10-<
>1O-3g

<10-<

a At 25°C, from eq 5 and 6. b In dry air in the dark, from eq 7, with S / V = 3.8 m-1 unless otherwise indicated. 'Data from Kelly (9).
d Concentrated H,S04 (:55% water); data from Baldwin and Golden (28, 29). 'Soot from propane flame; data from Baldwin and Golden (28,
29). 'Runs with large chamber, S/V = 1.4 m- l 'Initially and then decreases rapidly. • Value given for unspecified paraffins and olefins.

''0
100

D

'"'" '0

."

~
u 20
:E

"Z
10

10 11

Time. hours

where Mxis the molecular weight. Mean thermal velocities
increase with increasing temperature (but by only ~2%
in the range 18-26 °C covered in our experiments) and
decrease with increasing molecular weight, from ~610 m
S-1 for ammonia (Mx = 17) to ~228 m S-I for benzoic acid
(Mx = 122). Combining eq 1 and 4-6, collision yields are
given by

(7)

with

Figure 1. Example of loss rate measurement: nitric acid in the dark
(4-m3 Teflon chamber).

The collision yields calculated from eq 7 are listed in Table
III. For most compounds including ozone, hydrocarbons,
oxygenated aromatics, aliphatic dicarbonyls, and nitro­
gen-containing aliphatic oxygenates, only two or fewer
molecules are destroyed in 108 collisions on FEP Teflon
film. Larger yields were obtained for ammonia (up to ~5

X 10-8) and for nitric acid and benzoic acid (~8 X 10-8).

Also listed in Table III for comparison are collision yields
reported by Baldwin and Golden (28, 29) for two sub­
strates, sulfuric acid and soot, which are relevant to gas­
aerosol interactions in the atmosphere. Collision yields
on these two surfaces are in qualitative agreement with
those we calculated for Teflon, i.e., lower values for ozone,
NO" S02, and hydrocarbons and higher values for am­
monia and nitric acid.

Ozone. Loss rates for ozone in our chambers,
~(0.5-3.0) X 10-4 min-I in the dark and ~(2-8) X 10-4

min-I in sunlight, are consistent with (although generally
lower than) previous data for a number of chambers con­
structed from the same type of Teflon film (e.g., see ref
9, 30, and 31). In agreement with the discussion presented
in the preceding paragraph, loss rates were observed to
vary according to the chamber S / V ratio and to increase
rapidly in partially deflated chambers (up to 14 X 10-4

min-I).
Ozone losses were 2-3 times higher in sunlight than in

the dark (Table II), and this in spite of some ozone pro­
duction resulting from irradiation of the purified matrix
air (see Experimental Section). Ozone loss in sunlight
probably II a combination of several factors including
desorption of ozone-scavenging impurities from the cham­
ber walls (chamber temperatures generally increased in
sunlight), photolysis of some of these impurities to form

(1)

(2)

(6)

(3)d[x] /dt = krx[x]

removal processes are negligible (see discussion in following
paragraphs), collision yields, that is, the fraction of colli­
sions on Teflon film resulting in the loss of a molecule, can
be calculated from the data in Table II, the chamber
surface to volume ratio, and standard gas kinetic consid­
erations. Thus

Collision rate constants kc are simply calculated from the
mean thermal velocity:

kcx = vx /4 (5)

where cy, k, and kc are the collision yield, removal rate
constant, and collision rate constant, respectively, for
species x. The removal rate constant for species x on a
surface of area S is given by

where n is the number of molecules and brackets indicate
concentration. In the same way

where krx values are the removal rate constants given in
Table II. Combining eq 2 and 3

k x = krx(S / Vl-I (4)
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Table IV. NO, Stability Studies

initial conco, ppb 104 x loss rate, min-t b

chamber sizeO time, h NO NO, NO, NO NO, NO,

dark dryairt: L 3 170 395 565 +0.7 +1.0 +0.9
L 12 590 119 709 2.0 +8.2 0.2
S 8 28 260 288 +5.9 2.0 1.2
L 15 6 4 10 0 0 0
L 17 223 40 263 1.2 +2.5 0.7
S 6 46 190 236 5.4 1.5 2.2

humid air S 3 45 460 505 0 3.6 3.5
S 4.5 33 303 336 7.8 1.6 1.1

sunlight dry air L 5 361 4.2
L 3 90 100 190 1.8 +1.2 0.3
S 7 356 210 566 0 5.0 1.8
L 4 32 90 122 0 1.8 1.4
L 3 114 127 241 1.5 7.9 4.8
S 5.5 122 190 312 +0.7 6.1 3.4

'L = large and S = small; see Table II. b A (+) sign indicates that NO or NO, increased in this run; see text. 'Dry air = dew point of -20
'C at T = 18-26 'C; humid air = RH = 82-86%.

species reactive toward ozone, and photolysis of ozone
followed by reaction of O(ID) with water vapor:

0 3 + hv ~ 0(3P) + O2 (8)

0 3 + hv ~ O(ID) + O2 (9)

0(3P) + O2 + M ~ 0 3 + M (10)

O(ID) + M ~ 0(3P) + M (11)

O(ID) + H20 ~ 20H (12)

Since ozone is rapidly regenerated from 0(3P) in reaction
10, loss of ozone in the above sequence is via reactions 9
and 12, followed by additional removal of ozone by reaction
with OH and H02:

0 3 + OH ~ H02 + O2 (13)

0 3+ H02~ 202 + OH (14)

Indeed, sunlight irradiations conducted at high humidity
(RH ?: 80%) yielded substantially higher ozone loss rates
(up to 65 X 10-4 min-I) than those conducted with dry
matrix air.

Hydrocarbons. Loss rates listed in Table II for hy­
drocarbons (HC) were typically ~2 x 10-4 min-I. In many
instances, no measurable loss could be detected, and only
upper limits could be derived from the precision of the
measurement method. Kelly (32) reported loss rates of
~59'0 per day (~0.34 X 10-4 min-I) for a number of hy­
drocarbons stored for up to 1 week in FEP Teflon con­
tainers.

Gas-phase chemical reactions with ozone, the hydroxyl
radical, and the nitrate radical may contribute to the hy­
drocarbon loss rates listed in Table II. Examination of the
literature data for HC + 03' HC + OH, and HC + N03
reaction rate constants and for the 03-N02-N03 system
indicates that, even at the low NOr and ozone levels
present in the matrix air (~6-12 ppb and detection limit
of ~1-2 ppb, respectively), gas-phase reactions may be of
importance for at least the most reactive hydrocarbons.
For example, reaction of styrene with 1 ppb of ozone in
the dark (k ~ 3 X 10-17 cm3 molecule-I S-I) would result
in a styrene removal rate of ~0.5 X 10-4 min-I, as com­
pared to the measured value of ~2.4 x 10-4 min-I. In the
same way, only ~ 10-5 ppb of N03(~2 X 105 radicals cm-3)
would be required to remove a-cresol in the dark at a rate
of 2 X 10-4 min-I. In sunlight, hydroxyl radicals are pro­
duced by photochemical reactions involving background
NO, and the added hydrocarbon, as well as possibly by
heterogeneous reactions of the background NOr on the
chamber walls. Assuming that the observed removal rates
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are entirely due to reaction with OH, upper limits of ~7
X 104 radicals cm-3 can be calculated for hydroxyl radical
concentrations in the FEP Teflon chamber during llunlight
irradiation of hydrocarbons in purified air.

Nitrogenous Pollutants. Nitric acid and ammonia
were rapidly lost to the chamber walls. The rapid loss of
nitric acid and its implications for nitrogen mass balances
in smog chamber experiments have been discussed pre­
viously (17, 33). In contrast, peroxyacetyl nitrate (PAN),
methyl nitrate (Table I1), and other alkyl nitrates (n-propyl
and n-butyl; exploratory experiments not listed in Table
II) exhibited excellent stability in our FEP Teflon cham­
bers. Our upper limit for PAN stability in the dark is
consistent with the recently measured rate constant for
self-decomposition of PAN, 1.3 X 10'" S-I at ambient tem­
perature (34).

Oxygenated Organics. Loss rates of oxygenated or­
ganics, aliphatic (biacetyl and pyruvic acid) or aromatic
(a-cresol and benzaldehyde), were low and comparable to
those measured for hydrocarbons. In contrast, the loss rate
of benzoic acid was substantially higher and comparable
to that of nitric acid. Thus, wall losses must be included
in mass (or carbon) balance calculations for systems such
as styrenes-03 (dark) or styrenes-NO, (sunlight) which
are expected to yield benzoic acid as a major product.

Oxides of Nitrogen. (1) Loss in the Dark. Loss rates
for NO, N02, and NO, were measured in the dark and in
sunlight, in dry and humid air, and over a range of NOr
concentrations (~10-700 ppb) and of initial NO/N02
ratios. Results for individual experiments are listed in
Table IV. In general, measured loss rates were small and
comparable to those for other pollutants (see Table II),
increased in the dark at high humidity, and were higher
in sunlight than in the dark. In addition, NO and N02
concentrations actually increased in several runs
("negative" loss rates in Table IV) due to a number of
chemical reactions including thermal oxidation of NO to
N02 (e.g., see ref 35) and/or heterogeneous hydrolysis of
NOr on the chamber walls (12):

2NO + O2- 2N02 (15)

NO + N02 + H20 - 2HONO (16)

N02 + H20 (wall) - products (17)

Reaction 17 has been studied in the bulk liquid phase (36),
where the reaction products are nitrous acid and nitric
acid:



However, Sakamaki et al. (12) observed that the dark
heterogeneous H02-H20 reaction in their smog chamber
was not stoichiometric and that the products were nitrous
acid and nitric oxide:

Table V. Comparison of Measured and Computed NO. Loss
Rates

Experimental Conditions

N02 + H20 (wall) ~ HONO(g) + NO(g) (19) parameter initial final

a Includes the response of the chemiluminescent NOx analyzer to
nitric acid, if any. 'With model descrihed hy Leone et al. (17).
'For reaction NO, - (wall) HONO (17). dLoss rates of 6.6 X 10-'
and 1.5 X 10-' min-! for NO and NO" respectively. 'Adding rapid
loss of N,O. to walls (k = 8 X 10-3 min-'). 'Reducing CO from 5.0
to 2.5 ppm (no CO was added in these runs, but the matrix air
contained ~4 ppm of CO).

NO and NO,
computed final concn, ppblO4kwall , wall loss

min-Ie includedd NO NO, HONO, NO.

0 no 143 169 0 312
5 no 151 136 22 309
3 no 148 148 14 310
3 yes 119 141 13 273
1.5 yes 116 150 7 273
1.5 yese 116 150 7 273
1.5 yes' 115 153 7 275

air irradiations (with no CO added but ~4 ppm of CO
present in the matrix air) by using the computer kinetic
model of Leone et al. (17). These calculations included
all pertinent inorganic reactions, the appropriate time­
dependent temperatures and N02 photolysis rate con­
stants, and a wall loss term for ozone (from data in Table
II). An example of calculations for a specific run is given
in Table V. The wall losses of NO and N02 as determined
experimentally (Table II) were included or omitted, and
the parameter kwall was varied incrementally in the range
(0-5) X 10-4 min-I. As is shown in Table V, the best
agreement between computed and measured values cor­
respond to kwall =3 X 10-4 min-I when wall losses of NO
and N02 are taken into account. Increasing the wall loss
term for NzOs had little impact on the calculated NO,
values. Varying the CO concentration in the range 2.5-5.0
ppm (CO in the matrix air was ~4 ppm) had no effect on
the calculated NO, values, as expected since much higher
CO concentrations would be needed for reactions 22-24
to become important. Values of kWall for other runs, as well
as for runs involving 03-NOZ mixtures, were in the range
(1.5-4.0) X 10-4 min-I. These values are low (compared
to other chamber facilities) and are similar to those mea­
sured by Leone et al. (17) for a similar outdoor Teflon
chamber. The magnitude of the wall source for a number
of indoor and outdoor chambers and the implications for
computer kinetic modeling of the corresponding experi­
ments have been discussed in detail elsewhere (7, 8, 11,
12, 17) and will not be further discussed here. It should
be stressed, however, that the kwall values derived from our
experiments are only valid for the specific chambers em­
ployed and at a specific time in their "history". More
recent, or more seasoned, chambers, even though having
the same geometry (e.g., SIV ratio) and made of the same
Teflon film, may yield different results. In the same way,
kwall values derived from "NO,-only" experiments may not
be entirely applicable to NO,-organic irradiations, where
other reactants and products (e.g., nitrogenous species,
water-soluble carbonyls and dicarbonyls, etc.) may con-

Computer Simulations'

125
152
277
24
-12
17:30

122
190
312
23
-19
12:00

NO, ppb
"NO" ppb"
"NO.", ppb"
temp, "C
dew point, "C
time, PST

Nitric acid was probably produced as well but was not
released from the chamber walls.

The data in Table IV for experiments conducted in the
dark are consistent with the expected relative contributions
of the several reactions discussed above. Thus, thermal
oxidation of NO to N02 (reaction 15) was predominant in
dry air runs with high initial NO, while some NO was
produced in runs with high initial N02 (reaction 19 pre­
dominant).

In the two dark runs with humid air, off-line samples
including water impingers, alkaline impingers (5 x 10-3 N
KOH), and nylon filters were collected at the end of the
runs and analyzed for nitric acid as nitrate by ion chro­
matography. No nitric acid could be detected in these
samples (detection limit Sl ppb). Either nitric acid was
not released from the walls, in agreement with the ob­
servations of Sakamaki et al. (12), or gas-phase nitric acid,
if any, had been lost to the walls at the end of the runs
(see high loss rate for HON02 in Table 11).

(2) Loss in Sunlight. In sunlight, an additional NO,
loss process is involved, namely, reaction of N02 with the
hydroxyl radical formed upon photolysis of nitrous acid,
i.e., reaction 19 followed by

HONO + hv ~ NO + OH (20)

OH + N02~ HON02 (21)

and subsequent rapid loss of nitric acid to the chamber
walls. Reactions 19 and 20 account for the so-called wall
source of free radicals in smog chambers. This additional
supply of OH radicals includes two components, one at the
onset of irradiation (photolysis of HONO formed after
injection of NO, in humid matrix air) and the other taking
place throughout the run and being proportional to N02,

humidity (reaction 19), and light intensity (reaction 20).
The "wall source" of radicals and its functional depen­

dence on reactant concentrations and state parameters can
be readily calculated from experimental data. In principle,
OH concentrations could be calculated from nitric acid
yields (reaction 21) in NO,-pure air irradiations, but this
approach is severely limited owing to the rapid wall loss
of HON02• More reliable measurements can be derived
from experiments in which OH can be calculated from its
removal rate by reaction with other compounds, provided
that ki(X,j »kNO,(N02). Trace levels of hydrocarbons (11)
or, conversely, high concentrations of CO (17, 37) have
been employed. In the latter case, the reactions of interest,
following reactions 19-21, are

OH + CO ~ CO2 + H (22)

H + O2 ~ H02 (23)

H02 + NO ~ N02 + OH (24)

From the measured NO decay rates in irradiated CO-NO,
mixtures in purified air [T ~ ambient, relative humidity
(RH) ~ 65%), Leone et al. (17) calculated kWall = (5.0 ±
1.2) X 10-4 min-! for

k",a11
NOz + wall - HONO

for an outdoor Teflon chamber similar to the one employed
in this study.

The contribution of heterogeneous hydrolysis of NOz
(wall source of radicals) was calculated for the NO,·purified
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Table VI. Estimated Loss of Nitric Acid in NO,-O,
Experimcn ts

run no.

158 180 159 168

dark/sunlight dark dark sunlight sunlight
matrix air dry" humid dry dry

(-50% RH)
T,oC 31 18 23 24
initial 03' ppb 500 207 280 415
initial NO" ppbb 470 230 340 390
length of runs, h 4.0 4.5 5.0 4.0
conen at end of run,

ppb
N,O" caled 75 0.7 1.0 8
HOND" caled 250 209 21 24
HDND" measd 40 13 8 7

average nitric acid loss 21.0 20.8 12.4 17.7
rate, % h-1

a Initial dew points of -17 ± 1°C. b With nitric acid impurity, if
any, removed from the gas cylinder source using two nylon filters
in series. Matrix air contained no detectable amounts of nitric
acid «1 ppb).

tribute to free radical production as a result of their own
complex wall-promoted reaction cycles.

Loss of Nitric Acid in N02-03 Experiments. The
loss rate of nitric acid was also estimated in several ex­
periments involving the reaction of ozone with nitrogen
dioxide in purified air. In the dark, the reaction sequence
of interest is

N02 + 0 3~ N03 + O2 (25)

N03+ N02 + M '" N20 S + M (26)

N20 S + H20 ~ 2HON02 (27)

In sunlight, the following reactions also take place;

N02+ hv ~ NO + ° (28)

N03 + hv ~ NO + O2 (30%) (29a)

N03 + hv ~ N02 + °(70%) (29b)

NO + 0 3~ N02 + O2 (30)

°+ O2 + M ~ 0 3 + M (10)

The above reactions, along with minor reactions pertinent
to the 03-N02 system, are well characterized (e.g., see ref
38-41) and are included in all computer kinetic models.
Thus, estimates of nitric acid wall loss in 03-N02 exper­
iments can be obtained by comparing computed and
measured HON02 concentrations.

Table VI summarizes the nitric acid loss rates calculated
in several 03-N02 experiments. The computer kinetic
mechanism we employed is that described by Leone et al.
(17). Included in the calculations were wall loss rates for
ozone, NO, and N02as given by Table II. Experimental
data included measurements of nitric acid by ion chro­
matography following collection on nylon filters (21) or in
alkaline impingers (5 X 10-3 N aqueous KOH), as well as
by difference between "N02" readings of a chemilumi­
nescent NO, analyzer with and without removal of nitric
acid by using a nylon filter (21, 24). The three sets of
measurements agreed within 20%. N20 S, which is also
present in the matrix, may interfere if collected on nylon
filters (this has not been verified experimentally) and/or
in KOH impingers (this is likely). However, calculated
N20 S concentrations listed in Table VI show that the
maximum contribution of N20 S to the measured nitrate
concentration is minor, i.e., 1-25%. In addition, literature
data (40, 41) indicate that the wall loss rate of N20 S is
substantial, (6-68) x 10-3min- l (i.e., higher than that we
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measured for nitric acid). Thus, actual N20 S concentra­
tions in our experiments may be substantially lower than
the calculated values.

The wall loss rates listed in Table VI are consistent with
those given in Table II for nitric acid in purified air and
confirm that wall loss of nitric acid must be included in
nitrogen mass balance calculations.
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• The reactivity of several calcareous sorbents to 802
absorption is assessed in a laboratory-scale reactor under
conditions representative of those encountered in the ra­
diant zones of pulverized-coal-fired utility boilers. Rate
of calcination, surface area development, regeneration of
gas-phase sulfur species, and 802capture ability are ex­
amined as a function of gas-phase environment and sor­
bent type. The sulfation reaction was experimentally
decoupled from the calcination process, and over 50%
conversion of calcium to sulfate was observed for one
sorbent in 0.6 s. Sorbent reactivity to 802 is principally
governed by specific surface area of the calcined sorbent,
although sorbent type is a secondary influence. Peak
sorbent temperature during calcination is the dominant
factor governing surface area development for a given
sorhent. The results demonstrate that (1) sorbent injection
into the combustion zone (T > 1200 ec) for 802 control
is not optimal, and (2) a significant increase in sorbent
reactivity will be attained by calcination at temperatures
below 1200 ec, the lowest value assessed in the present
experiment.

Introduction

The injection of pulverized limestones into the radiant
section of a pulverized-coal-fired boiler has been proposed
as a method for the control of sulfur dioxide (802) emis­
sions through the EPA-defined process of limestone in­
jection into multistaged burners (LIMB). Development
efforts are in progress to elucidate the principal controlling
parameters of S02 capture in a flame environment (I, 2).
The present paper reports on the first phase of this effort
in which the activation and sulfation of pulverized lime­
stones are assessed at the high temperatures (> 1100 ec)
representative of those found in the combustion zone of
commercial coal-fired utility boilers.

Limestones injected into a high-temperature, sulfur­
laden environment follow a series of processes: heat-up,
calcination/activation, sulfation, deactivation, and/or re­
generation. Calcination encompasses the process of CO2
evolution from the sorbent as a result of particle heating.
The surface area increases, thereby increasing the number

of active sites for S02 capture. Activation may consist
merely of calcination (the escaping CO2leaving the particle
open for reaction). Sulfation, the active process of 802
capture, is described by the following general reaction
under oxidizing conditions:

CaO + 802 + 1/20 2 - CaSO. (1)

Although the physical process of eq 1 remains unknown,
data from several laboratory experiments have been cor­
rectly predicted by a model incorporating zero-order in­
trinsic kinetics (3). Due to diffusional resistances, however,
the apparent, or global, reaction order with respect to 802
has been observed as zero (4), one-half (5), and one (6).
Severallimestone-sorbent properties-specific surface area,
pore size, total porosity, and crystallite size-influence the
sulfation reaction rate (7,8). However, the latter three of
these properties manifest themselves in the specific surface
area. As a result, the specific surface area is a physical
property of special interest in evaluating the ability of
sorbents to uptake 802'

Deactivation and regeneration of the sorbent also are
important. Deactivation is associated with sintering, a
process that reduces the active surface area of the material.
This may occur thermally or be augmented by interaction
with other minerals (e.g., coal ash) that lower the melting
point (hence, the Tammann temperature) of the solids.
Regeneration is the desorption of sulfur species. This may
leave the particle active for sorption but does so at the
expense of sulfur reiease. Regeneration is mainly a concern
for fuel-rich capture systems (e.g., low NO, burners) where
initial capture occurs by the mechanism

CaO + H2S - Ca8 + H20 (2)

followed by the regeneration reaction

CaS + 3/20 2- CaO + S02 (3)

Early failures of the LIMB process resulted from over­
burning the sorbents upon high-temperature injection. In
addition, the thermodynamics of sulfation (eq 1) becomes
unfavorable above about 1200 ec. Many subsequent
studies of calcination and sulfation have therefore been
limited to nonflame environments and relatively low tem-
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bronze flat-flame burner down fired into a 10 cm X 10 em
square stainless steel chimney. The burner was fired on
both methane/air and hydrogen/air mixtures. Limestone
sorbents were injected into the flat flame through a 6.4 mm
i.d. copper tube mounted through the burner axis. Two
chimneys were employed for this study. One of these,
shown in Figure 1, is 1.2 m long and is equipped with
optical windows that are removable for solids sampl~ng

probe access. A second chimney, 0.6 m long with vlewmg
windows, was used for sulfur-capture testing with a dis­
persed-phase quartz reactivity probe. Gas temperatures
within the reactor were measured with a 0.2-mm diameter,
butt-welded type-S thermocouple and monitored by an
Omega 199 readout. Temperatures reported are corrected
for radiation.

Sorbent particle injection was accomplished with a
Smith-type fluidized-bed feeder (14, 15). Solids feed rates
from 0.2 to 2.0 g/min were attained by using transport gas
flow rates of 4-60 cm3/s. Batch samples of solids for
physical and chemical analysis were collected with an
isokinetic water-cooled stainless steel probe (Figure 2).
The solids were collected in a large volume 47-mm Nu­
clepore filter holder (with O.B-I'm pore size Nuclepore
polycarbonate, or Gelman triacetate filter elements). This
probe was operated above the dew point of the sampled
gas (70 °C) by restricting the cooling water flow rate. The
filter was maintained at 100 °C by keeping it in an elec­
trically heated oven. Absorption and reaction of CO2and
H20 with the sample CaO was determined to be negligible.
Samples were analyzed after exposure to the reactive gases
over intervals from 5 to 30 min and showed no change in
composition or specific surface area.

Sorbent reactivity toward S02 was determined by using
a dispersed-phase "S02-reactivity probe" constructed of
quartz (Figure 3). The probe was designed to provide a
direct, relative measure of the sorbent sulfur capture de­
coupled from calcination and independent of the thermal
environment in the flame. A sample from the flame is
extracted, quenched, and then drawn into an isothermal
heated reaction zone maintained at a temperature of 1100
± 10 °C at its midpoint. The sample was drawn through
the probe at 33 N cm3/s. At the entrance to the isothermal
zone, S02 is mixed with the entraining gas stream to 6 vol
%. Probe dimensions provide a nominal residence time
in the isothermal zone of 0.6 s, estimated by jet penetration
theory (16). At the furnace exit, the sample stream is
cooled to 150 °C and collected on a microporous glass-fiber
filter. Additional S02 uptake in the filter holder was
negligible (<2.4% conversion). Sulfated samples were
analyzed for total sulfur (sulfate and sulfide), carbon
(carbonate), and hydrogen (water and hydroxide) by in­
strumental methods using a Leco SC-32 and Perkin-Elmer

.... Exhaust
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_--1L 7.6 cm Dia. Ouartz

HllIL-.lli=:4r Windows
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Stide Rods

Figure 1. Flat-flame reactor chimney (1.2 m long) with optical access
ports.

Unislide Positioner

peratures, generally below 1100 °C (9). Higher t~mp~ra­
ture (> 1100 °C) studies of surface areas, calcmatlOn,
sulfation, and petrographic properties (10-12) have been
restricted to relatively long times of 0.5 s to several hours.
The simplicity and practicality of flame-zone-sorbent in­
jection has sustained the interest in high-temperature
sorbent injection. As a result, this study originated to
examine transient phenomena (i.e., calcination) occurring
under flame-zone conditions but in shorter times than
previously explored and to relate these phenomena to
subsequent S02 capture at lower temperatures. .

The objectives of the present study were to (1) mves­
tigate the processes of sorbent heat-up, calcination/acti­
vation and sulfation in a well-controlled laboratory-scale
syste~ in the range of temperature (T > 1100 °C) and time
(0.5 s) representative of the combustion zone of a full-scale
utility boiler and (2) correlate changes in sorbent physical
and chemical properties during calcination with the ability
of the sorbent to uptake S02' This was accomplished by
injecting pulverized calcareous sorbents into th~ high­
temperature region of a laboratory flame and studymg the
processes occurring at times as short as 10 ms.

Apparatus

The gas-flame reactor, described in detail elsewhere (13),
consisted of a 7.6-cm diameter, water-cooled sintered-

Support Channeling

All Stainless Steel Construction
Water - Cooled Isokinetic Sampling Probe

Sorbent Stream

II
Cooling Water
Spray

Stainless Steel Tubes
Filter Housing

----.....l-__-'
--.--/ ,..------,

Z-...-__...J

Fil!er

Figure 2. Water-cooled isokinetic sampling probe for solids collection in the flame reactor chimney.
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Table I. Physical and Chemical Properties of Test Materials

sorbent

Vicron 45-3
Michigan marl
dolomite
calcium hydroxide

composition

CaC03
CaC03
CaC03·MgC03
Ca(OH),

physical properties

mean surface
size, pm area, m2/g

11.0 0.6
18.0 1.52
34.0 0.9
12.5 12.2

Ca

39.2
25.0
21.0
54.0

chemical analysis. wt %

Mg Al Si Na

0.49 0.07 0.07 0.02
0.93 1.09 9.29 0.19

12.1 0.09 0.37 0.03
0.3

Fe

0.04
0.87
0.10
0.02

Table II. Flame Conditions

peak center line
temp, ·C (7 em)

1830
1630
1515
1360
1200

48
47
47
23
49

OCenterline Temperature

• Main Flame Temperature

cold gas
velocity," cmls

0.99
0.85
0.77
0.66
0.60

equivalence
ratio, <pafuel

methane
methane
methane
methane
hydrogen

1200

(J4>:;;;; (fueljair)actual/(fuel/air)SlOichiometric- bGas velocity norma] to
burner corrected to 298 K.

Electrtc
Tube Furnace

Lr---+---1ol.
01·

Flame Gases In

=-. Hot Gases Out

Quench ZoneType K t.e.
and Digital
Readout

Isothermal Zone

Plalinel n I.e.
and Readout

25 50 75 100 125 '50

'4- 502 In Residence Time. milliseconds

Sa~le Out

Figure 3. Schematic of the quartz "SO, reactivity probe".

240B. Calcium was determined by using ASTM D2795,
a chelometric titration. Specific surface areas were mea­
sured by N2 adsorption using the BET method.

Injection and sampling systems were tested for particle
size discrimination. Mean size and specific surface area
of the starting materials were compared with those of
samples that were injected and collected raw. No dis­
cernible change was noted.

Experimental Section
Physical and chemical properties of the sorbents under

study are shown in Table 1. Vicron 45-3 and the dolomite
were locally available stones obtained from the Minerals
and Pigments Division of Pfizer. They and the Michigan
marl were chosen for study because of the relatively small
mean size and prior successful use in larger scale studies
(2). The calcium hydroxide (Fisher, reagent grade) was
chosen for its chemical purity. In all, this set of four
sorbents provided a cross-section of calcareous sorbent
properties for investigation.

The flame conditions used in this study are listed in
Table II. The center line temperature of the reactor was
perturbed because the sorbent carrier gas, although a
mixture of CH.-air in all cases, was not stabilized by the
water-cooled burner. Therefore, the carrier-gas methane
was adjusted so that the center line temperature matched

Figure 4. Time-temperature profiles for the burner flame and the
sorbent carrier gas. 1630 DC peak temperature condition.

the main flame temperature at a convenient but arbitrary
distance 7 cm from the burner surface. This gas tem­
perature, reported in Table II, was the peak temperature
experienced by the injection solids.

A typical time-temperature profile for both the main
flame and the center line is shown in Figure 4. Residence
times were calculated on the basis of the face velocities of
the main burner flames. Heating rates of the particles were
determined experimentally by two-color pyrometry to be
5 X 104 K/s.

Results and Discussion
Calcination and Surface Area Development. Vicron

45-3 was injected into several methane and hydrogen
flames and sampled at varying distances in order to in­
vestigate the rates of calcination and surface area devel­
opment at elevated temperatures. Data from three
methane flames are provided in Table III and are averaged
for clarity and plotted in Figure 5. (Data for the fourth
methane flame, 1515 DC, are tabulated and presented later
with data for additional sorbents.)

At all three temperatures, significant extents of calci­
nation (mole percent CaC03 converted to CaO) are at­
tained in times less than 100 ms. Although 100% calci­
nation of limestones is rarely attained (17), the curves in
Figure 5b all approach asymptotic values well below 100%.
Recarbonation of the calcined lime during sampling was
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Table III. Surface Area and Mole Percent Calcination of
Vicron 45-3

1.0
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Figure 7. X-ray sedimentation (sedigraph) particle-size distributions of
raw and calcined Vicron 45-3.

Figure 6. Time for 50 % calcination of pulverized limestones.

80% conversion to CaO is reached (18).
Three major observations stem from the surface area

data. First, the surface areas (5-10 m2/g) are low relative
to those reported for similar stones calcined at cooler
temperatures (1000--1200 °C) (10). Second, surface area
develops more rapidly in the higher temperature flames.
Third, the ultimate surface area attained is highest after
lower temperature calcination.

Calcination rate increases with increasing temperature
in Figure 5. These data are compared in Figure 6 with
lower temperature calcination rate data from other studies
(9, 10) on an Arrhenius-type plot of time for 50% calci­
nation vs. inverse temperature. At the higher tempera­
tures, however, a significant portion of the calcination
occurs during particle heat-up and, therefore, at lower­
than-peak temperature. Nonetheless, calcination is shown
to be (1) fast at the high temperatures of practical interest
and (2) not an impediment to the sulfur-capture process.
Only at temperatures below those typical of radiant zone
exhausts (1150--1350 °C) are the times to calcine signficant
in comparison to the available residence time for sulfation
(2-3 s). These observations demonstrate a trade off be­
tween faster calcination at higher temperatures and higher
surface areas (reactivity) at lower temperatures.

Surface area increases as a result of an increase in po­
rosity during calcination. However, thermal comminution
also can contribute to specific surface area increase.
Fracturing of limestones has been observed and attributed
to thermal stresses and internal pressure buildup due to
CO2 release (10, 11). To assess the contribution of thermal
comminution to surface area increase, samples of Vicron
45-3 were collected raw and from two methane-air flames
(1830 and 1360 °C) at relatively long times (>250 ms). The

37.4
53.5
85.9
82.5
88.1
75.7
76.0
33.1
78.3
80.0
78.0
74.9
84.4
81.3
31.6
65.9
77.1

%
calcination

125 150

4.6
4.3
5.1
5.5
6.9
6.1
5.0
5.1
3.7
3.9
6.3
9.3
7.9
7.2
7.6

10.7
9.4

total specific
surface area, m2/g

20
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53
53
61
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79

161

Residence Time. milliseconds
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( b)
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axial peak,
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considered an explanation. Samples collected from hy­
drogen/air flames at similar temperatures attained as
much as 95% calcination in 150 ms. However, no signif­
icant changes in sample surface areas were observed (1).

The inability to achieve 100% calcination has a twofold
explanation. For all of these flames, the temperature
dropped to 1200 °C by 200 ms. A model of the calcination
kinetics (1) predicts that this rapid decline in flame tem­
perature quenches the calcination reaction. In addition,
internal diffusion resistance slows calcination after about

FIgure 5. Surface area and mole percent calcination profiles for Vieron
45-3 sampled from three methane flames.
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Figure 8. Effect of calcination temperatures on surface area devel­
opment by calcitic limestones.

samples were analyzed for particle size by X-ray sedi­
mentation. The results are shown in Figure 7. In both
flames comminution occurred and, to a greater extent, in
the higher temperature flame where nearly a factor of 3
reduction in mean diameter occurred. Numerical inte­
gration of the size distributions, however, gives specific
surface areas of 0.54,0.65, and 0.91 m2/g compared, re­
spectively, with the measured BET surface areas of 0.6,
7.0, and 6.5 m2I g. Most of the surface area therefore is
not external but resides in the interior pore structure of
the particles.

In Figure 8, surface area data from other studies em­
ploying limestones similar to Vicron 45-3 are shown along
with results from this study at five peak flame tempera­
tures. (Data available from ref 15 at temperatures lower
than those shown in Figure 8, T < 900°C, indicate little
change in initial surface area with temperature.) Surface
area development at low-temperature (nonflame) condi­
tions occurs in concert with porosity development during
calcination. As temperatures are increased, the rate of
sintering increases as evidenced by coalescence of pores
and some loss of surface area but with no apparent de­
crease in porosity (11). Above 1100 °C, the Tammann
temperature for CaO, an abrupt decline in peak surface
area is indicated by Figure 8. The increased variance in
the data may reflect differences in sorbent types and
calcination conditions. At 1100 °C, the sintering rate has
become important with respect to the calcination rate,
resulting in rapid growth of CaO crystallites (11). Particle
shrinkage resulting from collapse of the pore structure has
also been reported at these temperatures (11, 17). Al­
though there is variance, a trend of decreasing surface area
with increasing temperature is unmistakable over an order
of magnitude in surface area. Similar behavior has also
been observed at lower temperatures (T < 1100 °C) but
only over periods of several hours (19).

In summary, sorbent activation due to calcination is fast
«100 ms) at temperatures (> 1100 °C) representative of
boiler radiant zones and results from increased porosity

as CO2 is expelled from the particles. Pore size and
crystallite size, though not measured in the present ex­
periment, are reflected in the specific surface area of the
sorbent which, in turn, is a function of time and the cal­
cination temperature. Sorbent fragmentation can also
occur but is not sufficient to affect surface area develop­
ment.

802Capture. By use of the S02 reactivity probe, Vi­
cron 45-3 samples were collected from the four flames
having peak temperatures of 1200, 1360, 1515, and 1630
°C. The probe entrance was situated 9 cm from the burner
surface. Although residence time in the flame varied with
the flame condition, the sampling location was coincident
with the maxima in the surface area profiles and just be­
yond the point of maximum sorbent particle temperature.
Results of these tests are shown in Figure 9 as calcium
utilization (SICa X 100) vs. peak calcination temperature.

Sulfur capture improved as the calcination temperature
decreased. In addition, comparison of average calcium
utilization values at 1360 and 1630 °C (16.6 and 12.0
percent) with peak surface areas from Figure 5 (10.7 and
7.9 m2I s) shows a relationship between specific surface
areas and S02 sorption ability. As such, surface area may
be useful as an indirect measure of the sorbent reactivity.

Additional 8orbents. Three additional sorbents (Ta­
ble 1) were tested to (1) determine their S02 sorption ca­
pabilities relative to Vicron 45-3 and (2) seek a general
correlation between specific surface area and sulfur cap­
ture. Samples of dolomite, calcium hydroxide, Michigan
marl, and Vicron 45-3 were collected at different residence
times from the 1515 °C peak temperature flame and an­
alyzed to determine specific surface area and percent
calcination. (Calcination data for calcium hydroxide were
omitted because even small levels of H20 uptake during
sampling and handling caused large errors in the calcina­
tion determination. Because of its low decomposition
temperature relative to calcite, 580 vs. 950°C, and because
of its lower endothermicity of calcination, 65 vs. 178 kJI
mol, the calcium hydroxide was assumed to have been at
or near complete calcination at all times prior to sampling.)
Results are presented in Table IV and Figure 10.

Trends in calcination and surface area development were
different for the additional sorbents when compared with
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perature flame.

Table IV. Surface Area and Percent Calcination of
Sorbents Calcined in a CH,-Air Flame-Peak Temperature
1515 °C

residence total specific %
sorbent time, IDS surface area, m2jg calcinationQ

Vicron 45-3 24 3.9 24
36 7.5 72
73 8.6 82

Michigan marl 24 3.5 98
63 3.1 97

142 3.1 99
calcium 24 8.5

hydroxide 63 8.2
142 7.2

dolomite 24 7.7 93
63 9.7 93

142 12.6 92

a Calcium basis.

Vicron 45-3. The behavior of the dolomite surface area
is attributed to the MgO which is more refractory than
CaO and stabilizes the dolomitic lime (CaO·MgO) against
sintering (17). Also, dolomite and marl calcine faster and,
in general, display higher extents of calcination than the
other sorbents. For dolomite, the reason is that the MgC03
component decomposes at a much lower temperature than
CaC03. For marl, it is believed that the rapid calcination
may be due to combustion of the organic component
contained in the stone. The organic component is essen­
tially a coal matrix which upon combustion could overheat
the particles. Upon injection, the marl visually appeared

Figure 11. Change in surface area and calcium utilization with tem­
perature for dolomite, calcium hydroxide, and Vicron 45-3.

to burn in a fashion similar to pulverized coal.
Calcium hydroxide has a relatively high initial surface

area which decreased during calcination under all of the
conditions tested, Calcination of Ca(OH)2 produces a
metastable hexagonal oxide structure (20), and decompo­
sition to the stable cubic oxide at high temperatures may
account for the decay of surface area. In addition, there
is some indication that water vapor catalyzes sintering of
CaO (20, 21) so the internal supply of water vapor may
promote surface area decay during high-temperature
calcination.

In terms of specific surface area, the dolomite displayed
the greatest potential for 802capture in the 1515 °C flame.
Calcium hydroxide proved to be comparable to Vicron
45-3, although changes in sulfur capture due to its loss,
rather than gain, of specific surface area upon calcination
have not been taken into account. The Michigan marl
produced very low-specific surface areas in spite of its
ability to completely calcine very rapidly. Because of its
poor surface area development, further tests on the marl
were not completed.

Limited additional surface area measurements were
performed on dolomite, Vicron 45-3, and calcium hy­
droxide calcined in the 1200, 1360, and 1630 °C flames in
order to provide data for comparison with the 802-capture
tests also conducted in these flames. Both the surface area
and sulfur-capture data are shown in Figure 11. The
surface areas in Figure 11 are normalized to account for
the degree of calcination. This simplifies the comparison
with the sulfur-capture data, especially for the 1200 °C
flame condition where the extents of calcination were
generally low (less than 80%). The trends of increasing
surface area and reactivity with decreasing calcination
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Figure 12. Correlation between calcium utilization and specific surface
area for dolomite, calcium hydroxide, and Vicron 45-3 calcined in
flames at 1200, 1360, 1515, and 1630 eC.

temperature match those observed for Vicron 45-3 in
Figures 5 and 9. Dolomite, however, dramatically increased
in both reactivity and surface area at 1200 ec.

The normalized surface areas of Vicron 45-3 exceeded
those of the dolomite at the higher temperatures. This was
due in part to the lower extents of calcination for Vicron,
but the generally poor repeatability in the dolomite data
also contributed to uncertainty in interpretation of the
surface area-temperature curve. The calcium hydroxide
surface areas, which are not normalized, fell below those
of Vicron 45-3 and dolomite. Differences in surface areas
were not directly reflected in the S02-capture data. Ma­
terial properties, as explained below, affect the capture
efficiency. For example, Vieron 45-3, which had the
highest normalized surface area at all but the 1200 ec
condition, showed the lowest calcium utilization at all
temperatures. Calcium hydroxide was slightly more re­
active than Vicron 45-3, but the dolomite showed signif­
icantly greater calcium utilization at all except the highest
temperature.

The exceptionally high reactivity of dolomite to sulfur
capture is attributable to physical aspects of the mineral
after calcination. The magnesium component begins to
calcine first, and as the CaC03 is calcined, the MgO pro­
vides a barrier to agglomeration and growth of the CaO
crystallites. This follows from the low intersolubility of
the oxides (22). This, in turn inhibits sintering and keeps
the pore structure open. In addition, S02 sorption by MgO
does not occur at elevated temperatures (8), and so the
magnesium component also serves to slow the pore plug­
ging process which otherwise occurs during CaSO, for­
mation. On the basis of the molar volumes of calcite (37
cm3/mol), dolomite (64.2 cm3/mol), calcium sulfate (46
cm3/mol), and periclase (11.26 cm3/mol), 100% calcium
utilization is possible for dolomite compared with only 67%
for Vicron 45-3.

The calcium utilization of calcium hydroxide was also
disproportionate relative to its specific surface area and
that of Vicron 45-3, Two plausible explanations exist. The
sensitivity of the product calcine to ambient moisture

Summary

Times required for calcination of pulverized calcareous
sorbents at high temperatures (> 1100 ec) are short «100
ms). Surface area development occurs in concert with
calcination, and it was found that higher surface areas were
attained at lower calcination temperatures. The measured
surface areas were also a function of sorbent type. Thermal
comminution of the sorbents did not contribute to the
measured specific surface areas.

Reactivity of the calcined sorbents toward S02 was
found to be related to specific surface area, although
sorbent type also had a strong influence. On the basis of
CaO content, dolomite was the most reactive sorbent
studied followed by calcium hydroxide and Vicron 45-3.
The high reactivity of dolomite was attributed to the MgO
component which inhibits sintering (surface area loss) and
helps keep the pore structure open.

during handling and analysis may have biased the surface
area measurements. Alternatively, the different crystal
structure of the calcine may have resulted in an enhanced
reactivity.

For all three stones, a general correlation between sur­
face area and reactivity was observed. Figure 12 provides
an indication of the surface area-reactivity relationship
for each material. Normalized surface areas and calcium
utilization data were averaged for each flame condition to
provide the data in Figure 12. Because of the small change
with temperature in both surface area and reactivity for
calcium hydroxide the correlation is weak. The line drawn
through the data merely suggests a trend. Results for the
dolomite and Vicron 45-3 are clearer. Dolomite not only
generates higher specific surface areas but also is more
reactive for the same surface area.
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Conclusions

Dry sorbent injection remains a viable possibility for S02
emissions control. In the short residence times «1.0 s)
assessed in the present experiment. calcium utilization in
excess of 50% was achieved with a dolomitic sorbent. The
data reaffirm that sorbent reactivity decreases with in­
creasing calcination temperature. However, they also
suggest that substantial gains in reactivity may be realized
by sorbent injection below 1200 ec. Future laboratory­
scale flame-mode studies should investigate these lower
temperatures as well as evaluate the effects of large furnace
parameters such as thermal gradients and environments
laden with molten fly ash particles. However, it has yet
to be shown whether the idealized conditions of the lab­
oratory reactor can be adapted to existing utility boilers.
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Interactions between Polycyclic Aromatic Hydrocarbons and Dissolved
Humic Material: Binding and Dissociation

John F. McCarthy' and Braullo D. Jimenez

Environmental Sciences Division, Oak Ridge National laboratory, Oak Ridge, Tennessee 37831

• Binding of polycyclic aromatic hydrocarbons (PAH's)
to dissolved humic material (DHM) was examined by using
equilibrium dialysis and fluorescence techniques. There
was a direct relationship between the hydrophobicity of
the PAH and the affinity for binding to DHM. The
binding affinity p. for benzo[a]pyrene (BaP), benz­
anthracene, and anthracene decreased slightly as the
concentration of DHM increased. The binding of BaP to
DHM was completely reversible and the extent of rever­
sibility was unrelated to the sorption time. The rate of
binding of BaP to DHM, measured by the quenching of
BaP fluorescence, was very rapid and was completed
within 5-10 min. The results suggest that the presence
of DHM, or other sorptive components of the dissolved
organic pool, may affect binding to sediment or suspended
particles and thus alter the fate and transport of organic
contaminants in aquatic systems.

Introduction
The partitioning of hydrophobic organic contaminants

within the environment is of fundamental importance in
determining their fate and transport. A number of studies
have examined the adsorption of organic contaminants to
sediments or to suspended particulates and have shown
that the affinity for association of a contaminant with a
sediment is well correlated both with the hydrophobicity
of the contaminant (expressed as the octanol-water par­
tition coefficient, K ow) and with the organic content of the
sediment (I, 2). Another potentially important, but less
obvious, sorbent for organic contaminants is naturally
occurring dissolved organic matter (DOM) such as dis­
solved humic material (DHM). DHM has been shown to
form stable complexes with several trace organic contam­
inants (3-5). More recently, the binding of contaminants
such as polycyclic aromatic hydrocarbons (PAH's), insec­
ticides, and herbicides to DHM has been measured
quantitatively (6-9). Binding ofPAH's to DHM has been
shown to greatly reduce the availability of the PAH's for
uptake and bioaccumulation by aquatic organisms (10-13).

Very little :s known, however, about the intetaction be­
tween contaminants and DHM or about the influence of
this interaction on the binding of contaminants to particles.

In this study, the association of a series of PAH's with
DHM and the reversibility of that association are exam­
ined by using equilibrium dialysis and fluorescence tech­
niques. There is continuing discussion in the literature
as to whether association of organic contaminants with
sediment involves a process of adsorption or partitioning
(14,15); we attempt to avoid that controversy by referring
to "binding" or "association", without suggesting any
specific mechanism. We refer to the humic material used
in this study as "dissolved" since it is resistant to centri­
fugation and passes through a 0.3-l'm filter. This is a
functional definition and is not intended to address the
physicochemical distinction between dissolved and col­
loidal material.

Materials and Methods

Humic acid was obtained from Aldrich Chemical Co.
(Milwaukee, WI). Before it was used in any experiment,
the humic acid was dissolved in water, centrifuged at
lOOOOg for 30 min, and then filtered through precombusted
glass-fiber filters (type A-E, nominal retention of 0.3 I'm;
Gelman Sciences, Inc., Ann Arbor, MI) to remove any
particulate material. The silica content of the DHM so­
lution was measured by atomic absorption (Perkin-Elmer
Model 603 equipped with a Model 2200 graphite furnace)
and by Iep (Instruments SA) to determine if substantial
amounts of clay microparticles were present. The organic
carbon content of the DHM stock solutions was measured
with an 01 carbon analyzer (01 Corp., College Station,
TX). DHM concentrations are expressed as grams of
organic carbon per liter. Water used in these experiments
either was dechlorinated tap water that was passed through
a bed of activated charcoal to remove any DOM or was
deionized distilled water free of DOM; both types of water
were filtered through precombusted Gelman type A-E
glass-fiber filters to remove particulates.
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Results and Discussion
Binding Affinities of P AH's. Organic carbon con­

stituted 50.2% of the OHM used in these experiments, and
the silica content of the OHM was 2.6 mg of Si/g of C.
The association of PAH's to OHM was measured by
equilibrium dialysis. Isotherms were linear up to the
solubility limit of the PAH. A typical association curve
is illustrated in Figure 1. The association coefficient, P"
is calculated as the ratio of the concentration of free vs.
OHM-bound PAH after equilibration or as the slope of the
association curve estimated by a linear least-squares fitting
procedure. It should be noted that sorption onto the
glassware and onto the dialysis membrane does not affect
the results of the equilibrium dialysis experiments. When
the system is at equilibrium, the free and OHM-bound
PAH's are in equilibrium with each other and with PAH
bound to the glass or to the membrane. Binding to the
glass and membrane decreases the total amount of PAH
in solution (free or bound to OHM) but does not affect the
final equilibrium between these components of interest (6).

The possibility that a low molecular weight component
of the OHM passed through the dialysis bag and bound
PAH outside the bag was considered. The OHM solution
was predialyzed for 4 days against several changes of
distilled water before the bag was transferred to a jar with
radiolabeled PAH. It is assumed that any portion of the
OHM that could pass through the bag would have been
removed by the predialysis step. There was no significant

concentrations of OHM were used in these experiments.
The quenching of BaP fluorescence is quantified as the

ratio of Fo/ F, where Fo is the fluorescence of BaP when
no OHM is present and F is the observed fluorescence
when OHM is present. Quenching results in a decrease
in the value of F relative to Fo and is measured as an
increase in the ratio Fo/ F.

Results were analyzed by linear regression and analysis
of variance using SAS (Statistical Analysis System, Carey,
NC).

o
o 0.5 1.0 1.5 2.0 2.5 3.0 3.5

FREE 8aP (pmol/ml)

Figure 1. Isotherms describing the association (circles and solid line)
and dissociation (squares and dashed line) of SaP and DHM (2.5 mg
of C/l). Association continued for 7 days, and dissociation lasted 4
days. The slopes. (P. = 1.8 X 10'." = 0.97; Pd = 2.16 X 10',"
= 0.98) were not significantly different (p > 0.05).

Radiolabeled (14C) PAH's [naphthalene (NPH), an­
thracene (ANTH), benzanthracene (BA), 3-methyl­
cholanthrene (MC), and benzo[a]pyrene (BaP)] were ob­
tained from Pathfinder Laboratories, Inc. (St. Louis, MO)
and California Bionuclear (Sun Valley, CAl. [14C]PAH's
were repurified by high-performance liquid chromatogra­
phy (10) before there use in experiments since the presence
of radiolabeled polar impurities can produce underesti­
mates of the association coefficient. Nonradioactive PAH's
were obtained from Aldrich (gold label) or from Mal­
linckrodt Chemical Co. Radioactive and nonradioactive
PAH's were dissolved in a carrier (acetone, methanol, or
dioxane), and a small volume of the carrier stock solution
«0.1 mL/L) was added to water and stirred overnight to
achieve the desired aqueous concentration and specific
activity. All experiments were conducted under gold
fluorescent lights (>500 nm) to minimize photodegradation
of the PAH's.

Oialysis tubing (Spectra/Por 6; molecular weight cutoff
of 1000) was washed in distilled water, 1 M Na2C03, 1 M
NaHC03, and distilled water to remove the sodium ben­
zoate preservative. Some of the tubing was packed in
sodium azide; this tubing was washed in distilled water.
Equilibrium dialysis experiments to measure the binding
of PAH's to OHM were performed by placing 4 or 8 mL
of a OHM solution in dialysis tubing and clamping the
ends of the tubing with dialysis tubing clamps (Fisher
Scientific). The dialysis bag was then placed in a 100-mL
glass jar containing an aqueous solution of a PAH (80 mL).
Sodium azide (0.02%) was added to prevent bacterial
transformation of the PAH. The jar was sealed with a
Teflon-lined cap and shaken in the dark at 23°C for at
least 4 days unless otherwise noted. Control experiments
demonstrated that equilibration was complete within
24-48 h. A sample of the solutions inside and outside the
dialysis bag was analyzed for 14C radioactivity by using
ACS scintillation cocktail (Amersham) and a C0460 liquid
scintillation counter (Packard). Oata are expressed as
moles of PAH on the basis of the specific activity of the
PAH stock solutions. The radioactivity outside the dialysis
tubing represents the PAH that is dissolved in the water
(free), and the radioactivity inside the tubing represents
the sum of dissolved PAH and PAH bound to the OHM.
The concentration ofPAH bound to OHM (mol ofPAH/g
of C) was calculated by subtracting the PAH concentra­
tions inside and outside the dialysis bag (mol of PAH/ mL)
and dividing by the concentration of OHM within the bag
(g of C/mL).

The dissociation of PAH from OHM was also measured
by equilibrium dialysis. After equilibration of the PAH
and OHM as described above, the dialysis bag was rinsed
in distilled water and transferred to a jar containing 80 mL
of uncontaminated water with sodium azide. The jar was
covered and shaken in the dark at 23°C for at least 4 days
unless otherwise noted (dissociation equilibrium was com­
pleted within 24-48 h).

The time course of binding of PAH to OHM was ana­
lyzed by measuring the quenching of the fluorescence of
BaP on a SPF-500 spectroflurometer (American Instru­
ment Co., Silver Spring, MO). BaP was excited at 380 nm,
and emission was measured at 405 nm. A small volume
of OHM solution (10--100 I'L) was added to a cuvette
containing a solution of BaP and rapidly mixed.
Fluorescence data were corrected for the contribution of
OHM fluorescence to the observed fluorescence and for
the inner filter effect resulting from the absorption of
excitation and emission light by the OHM (16, 17). Both
of these corrections were minimal since relatively low
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Table I. Effect of Association Time on Reversibility of Binding of BaP to DHM (2.5 mg of C/L)'

association time, days dissociation time, days p. X 10" Pd X 106 (P. - Pd) X 106

2 2 2.02 ± 0.30 (4) 2.59 ± 0.55 (4) -{).24
7 2 1.95 ± 0.12 (4) 2.36 ± 1.20 (4) -0.41
7 4 1.94 ± 0.36 (12) 2.22 ± 0.59 (12) -0.45

2.03 ± 0.43' 2.42 ± 0.66b -0.41 ± 0.69b

(I Pa and Pd are calculated from the ratio of bound and free BaP after association or dissociation equilibration, respectively, and are
expressed as the mean ± standard deviation. The number of replicates is indicated in parentheses. See text for results of statistical
analyses. b Mean ± SO.

°BoP

BAo

ANTH

109 Kow ' 0.48+10.97,109 Pal
,2 '0.96

NPH

103 L.---'---LLLW.1L.-'-....L.Jc.LJJWL.,.-J-'--ll;u.w'::--L..JLLJ..LLL~---'--.J....L.J

102 103 10' 105 106

Pa

Figure 2. Relationship between the K ow of the PAH's and their affinity
for binding to DHM. expressed as the association coefficient. p •.

difference (p > 0.1) between the results of association
experiments with or without predialysis of DHM.

The affinity for binding to the DHM was related to the
hydrophobicity of the PAH, expressed as the Kow (Figure
2). In fact, the p. is approximately equal to the Kow• The
Pa's for binding of BaP, BA, and ANTH to DHM reported
here agree within a factor of 2 of those measured by a
reverse-phase technique using the same DHM from Ald­
rich (8). These Pa's are approximately an order of mag·
nitude lower than those reported for the binding of NPH
and ANTH to natural marine colloids, which was measured
by using a hollow fiber technique (9). This discrepancy
may reflect variability in the binding affinities of different
sources of DaM.

The Pa's for the binding of PAH's to Aldrich DHM agree
well with the partition coefficients describing the binding
of the PAH's to sediment, when those coefficients are
corrected for the organic content of the sediment [i.e.,
expressed as the Koc or K om (J, 2)]. This result is consistent
with the hypothesis that the binding of nonionic organic
contaminants such as PAH to the sediment is controlled
primarily by interaction of the contaminant with the or­
ganic coating on the sediment particle. Because most
sediments have a low organic carbon content relative to
DHM (100% organic matter when expressed on a gram
of e per liter basis), DHM can have a much higher capacity
for binding PAH's in the water column than will the same
mass of suspended sediment particles. For example,
equivalent amounts of PAH would be bound by a solution
containing 10 mg of elL of DHM, or 200 mglL suspended
sediment particles with an organic content of 5%.

Reversibility of Binding. The dissociation of BaP
bound to OHM was examined quantitatively by using
equilibrium dialysis. The equilibrium dialysis method
would be invalid for measuring dissociation of the BaP-
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OHM complex if substantial amounts of BaP bound to the
dialysis membrane were released into the water during the
dissociation equilibration or if substantial amounts of freed
BaP were removed from the system due to sorption to the
glassware. Although there was undoubtedly reequilibration
among all these components, there was no net change in
the mass of BaP associated with the equilibration between
the free BaP and the BaP bound to OHM. The total mass
of BaP transferred when the dialysis bag was introduced
into uncontaminated water at the beginning of the disso­
ciation (free and DHM·bound BaP, exclusive of any ra­
diolabeled material associated with the dialysis membrane)
was within 98% (+7%, n = 13) of the total mass of free
and OHM-bound BaP in the dialysis system after disso­
ciation equilibrium (exclusive of any radiolabeled material
associated with the dialysis membrane or glassware).

A partition coefficient for dissociation, Pd, is defined as
the ratio of the concentration of PAH bound to the DHM
vs. that dissolved in the water at dissociation equilibrium
or as the slope of the dissociation isotherm (Figure 1). The
binding of BaP to DHM is fully reversible, since the slopes
of the association and dissociation curves (P. and Pd, re­
spectively) were not significantly different (p > 0.05).

The length of time that BaP and OHM associated did
not affect the reversibility of the binding (Table n. p.
was not affected by the association time (p > 0.20), and
Pd was not affected by either the association or dissociation
times (p > 0.66 or 0.92, respectively). Evaluation of the
differences between p. and P d (P. - Pd ref1ects the re­
versibility of binding under the different combinations of
time) showed that there was no significant effect due to
association or dissociation time (p > 0.85). However,
analysis of p. - Pd did reveal that there was a tendency
for Pd to be greater than p. at all combinations of time
(0.02 < P < 0.05). On the basis of the lack of significant
differences in the slopes of the isotherms in Figure 1 and
the marginal differences between p. and Pd in Table I, it
seems reasonable to conclude that the binding of BaP to
DHM is fully reversible.

Effect of DHM Concentration on Binding Affinity.
The effect of the DHM concentration on the binding af­
finity, P" was examined for a series of PAH's (Figure 3).
p. decreased slightly at increasing concentrations of DHM
for BaP, BA, and ANTH. The p. for NPH increased, but
at OHM concentrations that were much higher than those
used with the other PAH's. Although the change in Pa at
increasing concentrations of DHM is statistically signifi­
cant (p > 0.1) for the four PAH's, the magnitude of the
change is quantitatively small; p. did not change by more
than a factor of 2 over the range of OHM concentrations
examined. Similar results have been reported for BaP and
ANTH (8).

Time Course of Binding. The time course of the
quenching of BaP f1uorescence due to the addition of
DHM is shown in Figure 4. The quenching of f1uorescence
by OHM followed the classic Stern-Volmer relationship
with the ratio Fol F being linearly related related to the
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contrasts with that for desorption of contaminants from
sediment. In the latter system, recovery of sorbed pollu­
tants depends on the incubation time of the pollutant in
the sediment system. Longer incubation times are pos­
tulated to result in migration of an increasingly large
fraction of the pollutant into the less readily desorbed slow
compartment within the sediment particles (I8). Com­
parison of the results in the two sorbent systems suggests
that binding to DHM does not involve a slow component
comparable to that postulated in sediment systems.

Environmental Implications. The results of the
present study demonstrate that DHM can reversibly bind
organic contaminants with an affinity comparable to that
of the organic coating of sediment particles (Koc (I, 2)].
Furthermore, binding to DHM appears to be more rapid
than comparable binding to sediment (I, 2). It should be
noted that different sources of DHM in natural waters can
have different affinities for binding organic contaminants
(6-9) and that the quantitative relationships developed in
this study cannot be applied universally. Nevertheless,
our results suggest that the presence of DHM or other
sorptive components of the dissolved organic carbon pool
can affect the environmental transport and fate of organic
contaminants by competing with sediment or suspended
particles for the binding of contaminants. Hasset and
Anderson (I9) have shown that binding of cholesterol and
a PCB by particles from river water or treated sewage was
less efficient when the aqueous phase consisted of con­
centrated DOM from sewage or river compared to un­
concentrated samples or to distilled water. Voice et al. (20)
have postulated that the decrease in binding affinity of
organic contaminants with sediment at increasing solids
concentrations is due to release of solute-binding material,
in the form of DOM or microparticulates, to the liquid
phase. Thus, it would appear that DHM (and possibly
other components of DOM) have the potential to affect
the partitioning of contaminants to the sediment. The
presence of DHM might be expected to decrease the
amount of hydrophobic contaminant that will bind to
suspended particles or be sequestered in the sediment and
increase the amount of contaminant that will remain
stabilized within the water column. In lotic systems,
contaminants could be transported much further down­
stream from their source since settling of particles will have
less effect in limiting their transport. The increased
amount of contaminant in the water column (nonparti­
culate) could be a source of biological concern since, in
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figure 4. Time COIJ'se of quenching of SaP fluorescence following the
add~ion of OHM at time zero. OHM concentrations are indicated. FofF
is the ratio of fluorescence in the absence of OHM to that in the
presence of OHM.

concentration of quencher (DHM). Since the quantum
yield of the BaP-DHM complex is not known, no attempt
was made to directly quantify the extent of binding by
fluorescence measurements.

The association of BaP with DHM was very rapid.
Quenching is complete within 5-10 min after the addition
of DHM (Figure 4).

Karickhoff (I8) has proposed that there are two kinet­
ically distinct components associated with the binding of
contaminants to sediment, a "fast" and a "slow". The latter
component is postulated to reflect migration of the con­
taminant to less accessible sites within the sediment ma­
trix. The data in Figure 4 suggest that binding of BaP to
DHM exhibits only a fast kinetic component (or, arguably,
a very fast and fast component). The apparent speed with
which BaP binds to DHM would be consistent with the
smaller molecular distances involved in migrating into the
interior of a DHM molecule, rather than to a sediment
particle. The possibility that further binding to DHM may
occur over long periods of time cannot be excluded on the
basis of these short-term fluorescence data. However,
dissociation of BaP from DHM is equally reversible re­
gardless of the association time (Table I). This behavior
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general, contaminant bound to sediment or particles is
much less available for uptake by aquatic organisms than
is contaminant dissolved in the water (10,21,22). Such
concerns appear to be unnecessary, however, since con­
taminants bound to DHM are largely unavailable for up­
take by aquatic organisms (10-13).

Our studies on the interactions of DaM with organic
contaminants have demonstrated that DaM is an im­
portant factor to be considered to understand processes
controlling the transport, fate, and biological effect of
hydrophobic contaminants in aquatic systems.
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• The present study shows that oil in Arctic marine en­
vironment is modified by several processes. From October
to February the oil composition is mainly affected by
evaporation. During the rest of the year the composition
is considerably influenced by photooxidation and subse­
quent dissolution of polar oxidation products in the water
phase. These products are toxic and may represent a
hazard to marine organisms in the Arctic spring and sum­
mer.

Introduction

Oil discharged into the marine environment is affected
by a number of processes that change its chemical and

t Deceased July 12, 1985.

physical characteristics (1-9). One of the processes is
photochemical oxidation, which is capable of transforming
a variety of oil components into oxygenated derivatives (5,
10-13). Many of these products are fairly water soluble
and show significant toxicity to algae (14,15), bacteria (16,
17), marine invertebrates, and fish (18, 19).

Most of the studies performed to assess the importance
of photochemical weathering of oil have been carried out
under laboratory conditions with various light sources (2,
10, 11, 20-26). Although some experiments have been
performed with simulated sunlight, it is of importance that
the conditions prevailing in nature are studied directly.
This is particularly the case in the Arctic area where the
influx of solar radiation shows great seasonal changes in
total energy as well as wavelength distribution. The
purpose of this study was to observe how the natural
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Table I. Conditions during the Weathering Experiment at
69°30'N with Eaeh Experiment Lasting 14 Days (336 h)

ambient temp, °C
global

water sunshine, radiation,
date range average temp,OC h J/cm'

1983
Feb -8.9/2.8 -2.1 4 5.41 1.222
14-28
March -4.8/3.3 -1.5 4 54.41 13.005
12-26
April -2.5/5.9 2.9 4 69.08 15.406
11-25
May 5.9/9.6 8.2 6-9 84.25 21.457
10-24
June 3.3/12.8 8.3 4-11 62.37 17.987
7-21
July 7.5/13.4 10.2 7.5-12 14.30 13.066
6-20
Aug 3.8/12.0 7.9 4-11 10.75 8.395
15-29
Sept 1.5/11.1 7.8 4-10 35.70 7.059
12-26
Oct 0.4/6.6 3.3 4 28.32 2.415
10-24
Nov -7.1/2.3 -2.5 4 2.97 122
7-21
Dec -7.8/0.6 -4.4 0 0
5-19

1984
Jan -10.4/0.9 -4.1 4 0 0
2-16

variation in solar energy influx in an Arctic area (69D30'N)
would influence the formation of photoproducts with re­
spect to oxygen content, water solubility, and toxicity.
Experiments, lasting for 14 days, were carried out each
month from Feb 1983 to Jan 1984.

Experimental Section

Ekofisk crude oil, containing 85.9% C, 13.3% H, 0.6%
0, and 0.15% S, was used in all experiments.

Weathering Experiments. The experiments were
carried out on the roof of the chemistry building at the
University of Troms0, Troms0, Norway, which is situated
at 69D30'N.

A glass tank (35 em x 22 em x 26 em), located on a
magnetic stirrer in an open, wooden box, was filled with
5.00 L of filtered seawater taken from a depth of 20 m in
a practically unpolluted area. The water surface was at
the level of the edge of the box. The tank was equipped
with a magnetic stirring bar and a thermostat system
which ensured that the water temperature did not drop
below 4 DC during the winter experiments (Table I). The
water surface was then completely covered with 16.0 g of
a 3:1 mixture of crude oil and hexane, and the tank was
kept under a black cover until all the solvent had evapo­
rated (24 h). A thin film of oil was left behind. Gentle
stirring was then started; i.e., no deformation of the oil­
water interface was observed. The wooden box was cov­
ered with a thin sheet of transparent polyethylene in such
a way that the experimental setup was protected from rain
and snow whereas air could pass easily. The setup then
remained under natural light conditions for 2 weeks (336
h).

An identical sample of crude oil on gently stirred sea­
water kept in the dark at 6 DC for 14 days served as ref­
erence.

The weathering experiments with artificial light were
carried out essentially as the outdoor experiments except
that the tank was placed in a cooling bath and that an
Osram dysprosium lamp, placed 70 em above the oil sur-

face, was used as the light source. The effect of the lamp
(HQI-T 400 W/DH) was 400 W, and its spectral distri­
bution was similar to the solar spectrum. Experiments
were carried out with a water temperature of 5, 15, and
23 DC.

The dissolved material was isolated as described below.
Analysis. The weathered mixture of oil and seawater

was analyzed as follows.
The aqueous phase was removed through a siphon, and

a fraction of the solution (1025 mL) was continuously
extracted with ethyl acetate under vacuum (60 mmHg),
first 4 h without pH adjustment and then 3 h after ad­
justment to pH 3 by using a HCl (27). The extract was
dried (Na2S04) for 48 h, filtered, and concentrated to 0.5
mL. The concentrate was diluted to 5.00 mL with dry
dichloromethane, membrane filtered (0.45-/Lm pore size;
Millipore), and analyzed by gas chromatography/mass
spectrometry (GC/MS) (VG Analytical Micro Mass
7070H; Hewlett-Packard 5710A; SE-54, 0.22 mm i.d.). A
part of the sample (0.50 mL) was evaporated to constant
weight on a microbalance (Cahn 29 analytical electroba­
lance) at room temperature. The oxygen content of the
residues was determined by elemental analysis (lise Betz,
Kronach, West Germany).

IR spectra were recorded on a Shimadzu IR 420 spec­
trophotometer. The samples were dissolved in CCI4.

Synchronous excitation of emission spectra were ob­
tained on a Perkin-Elmer LS-5luminescence spectrometer
(28). The instrument was operated with synchronous scan
with 5-mm slits and t.A 23 nm.

Treatment with iodide was carried out according to
Herbes and Whitley (29).

The oil remaining in the tank was dissolved in di­
chloromethane (10 mL). Some of this solution was evap­
orated to constant weight, and the oxygen content was then
determined. The solution was also analyzed by GC/MS
before and after silylation with N,O-bis(trimethylsilyl)­
trifluoroacetamide (BSTFA) according to Poole (30). The
reference sample was analyzed in the same way.

In order to determine the influence of the extraction
procedure on the oxygen analysis, various organic com­
pounds of known composition, viz., indanone, naphthalene,
2-phenylethanol, and I-methylphenanthrene, were dis­
solved in seawater and isolated as described above. Sub­
sequent oxygen analysis gave values that were consistently
0.9-1.5% higher than the true value. On an average the
discrepancy was 1.2%, and this value was used to obtain
the true oxygen contents of the organic material extracted
from seawater.

Phytotoxicity Testing. The seawater samples were
tested immediately after the termination of the weathering
period. Cultures of the marine diatom Skeletonema cos­
tatum (Grev.) cleve clone Skel-5, isolated by S. Myklestad,
Institute of Marine Biochemistry, Trondheim, were grown
at 14 DC and a photosynthetically active radiation (400--700
nm, spherical distribution) of approximately 70 m-2 sol.
Nutrients corresponding to the f/lO medium of Guillard
and Ryther (31) were added to all seawater samples prior
to inoculation of the alga.

Toxicity testing of seawater samples was performed as
generally described previously (15). Briefly, 1 mL of a
concentrated algal suspension was inoculated to give a
100-mL closed batch culture with an initial biomass of 1
/Lg of C/mL (approximately (10-16) x 104cells/mL) (see
ref 32). The aqueous oil solutions were tested both un­
diluted (100%) and diluted to 30% of the original dose.
Algal growth was followed for 3 days, with sampling at 0
h, 3 h, and 3 days. In vivo fluorescence without (FL) and

Environ. Sci. Technol., Vol. 19, No. 11, 1985 1077



TIME

TIME

Figure 1. Gas chromatogram of the water-soluble fraction obtained
in August (top) and November (bottom).
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Isolation and analysis of water-soluble organic material
showed that the amount and composition of this fraction
was strongly influenced by the seasonal changes in solar
radiation (Tables I and 11). Whereas the aqueous phase
contained less than 7 mg/L dissolved organic material from
October to February, the amount exceeded 40 mg/L in
May (Table II), the month with the highest influx of solar
energy (Table I). The oxygen content also varied and
reached a very high level, 21.8%, for the May sample
(Table II). Simultaneously, the complexity of the water­
soluble organic material varied as borne out by GC/MS
analysis; representative chromatograms are shown in
Figure 1.

The detailed structures of compounds in the water­
soluble fractions are not known, but broad IR absorptions
in the 1680-1730- and 2400-3500-cm-1 regions indicated
that the water-soluble material contained carboxylic acids
and hydroxylated hydrocarbons. Furthermore, rapid ox­
idation of iodide to iodine by the same material indicates
that hydroperoxides were also present (11, 29). Such
structural features are compatible with the very high ox­
ygen contents (>17%) of the samples. Synchronous ex­
citation of emission spectra also indicated that the material
contained aromatic compounds with two to four rings (6).

The toxicity of the seawater solutions was tested at the
end of the weathering experiments. Batch cultures of
Skeletonema costatum were tested with respect to survival
and photosynthetic capacity. Figure 2 shows the concen­
trations of living cells in the cultures after 3 days of ex­
posure to the seawater solutions. The control cultures had
a growth rate of approximately one doubling per day; a
level of 0.10-0.15 corresponds to practically zero net
growth. In Figure 3 the photosynthetic capacity of the
cultures exposed to the same solution is depicted. Arrows

oxygen content, %

dissolved dissolved organic
month surface oil organic materialG material, mgjL

1983
Feb 1.07 b 2.5
March 1.52 17.3 9.7
April 1.85 19.9 15.8
May 2.95 21.8 44.1
June 2.74 18.8 27.1
July 3.14 16.2 30.3
Aug 2.23 18.7 16.1
Sept 1.84 20.8 16.8
Oct 1.26 19.8 6.7
Nov 0.93 b 3.8
Dec 0.64 b 3.8

1984
Jan 0.67 b 4.2

• The experimental values have been reduced 1.2% to correct for
contaminants accumulating during the workup (see Experimental
Section). 'The oxygen content was not determined because of the
very small amount of dissolved organic material.

Results and Discussion
The visible effects of the weathering processes were quite

similar from month to month. After a couple of days the
oil had become considerably more viscous, and this was
mainly due to evaporation of volatile components ac­
cording to GC/MS analysis. Approximately 1-2 days later
the oil film started to break up and form separate streaks.
At the end of each experiment there were no visible slicks;
the remaining oil stayed along the wall of the tank.
However, the oil surface had not become crusty, although
it appeared to be somewhat harder in May-August than
during the rest of the year. No visible material settled to
the bottom of the reaction vessel, in contradiction to lab­
oratory experiments using filtered light (X >270 nm) from
a medium-pressure mercury lamp (10). This can be due
to the type of oil used, but it can also illustrate some of
the limitations in using artificial light sources in studies
of oil weathering under natural conditions.

The oxygen content of the oil changed very little during
the dark period (October-January) but increased steadily
from 1.07% in February to 3.14% in July (Table II). This
increase is reflected in increasing carbonyl absorptions
(1680-1730 cm- I ) in the IR spectra from February to July.

Table II. Oxygen Content of Surface Oil and
Concentration and Oxygen Content of Organic Material
Dissolved in the Seawater at the End of the Weathering
Experiments

with addition of DCMU (FLocMu) was recorded (33), and
the ratio (FLocMu - FL)/FLocMu used as a measure of
photosynthetic capacity (34,35). After being stained with
Evans blue (36), living and dead cells were counted in a
hemocytometer.

Toxicity Tests with Eggs. The seawater samples ob­
tained in January and February were tested immediately
after the termination of the weathering period, and those
obtained in March, April, and May were tested in May,
whereas testing of the June and July samples was carried
out in July.

Fertilized sea urchin eggs from Strongylocentrotus
droebachiensis (0. F. Muller) and S. pallidus (G. O. Sars)
were used as test organisms (19). Seawater and test so­
lution, total volume 100 mL, and a single layer of eggs were
used in each test. The experiments were performed at 5
°C and were started 2 h after fertilization (19). Each test
lasted for 4 days. The embryos were studied in microscope
after 4 h and 1, 2, and 4 days and the number of abnormal
and dead embryos were recorded (19).
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Figure 4. Effects on sea urchin embryos of seawater solutions ob­
tained once a month from Feb to July 1983 and in Jan 1984 by 14
days of weathering of oil on seawater. The effect is presented as
percent normal embryos after 4 h (top) and 4 days (bottom) of
treatment in 100% (ej, 50% (OJ, 25% (&), and 12.5% (LI.) of sea­
water solutions. Control = 90-98 % normal embryos.

solutions were rather toxic as effects were observed im­
mediately for most concentrations. In samples from the
solutions obtained in May, June, and July most embryos
were dead after 2 days except in the lowest concentration
tested. However, even in the most diluted solutions de­
layed cleavage rates were noted during the test period.

Sea urchin eggs have been used successfully in many
toxicological studies (19, 39, 40). Eggs and larvae are
generally considered to be more sensitive to environmental
changes than the adult organisms. The embryology is
well-known, and each female may deliver millions of
transparent eggs that are easily fertilized in the laboratory
to 100% and that develop normally into self-maintaining
larvae in about a week. We have never detected a sys­
tematic change in sensitivity of the test organisms during
the spawning season. Similarly, we have often used both
sea urchin species employed in this study, but we have not
found any systematic differences in sensitivity between the
species.

A detailed analysis of the data compiled in Tables I and
II reveals that the weathering of the oil is influenced by
several factors. From October to April, a period with
constant test-water temperature and a modest variation
in the ambient average temperature (Table I), the amount
of dissolved organic material (Table II) increased with
increasing total radiation (Table I). The same observation
is made when the data for June and August are compared.
The oil weathering is therefore significantly influenced by
the natural variation in the total radiation. The oil oxi­
dation also seems to be affected by the temperature. This
is indicated by the data for the April and July experiments;
although the total amount of radiation is higher in April
than in July (Table I), the total amount of dissolved or-
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Figure 2. Concentration of living cells of Sketetonema costatum ,
relative to that of control culiures. after 3 days of incubation with
aqueous oil solutions obtained by 14 days of weathering of oil on
seawater each month from Feb 1983 to Jan 1984. No measurement
was carried out wllh the 30 % dose in April.

indicate the change from 3 h to 3 days of incubation. All
cultures that reached a value below 80% of the control
within 3 h were completely blocked after 3 days. On the
other hand, cultures having a value above 85% after 3 h
generally recovered within 3 days.

It should be noted that Skeletonema costatum is rela­
tively sensitive to aqueous oil solutions when compared
to other species (15). The recorded effect in batch cultures
is very dependent on initial biomass, dose, and illumination
of the oil during preparation of solutions (32). Batch
culture experiments performed under standardized con­
ditions showed a good correlation both to experiments with
continuous dosage in a cage culture turbidostat (37) and
in situ dialysis culture studies under field conditions (15,
38). These studies strongly support that batch culture
experiments are highly relevant for effects occurring under
natural conditions. The effects of changes in irradiation
of the surface oil reported here in growth (Figure 2) and
photosynthetic capacity (Figure 3) closely resemble those
observed when solutions prepared in the laboratory under
artificial illumination were studied (15, 32).

The effects on sea urchin (Strongylocentrotus droeba­
chiensis and S. pallidus) eggs of the seawater solutions
from February-July and January are shown in Figure 4.
In January and February only the highest concentrations
of the test medium produced abnormal embryogenesis
during the experimental period. The March and April

Figure 3. Photosynthetic capaclly of culiures of Skeletonema costa­
tum, relative to that of control culiures on the basis of in vivo
fluorescence measurements after 3 hand 3 days of incubation. Re­
sults are shown for aqueous oil solutions prepared once a month
throughout the year under natural light conditions; cf. Figure 2.
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Figure S. Effects of aqueous oil solutions after 3 days of incubation
on Skeletonema costatum , shown as concentration of living cells,
relative to that of control cultures, as a function of dissolved organic
material on probil log scale. Doses obtained by dilution of the same
sample are connected by straight lines; cf. Figure 2.
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The former group of extracts is much more toxic than
those obtained in darkness both before and after the light
fraction had evaporated (42).

A direct quantitative correlation between weathering
and toxicity is more difficult to establish. The toxicity test
involving S. costatum measures effects ranging from 0 to
100% when normalized relative to control values, and a
sigmoidal dose-response curve should be expected on a
linear response vs. logarithmic dose representation. Cor­
respondingly, a linear dose-response connection on probit
log scale is a reasonable model for evaluation of the actual
results. Figure 5 illustrates the results of the phytotoxicity
tests in a probability diagram when taken as a function
of log dissolved organic material.

The results for Skeletonema costatum (cf. Figure 2)
shown in Figure 5 are, with the exception of the February
sample, all grouped along a straight line tentatively sug­
gested by a dotted line in the figure. This implies that the
specific toxicity (toxicity/dose) of the dissolved material
should be considered as essentially constant throughout
the year. The smaller tendencies toward a systematic
deviation from month to month cannot be proved to be
of significance. Moreover, the variation in oxygen content
between different samples analyzed (Table II) is too small
to verify whether the oxidation of the dissolved material
is of significance for its specific toxicity or not.

The results recorded after 4 days of incubation of sea
urchin eggs (Figure 4, bottom) are largely an "all or none"
type of effect and therefore unsuitable for a similar
treatment.

ganic material is considerably higher in July, the month
with the highest ambient and water temperatures, than
in April. One complicating factor in this comparison,
however, is the fact that the solar zenith angle increases
from April to July. Simultaneously, the solar spectrum
extends toward the UV region (41) and increases the po­
tential for radiation-induced weathering to take place.
More extensive oxidation processes should therefore con­
ceivably occur in July than in April, and this trend is
confirmed by the much higher oxygen content of the
surface oil in July (3.14%) than in April (1.85%) (Table
II). The same trend is also obvious from the results of the
weathering experiments performed in March and July:
although the total radiation is the same in the two ex­
periments, the oxygen content of the surface oil and the
amount of dissolved organic material are much higher in
July than in March. In order to assess the temperature
influence on the oil oxidation, we therefore performed
weathering experiments under accurate control. When
such experiments were carried out at several water and
ambient temperatures from 5 to 23°C under otherwise
identical conditions, using a dysprosium lamp with a
spectral distribution resembling that of sunlight, the
amount of dissolved organic material only changed from
6.6 to 8.1 mg/L whereas the oxygen content of the surface
oil was essentially identical irrespective of the temperature
as long as the time of illumination was the same. This
indicates that the temperature primarily influences the oil
weathering by affecting the evaporation and the water
solubility of the oil.

The biological tests clearly show that the toxicity of the
water-soluble oil fraction depends on the conditions per­
sisting during the weathering. The more favorable the
conditions are for formation and dissolution of oxidation
products, the more toxic is the seawater phase. This
conclusion is further substantiated by comparing the
toxicity of the April-August samples with the toxicity of
various seawater extracts from oil weathered in darkness.

1080 Environ. Sci. Technol., Vol. 19, No. 11, 1985

Conclusion
Our experiments clearly suggest that oil weathering

under natural conditions in the Arctic region is consider­
ably influenced by the variation in the global radiation.
However, a few remarks are appropriate. First, it should
be emphasized that the experiments were carried out with
the water / oil mixtures in a fairly small tank so that the
primary photoproducts were unable to escape as they will
do under natural conditions. The toxicity of the aqueous
extracts may therefore in part be due to secondary pho­
tooxidation products that are not formed under natural
conditions. Second, only one type of oil has been used,
which represents a limitation because photooxidation of
oil is sensitive to the oil composition (10, 12, 29, 43).
Particularly the presence of sulfur compounds may in­
terrupt the reactions taking place in the oil during
weathering (10-12,43). In spite of this we feel it is safe
to conclude that the seasonal variation in global radiation,
in terms of both total energy and spectral distribution, is
of vital importance for the weathering and the toxic effects
of oil in Arctic regions.
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Determination of Organic Acids (C1-C10) in the Atmosphere, Motor Exhausts,
and Engine Oilst

Klmltaka Kawamura,~ Lal-Llng Ng, and Isaac R. Kaplan'

Institute of Geophysics and Planetary Physics, University of California, Los Angeles, California 90024

• A method is described for the determination of volatile
organic acids in the atmosphere, motor exhausts, and en­
gine oils. Atmospheric organic acids were collected on a
KOH impregnated quartz filter and derivatized to p­
bromophenacyl esters. The derivatives were analyzed by
high-resolution capillary gas chromatography and gas
chromatography-mass spectrometry. C1-C lO aliphatic
organic acids and benzoic acid were detected in Los An­
geles air. Acetic and formic acids are dominant followed
by propionic acids. Total concentrations measured were
0.37-7.45 ppb. Organic acids (C1-C lO) were also detected
in the motor exhaust from a single automobile at idle
conditions and showed that the distribution of individual
acids was similar to that in the air, but the concentration
was 17 times higher than for the average atmospheric
content. Formic, acetic, and benzoic acids were detected
as major species of used engine oil, but their content is
negligible in new oil.

Introduction
Volatile organic acids (C1-C7), including formic and

acetic, have been found to be the most abundant species
among organic compounds identified in Los Angeles rain
(1,2). These acids probably originate from both anthro­
pogenic and biogenic sources on the ground as well as in
situ photochemical oxidation of organic compounds in the
atmosphere. However, with the exception of a few isolated
reports on formic and acetic acids, the distribution of
volatile organic acids has not been studied in the
atmosphere.

Atmospheric organic acids were first reported in down­
town Los Angeles by using a bubbler in NaOH solution
followed by silica gel column chromatography-titration (3).
The concentration of formic acid ranged from 0.0 to 0.41
ppm, but that of acetic acid was not described. The re­
ported concentration range is extremely wide, probably
because the method is not sufficiently discriminating and
analyzed inorganic acids also. A long-path Fourier
transform infrared spectroscopy (FTIR) method has been
applied to measure atmospheric pollutants, and formic acid
has been reported at levels of 0-19 ppb in the Los Angeles
area (4-6). However, acetic and higher acids were not
reported in these studies cited above. Ion chromatography
has been also used for measuring formic and acetic acids
in the atmosphere of Tucson, AZ, after the collection with
water film (7). The reported concentrations were 1-6 ppb.
Activated charcoal trap followed by high-performance
liquid chromatography (HPLC) analysis has been used for
the determination of formic acid in air samples (8). Al­
though studies cited are useful, they have not detected
organic acids longer than C2, which, according to our re­
search on rainwater (2), should be present in the
atmosphere, and furthermore, they do not discriminate
between gaseous and particulate phases,

In this paper, we describe a sensitive capillary gas
chromatography method for the determination of volatile

t Institute of Geophysics and Planetary Physics Contribution No.
2601.

1Present address: Chemistry Department, Woods Hole Oceano­
graphic Institution, Woods Hole, MA 02543.

organic acids (C\-C lO) in the atmosphere and motor ex­
hausts which were trapped on an alkaline-treated
quartz-fiber filter. A scavenging method employing bub­
bling into KOH solution was initially tried for the trapping
of atmospheric organic acids. However, the efficiency of
trapping was foune to be inadequate as more than 55%
of the organic acids were captured in the second trap.
Engine oils (new and used) were also analyzed for organic
acids.

Materials and Methods
A volatile acid mixture (C1-C7, 10 mM each in water)

and benzoic acid were purchased from Supelco (Bellefonte,
PAl and Sigma Chemical Co. (St. Louis, MO), respectively.
a,p-Dibromoacetophenone and dicyclohexyl-18-crown-6
were purchased from Aldrich Chemical Co. (Milwaukee,
WI) and purified on a silica gel column (2). KOH was used
after heating at 500°C for 4 h. Pure water was prepared
by oxidizing organic impurities in distilled water with
KMnO.jKOH in a boiling flask. Organic solvents were
distilled in all-glass apparatus prior to use. Quartz-fiber
filters (25 em x 21.5 em) were purchased from Pallflex
Products Corp. (Putnam, CT) and were cut into 47-mm
diameter disks. The trapping efficiency of 0.3 I'M dioctyl
phthalate on the filter quoted by Pallflex products Corp.
is 99.77%. The filters were heated at 500°C for 3 h to
remove organic contamination, rinsed in 0.18 N KOH so­
lution, and then dried in an oven at 80°C.

Sampling. Air samples were collected on the roof of
the Geology Building on VCLA campus, Los Angeles, CA.
KOH-impregnated filters were set in Nuclepore filter
holders (47 mm), which were each connected to a flow­
meter and pump with a short (50-em) Tygon tube, as
shown in Figure 1a. To discriminate particulate and
gaseous phases, a nonimpregnated filter was used together
with an alkaline filter (Figure 1a). Samples were collected
on the filter by pumping the air at flow rates of 10 Ljmin
for times ranging from 4 to 24 h. During sampling, each
filter holder was protected with aluminum foil from sun­
light, which may cause photooxidation reactions on the
trapped material. A Thomas air pump (Sheboygan, WI)
was used.

Automobile exhaust was collected by using a Toyota
Corolla model engine on the KOH-impregnated quartz
filter, which was set in a Millipore holder (SWINNEX-47,
47 mm) as shown in Figure lb. The filter was connected
to a glass tube (5.5 mm o.d., 30 em long), whose other end
was introduced in the muffler of the car. Sampling was
performed while the engine was idling for 30 min, at a flow
rate of 10 Ljmin.

Recovery Test. Recovery tests were examined by using
a V-shaped glass tube (5.5 mm o.d., 30 em long), as shown
in Figure Ie. An organic acid standard solution (20 I'L)
was injected in the V-tube. Immediately following,
pumping was started at a flow rate of 1.0 Ljmin for the
first 30 min and then 10 Ljmin to trap the authentic acids
on a KOH filter. In order to remove organic acids from
the air stream, two KOH-impregnated filters in Nuclepore
holders were attached to the top of the V-tube with Teflon
tubing. Because Tygon tubing was found to release acetic
acid as a contaminant, it should not be used in front of
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Table I. Gas Chromatographic Conditions for Determining
Phenacyl Esters of Volatile Acids
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Figure 1. Sampling apparatus for the air (a), motor exhausts (b), and
authentic organic acids (c).

the filter. Pumping time was varied from 90 min to 12 h.
GC Analysis of p-Bromophenacyl Esters of Volatile

Acids. After the solutions were sampled, filters were ex­
tracted with pure water (5 mL x 3) under ultrasonification.
The combined extracts were centrifuged and passed
through a cation-exchange column (Bio-Rad AG 5OW-X4,
1~200 mesh, K+ form) (2). The solution was pH adjusted
to 8.0-8.5 with 1 N HCl for the KOH/filter extracts and
with 1 N KOH for the non-KOH/filter extracts, and or­
ganic acids were determined by a method of Kawamura
and Kaplan (2). Briefly, the solution was dried in a rotary
evaporator followed by nitrogen gas blow down, and car­
boxylates (RCOO-K+) were esterified in acetonitrile solu­
tion with a,p-dibromoacetophenone (reagent, 50 !LL of 0.2
!Lmol/ML in benzene) and dicyclohexyl-18-crown-6 (ca­
tatalyst, 50 !LL of 0.02 !Lmol/!LL in acetonitrile) at 80°C
for 1 h. The esters were purified on a silica gel column and
analyzed by capillary gas chromatography using a DB 5
column. Table I lists gas chromatographic conditions. A
Finnigan Model 4000 gas chromatography-mass spec­
trometry (GC-MS) was used with the same column to
obtain the mass spectra of volatile acid phenacyl esters.

Engine oils (Chevron 15/50) were also analyzed for or­
ganic acids. One milliliter of new and used (ca. 5000 km)
oils was diluted with 4 mL of CHzClz and then extracted
with 0.005 N KOH solution (5 mL x 3). The extracts were
combined, pH adjusted to 8.0-8.5, and analyzed as de­
scribed above.

CC C7 organic acids and benzoic acid in the samples were
identified by comparing gas chromatographic retention
times and mass spectra of their phenacyl esters with those
of authentic standards (2). CS--c IO acids were tentatively

ooL-L-L-L-L-L-L-L-L-L-,L
O

---'-----'-----'-----'---,L
S

---'-----'---'--'---:'20

Pumping time (hours)

Figure 2. Recoveries of authentic organic acids (C" C,. Cs, and C,)
from a KOH-impregnaled filter during pumping.

identified by a characteristic mass fragment (M - 213) of
the homologous series of volatile acid phenacyl esters.

Results and Discussion
Trap Efficiencies of Authentic Organic Acids on

KOH Filter. Figure 2 shows recoveries of Ch Ca, Cs, and
C7 acids, as example, which were trapped on the KOH­
impregnated filter. Recoveries are 71-82% (average 78 ±
5%) at 90 min and 74-82% (average 77 ± 4%) at 17 h.
They did not decrease with time, indicating that the or­
ganic acids, once trapped on the KOH filter, can remain
there during the sample collection. During collection, no
significant fractionation was obtained among Ct--c7 acids.

Trap Efficiencies of Atmospheric Organic Acids
on Stepwise Filters. In order to check trap efficiencies
for atmospheric organic acids, air samples were collected
on three filters which were set in the combined filter
holders. The first filter was prewashed with pure water
to make the filter surface neutral and to separate fine
particles on the filter. The second and third were im­
pregnated with KOH. Table II gives the concentrations
of atmospheric organic acids trapped on three filters. The
first (neutral) filter shows low concentrations of organic
acids, whereas the second (KOH-impregnated filter shows
high concentrations. Total concentrations of C t-C9 organic
acids on the first filter are less than 17 % of that of total
recovered acids. These results indicate that organic acids
in the atmosphere can mostly pass through the neutral
filters but are trapped on alkaline filters, suggesting that
atmospheric organic acids are largely present in the vapor
phase. However, as the amount captured on the first filter
range from 2% to 17% of the total recovered organic acids,
the particulate to gaseous phase ratios of organic acids may
change depending on atmospheric conditions.

The organic acid concentrations for the third filter are
low compared with that of the second filter. The per­
centage of organic acids trapped on the third fJ.1ter to those
on the second filter is less than 25 %, except for Cs, C9, and
benzoic acids. For the total organic acids, the percentage
is within 10%. This result indicates that organic acids in
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Table II. Concentrations of Atmospheric Organic Acids (C,-e,) Trapped in Stepwise Quartz Filters with and without KOR'

organic acids, ppb

samples (time PDT) C, C, C3 iC, C, C, C, C7 C, C9 Benz total

6/10-11/84(1925-1032)
1st filter (no KOH) BB 0.009 0.001 ND 0.0004 0.0004 0.001 ND 0.001 0.001 BB 0.014
2nd filter (KOH) 0.206 0.545 0.035 0.005 0.012 0.006 0.011 0.004 0.005 0.007 0.004 0.840
3rd filter (KOH) 0.002 0.003 0.003 0.0004 0.001 0.0004 0.001 0.001 0.002 0.003 0.002 0.019
1st/total, % 2 3 3 6 8 13 10 2
3rd/2nd, % 1 9 8 8 7 9 25 40 43 50 2

9/20/84(1057-1757)
1st filter (no KOH) 0.059 BB ND ND ND ND ND ND 0.0002 ND ND 0.059
2nd filter (KOHl 0.349 0.612 0.051 0.006 0.015 0.008 0.008 0.004 0.005 0.003 0.007 1.068
1st/total, % 14 4 5

9/21/84(1045-1815)
1st filter (no KOH) 0.161 0.147 0.003 ND ND ND 0.004 ND 0.003 0.002 ND 0.320
2nd filter (KOH) 0.428 0.842 0.068 0.001 0.018 0.009 0.016 0.006 0.007 0.006 0.008 1.409
3rd filter (KOH) 0.017 0.095 0.007 ND 0.003 0.002 0.004 0.001 0.002 0.001 0.003 0.135
1st/total, % 27 14 4 17 25 22 17
3rd/2nd, % 4 11 10 17 22 25 17 29 17 40 10

'Benz, benzoic acid; BB, below blank; ND, not detected.

Table III. Triplicate Analysis of Atmospheric Organic Acids Collected on Sept 24-25 (1215-1344), 1984, at Los Angeles

organic acids, ppb

sample no. C, C, C3 iC, C, C, C, C7 C, C9 CIO Benz" total

1 1.34 2.49 0.154 0.024 0.045 0.019 0.028 0.010 0.012 0.009 0.003 0.015 4.15
2 1.06 2.11 0.126 0.021 0.042 0.019 0.029 0.010 0.015 0.008 0.004 0.014 3.46
3 1.27 2.44 0.138 0.022 0.043 0.019 0.030 0.010 0.013 0.009 0.003 0.015 4.00
mean (x) 1.22 2.35 0.139 0.022 0.043 0.019 0.029 0.010 0.013 0.009 0.003 0.015 3.87
SD (Sx) 0.15 0.21 0.014 0.002 0.002 0 0.001 0 0.002 0.001 0.001 0.001 0.36
Sx/x, % 12 9 10 9 4 0 3 0 11 6 17 4 9

CI Benz, benzoic acid.

Table IV. Organic Acids in the Los Angeles Atmosphere, Motor Exhausts, and Engine Oils'

organic acids, ppb

samples C, C, C3 iC, C, C, C, C7 Cs C9 CIO Benz total

atmosphere
7/16/84 (1205-1825) 0.896 1.16 0.125 0.011 0.038 0.021 0.024 0.014 0.014 0.009 0.004 0.008 2.32
7/23/84 (1030-1655) 0.101 0.287 0.034 0.003 0.014 0.008 0.008 0.005 0.004 0.003 0.001 0.001 0.469
7/23-24/84 (1655-0945) 0.066 0.262 0.019 0.003 0.006 0.004 0.006 0.002 0.002 0.0009 ND 0.001 0.372
9/24-25/84 (1215-1344) 1.22 2.35 0.139 0.022 0.043 0.019 0.029 0.010 0.013 0.009 0.009 0.015 3.88
9/27/84 (1310--1731) 0.395 0.600 0.054 0.007 0.016 0.008 0.011 0.004 0.005 0.002 0.001 0.004 1.11
9/27-28/84 (1734-1006) 0.497 1.58 0.111 0.014 0.029 0.014 0.025 0.008 0.010 0.005 0.002 0.012 2.31
9/28/84 (1008-1901) 2.98 3.90 0.305 0.031 0.083 0.033 0.044 0.017 0.021 0.011 0.003 0.026 7.45
9/28-29/84 (1925-1800) 1.69 1.01 0.055 0.005 0.016 0.008 0.019 0.006 0.011 0.006 0.002 0.014 2.84

motor exhaustb 9.30 31.81 1.22 0.056 0.123 0.045 0.063 0.047 0.078 0.052 0.020 0.164 43.0
engine oil, nmol/mL'

used 836 145 19 2.3 3.4 2.4 ND ND ND ND ND 45.3 1050
new 1.9 5.3 5.6 ND 1.0 ND ND ND ND ND ND ND 13.9

a Benz, benzoic acid; ND, not determined. bToyota Corolla 1982 model (gasoline engine). 'Chevron 15/50 motor oil.

the atmosphere are trapped mostly on a single KOH-im­
pregnated filter. On the basis of a method of Smith (9),
overall trapping efficiencies of gaseous organic acids on the
second and third KOH filters combined are estimated to
be 99.9% (6/10-11/87 air) and 99.1% (9/21/84 air),
wereas for the second filter alone, they are 98% and 91 %,
respectively.

Reproducibility and Blank. To check the reproduc­
ibility of this air sampling technique, triplicate samples
were collected on KOH-impregnated filters. The results
are shown in Table III. Relative standard deviation to
average concentrations of total organic acids are within
±9% (up to 17% for individual acids), indicating that this
method is reproducible.

Procedural blanks were run together with the samples.
Formic and acetic acids have appeared as major contam­
ination on the gas chromatogram and propionic acid as a
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minor contaminant. However, their amounts are usually
less than 5% of the samples. Other organic acids were not
detected in the blanks. Data presented here are corrected
for the pocedural blanks.

Distribution of Organic Acids in the Atmosphere.
Figure 3 shows a gas chromatogram of p-bromophenacyl
esters for volatile acids in the atmosphere. CCCIO aliphatic
organic acids and benzoic acid were identified and/or
tentatively identified by retention times and mass frag­
mentation patterns of authentic standards. Generally,
acetic acid is the most abundant species followed by formic
and propionic acids. Concentrations appear to decrease
with an increase in chain length. Qualitative distribution
of atmospheric organic acids is quite similar to that of rain
and fog samples collected in Los Angeles (2), except that
formic acid is always more abundant than acetic acid in
fog samples.
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Figure 3. Gas chromatogram of p-bromophenacyl esters for organic
acids in the atmosphere. Sample: 7/6/1984, air (3.8 m3). One
microliter was injected from 50 III of ester solution in hexane.

Table IV gives concentrations of organic acids in the
atmosphere and motor exhausts as well as motor engine
oils. The concentrations in Los Angeles atmosphere ranged
from 0.37 to 7.45 (average 2.59 ± 2.30) ppb (parts per
billion), which correspond to 1000-19600 ng/m3 (average
of 6800 ± 6000 ng/m3). These values are extremely high
compared with long-chain (C lO-C30) carboxylic acids.
Simoneit and Mazurek (10) reported that atmospheric
concentrations of C1Z-C30 fatty acids were 217-308 ng/m3

(average 260 ± 50 ng/m3) in urban Los Angeles areas. The
average concentration of short-chain organic acids is more
than 25 times higher than that of long-chain fatty acids
in the atmosphere. Kawamura and Kaplan (2) by com­
parison observed in the rain samples of Los Angeles that
volatile orgnic acids were 40-300 times higher than long­
chain fatty acids.

The concentrations of formic acid in Los Angeles air
which we measured are lower (0.07-3.0 ppb) than those
(0-19 ppb) measured at downtown Los Angeles and Riv­
erside by spectroscopic (long-path FTIR) methods (4-6).
The difference may be caused by a difference in sampling
location. Downtown Los Angeles and Riverside areas are
much more polluted than the west Los Angeles area
(UCLA campus). Dawson et al. (7) measured formic and
acetic acids in the air at a site 16 km NW of Tucson, AZ,
at levels of 1.5-3.5 and 1-6 ppb, respectively. These values
are higher than our results (see Table IV). There is a
possibility that Dawson et al. have overestimated the true
concentration because the collection methods capture both
free organic acids and other gaseous compounds that hy­
drolyze or oxidize to the acids upon collection or analysis,
such as formaldehyde and acetaldehyde which are abun­
dantly present in the air (11,12). On the other hand, the
KOH-impregnated filters we use probably do not trap
aldehydes; thus, they will not be oxidized to the acids when
the filter is extracted with water.

Presence of Organic Acids in Motor Exhaust and
Engine Oil. Organic acids (CCC lO) were detected in
motor exhausts, as shown in Table IV. Their distribution
is similar to that for air samples, except for a relatively high
amount of benzoic acid. Acetic acid is predominant fol­
lowed by formic acid and propionic acid. These acids are
probably produced by incomplete combustion of gasoline.
Their concentration in the exhaust is 43 ppb, which is 17
times higher than the average concentration of atmospheric
organic acids. Because the exhaust sample in this study
was collected at idling conditions of the engine, it may not
be representative of exhausts from road-running vehicles.
However, these results suggest that motor exhausts are
important sources of organic acids in the atmosphere, in
addition to possible photochemical production of organic
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Figure 4. Distributions of C,-C,. organic acids and benzoic acid in
Los Angeles air (average of eight samples), motor exhaust. and engine
oil (new and used) samples.

acids from atmospheric organic compounds such as al­
dehydes (6).

CC C4 organic acids were identified in both new and used
engine oils. However, benzoic acid and C5 acid were only
detected in used oil. Furthermore, total concentration of
organic acids is very high (ca. 1000 nmol/mL) in used oil
but low (ca. 14 nmol/mL) in new oil, as shown in Table
IV. These results clearly indicate that large amounts of
organic acids are produced from engine oil and/or gasoline
in the combustion chamber during engine use and then
scavenged to some degree into the film of lubricating oil.
The organic acids produced in engines are probably re­
leased to the atmosphere as motor exhausts or by fugitive
escape. Although formic acid is more abundant than acetic
acid in used engine oil, it is less abundant than acetic acid
in the motor exhaust sample (see Table IV). Such a dif­
ference could be associated with vehicle operating condi­
tions; that is, the motor exhaust was collected in an idling
mode, whereas the used engine oil had been largely pro­
duced under driving conditions. It is also possible that
formic acid in the exhausts may not be effectively collected
on the KOH-impregnated filter because the high tem­
perature of the exhausts may decrease the trap efficiency
of formic acid on the KOH-impregnated filter. Further
tests are being conducted with automobiles that simulate
driving conditions by use of chassis dynamometers.

Figure 4 compares the distributions of C1-C lO organic
acids and benzoic acid in the air, motor exhausts, and
engine oil samples. Although benzoic acid was detected
in all the samples except for new engine oil, its distribution
is different among the samples. In the air samples, benzoic
acid is less abundant than C1-C6 acids, whereas it is more
abundant than C.-Cs acids in the motor exhausts and
C3-CS acids in the used engine oil (Figure 4). Benzoic acid
is probably produced in motor engines by oxidation of
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toluene and other aromatic structures in gasoline and en­
gine oil and released to the atmosphere.

Advantages of This Method, Because the present
KOH filter/capillary GC method is very sensitive, several
hours sampling or a few cubic meters of an air sample is
enough for the determination of C1-C lO organic acids and
benzoic acid in the atmosphere. This method has advan­
tages over previously reported methods (FTIR and water
film/ion chromatography) that cannot detect organic acids
longer than Czdue to their low sensitivity and/or analytical
limitation. Furthermore, organic acids in the atmosphere
can be easily identified as their p-bromophenacyl esters
by using gas chromatography-mass spectrometry, due to
their characteristic fragmentation patterns.

Conclusions. Short-chain aliphatic monocarboxylic
acids (C1-C lO) and benzoic acid were identified in Los
Angeles air by capillary GC and GC-MS methods em­
ploying p-bromophenacyl esters of the acids. Their dis­
tributions are characterized by a predominance of acetic
and formic acids followed by proprionic acid. They were
found to be present mostly in vapor phase. The particulate
forms were less than 17 % of the total (particulate plus
gaseous) organic acids for the samples of air tested. Total
concentrations of organic acids ranged from 0.37 to 7.45
ppb in the Los Angeles atmosphere. The wide range of
concentrations (over an order of magnitude) suggests that
the concentration levels may be largely controlled by
meterological conditions and/or time of day. Motor ex­
haust is suggested as being one of the major sources of
atmospheric organic acids; however, this does not preclude
an importance of the secondary production of organic acids
in the atmosphere by photochemical reactions.
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• Sulfate pulping and conventional bleaching of spruce
wood, which had been labeled with 14C in the lignin com­
ponent, gave rise to 14C-labeled chlorolignins. High relative
molecular mass fractions of both the chlorination (C) and
alkali extraction (E) stages were obtained by ultrafiltration
(cutoff at 1000 daltons). The degradation of these labeled
chlorolignins was studied by measuring evolved 14COZ using
two different bacterial mixtures, isolated from aerated
lagoons receiving spent bleach liquors, and the white-rot
fungus Sporotrichum pulverulentum. The results ob­
tained showed that the bacterial consortia degraded high
molecular mass chlorolignins only very slowly, less than
4% of the 14C material being converted to 14COZ within 3
months. However, the fungus degraded the same material
much more rapidly, 35-45% of available 14C being con­
verted to 14COZ within 2 months.

Introduction
In the most commonly used process for chemical pulp

production, the wood is treated at elevated temperature
with a mixture of sodium hydroxide and sodium sulfide
(the kraft process). This treatment removes approximately

• To whom all correspondence should be addressed.

90% of the lignin, leaving a fibrous residue which, for
bleaching purposes, is further delignified in chlorination
and alkaline extraction stages.

In recent years, a comprehensive investigation of the
chemical composition of waste waters from pulp bleach
plant effluents has taken place (1). From an environmental
viewpoint, compounds with a relative molecular mass of
less than 1000 daltons are of particular interest. Such
compounds can penetrate the cell membranes of aquatic
organisms and are both acutely toxic and genotoxic (2).
However, high relative molecular mass material in spent
bleach liquors, i.e., chlorolignins, will adversely affect the
environment only if such chlorolignins are first degraded
to low molecular mass units. It should be noted that a
major part of the organic material in spent bleach liquors
is of high relative molecular mass.

In a recent investigation, Neilson et al. (3) found that
monocultures of bacteria, isolated from waters subjected
to discharge of spent bleach liquors, generated various
chlorinated veratroles from spent bleach liquor material.
Eriksson et al. (4) reported that the high molecular mass
material in spent liquors from both the chlorination and
alkali extraction stages was chemically unstable and slowly
decomposed to yield various chlorinated catechols and
guaiacols. The same authors (4) also observed the for-

1086 Environ. Sci. Technol., Vol. 19, No. 11, 1985 0013-936X/85/0919-1086$01.50/0 © 1985 American Chemical Society



mation of chlorinated veratroles when these chlorolignins
were incubated with mixtures of bacteria or with the
white-rot fungus Sporotrichum pulverulentum.

Following the observation that phenolic degradation
products of high molecular mass chlorolignins are meth­
ylated to the more persistent chlorinated veratrole com­
pounds, it seems desirable also to eliminate the polymeric
parts of the organic materials in spent bleach liquors.
Purification of such wastewaters is normally achieved using
biological systems, and aerated lagoons are used most often
for handling spent bleach waters.

Although such information is important, to our
knowledge, no studies have been undertaken on the mi­
crobial degradation of high molecular mass chlorinated
lignins. However, it is neither easy to analyze differences
in the polymeric material nor to study the low molecular
mass products formed since these are either consumed or
converted to veratroles by the microorganisms. Therefore,
we have investigated the complete metabolism of the
polymers by labeling the lignin with 14C and measuring
14C02 evolution from cultures of microorganisms where the
14C-Iabeled chlorolignins were used as carbon sources.

Materials and Methods
14C-Labeling of Lignin in Spruce Wood. Cut stems

of two spruce plants (Picea abies), approximately 2 years
old, were each fed 25 ",Ci of L-[U-14C]phenylalanine ac­
cording to Odier et al. (5). The labeled wood from these
two plants was used in the cooking and bleaching exper­
iments.

Production of 14C-Labeled Chlorolignins. (I) Sul­
fate Pulping. Twenty grams (b.d. = bone-dry) of labo­
ratory chips prepared from the 14C-Iabeled spruce wood
was mixed with 220 g (b.d.) of normal unlabeled laboratory
spruce chips. The mixture was pulped under the following
cooking conditions: wood:liquor of 1:4 using a white liquor
with 17% effective alkali and 40% sulfidity, vacuum im­
pregnation, temperature increase from 70 to 170°C at 1
°C/min, and pulping time at 170°C = 120 min. Due to
the radioactive nature of the material, pulp yield and
kappa number were not determined. However, when
normal (unlabeled) laboratory spruce chips were pulped
under these conditions, a total pulp yield of 48.5% and a
kappa number of 32 were obtained.

(2) Bleaching. The 14C-Iabeled kraft pulp produced
was bleached with chlorine under the following conditions:
6.7% active chlorine, 3% pulp consistency, and 20°C.
After 60 min, the pulp was filtered off and the chlorination
(C-) stage liquor collected and stored in a refrigerator until
required.

After being washed with water, the chlorinated pulp was
extracted with alkali under the following conditions: 2.5%
NaOH, 8% pulp consistency, and 60°C. After 120 min,
the pulp was filtered off and the alkaline extraction-rEo)
stage liquor collected and stored in a refrigerator until
required.

(3) Ultrafiltration of the C and E Liquors. The
C-stage liquor was adjusted to pH 4.0 with 2 M NaOH and
the E-stage liquor to pH 7.0 with 1 M H2S04, To remove
low relative molecular mass compounds, the liquors were
passed' through a Diaflo ultrafiltration membrane, Urn 2,
with a cutoff at 1000 daltons (Amicon Corp., Lexington,
MA). The C-stage liquor was reduced to 1/10 of the original
volume and washed with 15 volumes of distilled water.
The efficiency of the washing was controlled by measuring
the radioactivity in the washing water penetrating the
membrane.

The E-stage liquor was treated in the same way, but due
to higher amounts of polymeric material in this liquor, the

volume was reduced to only 1I 3 of the starting volume
before washing with 10 volumes of distilled water. The
efficiency of the washing was controlled as before.

Organisms. Mixed cultures of bacteria were isolated
from sludges of the community waste purification plant,
KappaJa, Stockholm, and from the aerated pond at Fiskeby
Papermill, Skarblacka, Sweden. The bacteria were
adapted to a C-stage mill effluent as described in ref 6.

The fungus used in these studies was the white-rot
fungus Sporotrichum pulverulentum Nov. (ATCC 32629),
anamorph of Phanerochaete chrysosporium (7).

Cultivation Conditions. To obtain material for inoc­
ulation, the mixed bacterial suspensions (Kiippala and
Fiskeby 1) were grown in a medium consisting of mill
C-stage liquor, adjusted to pH 4.0, which contained 0.04%
NH4H2P04, 0.02% MgS04, and trace elements according
to ref 8. A total of 40 mL of 1 M sodium phosphate buffer,
pH 6.0, was added to each liter of C-stage liquor.

The following medium was used to study 14C02 evolution
from the 14C-Iabeled high relative molecular mass fractions
of the C (HM-C) and E stages (HM-E) by the mixed
bacterial populations:

To one liter of C- or E-stage liquor, adjusted to pH 4.0
or 7.0, respectively, and sterile filtered, were added 40 mL
of 1 M sodium phosphate buffer, pH 6.0, NH4H2P04
(0.04%), peptone (0.02%), glucose (0.05%), and trace el­
ements according to ref 8 to a final pH value of 6.2. Two
different concentrations of HM-C and HM-E, i.e., 0.1 and
0.2% (dry weight per volume), were used in the final
medium. Cultivations were carried out at 28°C in 125-mL
Ehrlenmeyer flasks under shaking conditions with 20 mL
of medium in each flask. Uninoculated flasks, held under
the same conditions, served as controls. The amount of
radioactivity in the HM-C substrate was 17300 (0.1 %) and
36100 dpm (0.2%) per flask, respectively. The corre­
sponding amount in the HM-E per flask was 15000 (0.1 %)
and 29000 dpm (0.2%), respectively. Triplicate flasks were
used in these experiments.

DMS medium (9), pH 4.5, with trace elements according
to ref 8 and with 0.1 % yeast extract, was used for culti­
vation of S. pulverulentum. The concentrations, based
on dry weight ofHM-C and HM-E, were 0.1 and 0.2%, and
the amount of radioactivity in each flask was the same as
in the bacterial cultures. Flasks were inoculated with 2.8
X 106 spores/mL and incubated at eith~r 28 or 38°C for
98 days in standing culture. Triplicate flasks were used
in these experiments.

Determination of Evolved 14C02• Evolved 14C02 from
the HM-C and HM-E stages was absorbed in 1 M NaOH
and quantified as described in ref 10. Samples were taken
every third or fourth day.

Results and Discussion
Microbial Degradation of 14C Ring Labeled High

Relative Molecular Mass Chlorolignins and 14C Ring
Labeled DHP. Only a very low degradation was obtained
when two mixed bacterial cultures (Fiskeby 1 and
Kiippala) were cultivated on the high relative molecular
mass fraction of the chlorination (C) stage (HM-C) (Figure
1a). Less than 3% of the total 14C in the HM-C was
converted to 14C02 after more than 3 months of incubation.
However, considerable degradation of labeled HM-C oc­
curred in static cultures of the white-rot fungus Sporo­
trichum pulverulentum. After 6 weeks almost 40% of the
total 14C in the HM-C was converted to 14C02• As seen
in Figure 1b, degradation of the HM-C was dependent
upon both substrate concentration and temperature.
Although the fungus grows optimally at 38°C, HM-C was
degraded most rapidly at 28 DC. This may be related to
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Figure 2. Evolution of "CO, from the "C-labeled high molecular mass
fraction of (0.2%) of the alkaline extraction stage (HM-E) by two mixed
bacterial cultures. (b) Evolution of "CO, from the "C-Iabeled high
molecular mass fraction (0.1 or 0.2 %, respectively) of the alkaline
extraction stage (HM-E) by the white-rot fungus Sporotrichum pulver­
ulentum.

HM-C and HM-E and for purification of spent bleach
liquors? Clearly, the fungus used in this study, S. pul­
uerulentum, degrades cWorolignins very much faster than
bacteria. Before answering this question, it is necessary
to examine the physiological requirements for the degra­
dation of lignins by white-rot fungi. Lignin degradation
is energy demanding, this energy being supplied by sugars
derived from wood polysaccharides through the action of
polysaccharide-hydrolyzing enzymes (12). Oxidation of
these sugars may also supply most of the hydrogen per­
oxide which is essential for lignin degradation to take place
(13-15). Degradation of wood polysaccharides occurs when
the fungus S. puluerulentum (Phanerochaete chrysospo­
rium) is in primary growth phase whereas lignin metabo­
lism ([l4C)lignin - I4C02) is a feature of secondary me­
tabolism (11, 16). Ligninolytic activity is "triggered" under
conditions of nitrogen starvation hand (16) and, under
laboratory conditions, occurs only in static cultures (11).
This latter feature has been interpreted as a need for
physical contact between the ligni~ and the ~ungal c~ll w~ll.

Since lignin degradation mechanisms are highly OXidatIve
in nature (11,17, 18), it is not surprising to find also that
degradation is also markedly stimulated by a high O2
concentration in the medium.

Although systems may be designed where these physi­
ological demands are satisfied (19), achieving such c?n­
ditions is not without problems. We are currently studymg
various possibilities aimed at developing efficient fungal
systems for the purification of spent bleach water, with
particular emphasis on the degradation of the polymeric
material.
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relative molecular mass fraction of the E stage (HM-E) IS
shown in parts a and b of Figure 2, respectively. Although
14CO evolution from the HM-E is higher than that from
the tIM-C, bacterial degradation of the HM-E is also lim­
ited and amounted to only 4% in 3 months. On the other
hand, the fungus converted up to 50% of the t~tal 14C to
14C02 within 2 months. As before, higher 14C02 YJelds were
obtained at the lower temperature, although the concen­
tration of the HM-E did not appear to influence degra­
dation as much as in the case of HM-C. All values are
corrected for 14C02 evolution in uninoculated controls. It
should be noted that 14C02 evolution in uninoculated
controls containing bacterial or fungal medium amounted
to between 4 and 5% of total radioactivity in both cases.

To investigate if the observed low rate of degr~dati?n
of lignin polymers is a common feature.o.f bacterIal mix­
tures obtained from aerated lagoons recelvmg spent bleach
liquors, three additional bacterial mixtu~es (Friivif~rs,

Fiskeby 2, and Korsniis-Marma) were used m degradatIOn
studies. 14C ring labeled synthetic lignin (DHP) was used
in these experiments due to the exhaustion of stocks of
14C-labeled HM-C and HM-E. It was clear from these
experiments that the used bacteria degraded also synthetic
lignin very slowly. Furthermore, the DHP (11) may be of
considerably lower relative molecular mass than the HM-C
and HM-E fractions. The chlorine in these fractions is
most likely an additional obstacle to rapid degradation.

In view of this, it seems safe to predict that the 14C02
produced from the HM-C and HM-E fractions by the
bacteria may emanate from residual low molecular mass
compounds in the ultrafiltered fractions. The rates for
bacterial degradation of HM-C and HM-E are probably
too low to make such degradation a feasible process under
technical conditions. The residence time of water in
aerated lagoons is normally less than 1 week.

What potential exists for using fungi, i.e., white-rot.fungi,
in technical processes designed for the degradatIOn of

Figure 1. (a) Evolution of "CO, from the "C-Iabeled high mole~ular

mass fraction (0.2%) of the chlorination stage (HM-C) by two m,xed
bacterial cultures. (b) Evolution of "CO, from the "C-Iabeled high
molecular mass fraction (0.1 or 0.2 %, respectively) of the chlorination
stage (HM-C) by the wh~e-rot fungus Sporotrichum pulverulentum.
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generously supplying the synthetic 14C ring labeled lignin
(DHP). We gratefully acknowledge the skillful technical
assistance from Inger Nordh.

Registry No. Chlorolignin, 8068-02-8.
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Fluorescence Spectroscopic Study of Kinetics of Gas-Surface Reactions
between Nitrogen Dioxide and Adsorbed Pyrene

Ching-Hsong Wu' and Hlroml Nlkl

Research Staff, Ford Motor Company, Dearborn, Michigan 48121

• The kinetics of reactions between gaseous NOz and
pyrene adsorbed on silica plates was studied at 25°C in
Nz or Oz/Nz diluent by using a fluorescence spectroscopic
method. The temporal behavior of the fluorescence signal
of pyrene, excited at 325 nm with a He/Cd cw laser, was
monitored as a function of wavelength, excitation light
intensity, and the concentrations of gaseous NOz, 0z, and
adsorbed pyrene. For monodispersed samples, the
fluorescence signals followed first-order kinetics with re­
spect to NOz concentrations from 0 to 180 ppm. Apparent
bimolecular rate constants were determined to be (8.2 ±
1.0) X 10-3 and (1.1 ± 0.23) X 10-3 ppm-1min-1in N z and
in air, respectively. Possible explanations for an Oz in­
hibition effect were discussed.

Introduction

Reactions between surface-adsorbed polycyclic aromatic
hydrocarbons (PAH) and gaseous NOz have been the
subject of numerous studies for the purposes of assessing
the atmospheric fate and the biological effects of partic­
ulate PAH and their reaction products (1-10). Although
several products such as mononitro- and dinitro derivatives
of PAH have been qualitatively identified, the reported
reaction rates or PAH half-lives varied over a wide range.
This large variation is presumably due to the differences
in experimental conditions, e.g., substrate surface, reactant
concentration, and exposure time. However, an apparent
decreasing trend in reported conversion rates can be noted
in recent years. For example, this trend can be illustrated
by the NOz reactions with one of the most widely studied
PAH, i.e., benzo[a]pyrene (BaP). In the earliest work,
Kotin et al. (3) made a qualitative observation although
the detailed experimental conditions were not given. They
found a substantial (60%) loss of BaP deposited on filter
papers and exposed to NOz. Subsequently, Pitts et al. (4)

reported 19-40% conversions of BaP deposited on glass­
fiber filters and exposed to NOz (0.25-1.0 ppm) for 8 h.
From these results the BaP half-lives normalized to 1 ppm
of NOz were determined to be 7-14 h. The effects of
substrate on PAH nitration was first studied by Jagar and
Hanus (6). They reported 8-26% conversion of BaP de­
posited on alumina, fly ash, or silica gel and exposed to
NOz (1.33 ppm) for 4 h corresponding to BaP half-lives
of 12-44 h. More recently, Grosjean and co-workers (9)
reported that they could not detect any reactions between
NOz and BaP or other compounds deposited on the sub­
strates, e.g., glass or Teflon filters with or without coating
with coal fly ash or diesel particulates, after exposing to
0.1 ppm of NOz for 3 h.

Such a wide variation in the reported rates of reactions
between NOzand PAH is commonly found in the literature
and cannot be accounted for simply by the differences in
experimental conditions. One possible source of error, as
pointed out by Pitts et al. (4) and others (5,8,9), was that
the trace HN03 impurity in NOz gas mixtures might be
responsible for catalyzing the PAH nitration. Additional
sources for the large variation might be the analytical
procedures and sample preparation. In previous studies,
the surface-adsorbed PAH were determined by the ex­
traction of the compounds from the solid substrates with
various solvents followed by concentration and analysis
of the compounds by various analytical methods, e.g.,
high-performance liquid chromatography (HPLC), thin­
layer chromatography (TLC), and gas chromatography/
mass spectrometry (GC/MS). Because of the variation in
reported extraction efficiencies (11, 12) and possible
chemical transformation during analytical processes, these
results may be uncertain. Besides, due to the destructive
nature of these analytical techniques, several samples and
runs were required for obtaining a single concentration­
time profile. Therefore, the accuracy of rate measurements
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depended greatly on the reproducibility of sample prepa­
ration and on the surface conditions. These potential
problems associated with analytical technique and sample
preparation could be more pronounced at low N02 con­
centrations and short exposure time when the yields are
low.

For the kinetic study of these gas-surface reactions in­
volving PAH, it is desirable to use a direct in situ analytical
method to reduce some of the experimental uncertainties.
Since many PAH are efficient f1uorophores and their
fluorescence spectra has been well characterized, fluores­
cence spectroscopy has been extensively used for identi­
fying and quantifying minute quantities of PAH (13, 14).
The application of this detection technique to the kinetic
study of reactions between gaseous 0 3 and two surface­
adsorbed PAH, perylene and BaP, has been demonstrated
recently in this laboratory (15). This paper describes a
study of the kinetics of gas-surface reactions between N02
and PAH adsorbed on silica plates using the fluorescence
spectroscopic method. For this study, a He/Cd continuous
wave (cw) laser was used as the excitation light source, and
pyrene was chosen as the surrogate PAH because its ab­
sorption band matched well with the laser wavelength of
325 nm. Special efforts were made to further reduce the
potential uncertainties mentioned earlier by preparing the
PAH samples on silica plates in a reproducible manner and
by exposing these samples to uncontaminated N02/diluent
gas mixture at concentrations high enough to provide good
rate measurements. Due to the strong dependence of the
fluorescence spectra on several parameters, the temporal
behavior of the fluorescence intensity of pyrene was
monitored as a function of wavelength, excitation light
intensity, and concentrations of gaseous N02and O2and
adsorbed pyrene. O2molecules were found to reduce the
reaction rates substantially. The results and the pathways
to explain the O2inhibition effect are presented in some
detail.

Experimental Section
The main features of the fluorescence detection system,

reaction cell, sample preparation, and experimental pro­
cedures are similar to those described previously (15). This
study was carried out using an improved fluorescence
system that incorporated a He/Cd laser, a good stray light
rejection monochromator, and an on-line minicomputer.
The essential features of the fluorescence detection system
and the experimental procedures are described below.

Fluorescence Detection System and Sample Prep­
aration. A He/Cd cw laser (Liconix, 4050), tuned at 325
nm (~5 mW) and passed through a narrow-band filter
(Melles Griot, 03DlU006), was used as the excitation light
source. This new light source eliminated the interference
from the scattered or reflected light that was present
previously (15) when an arc lamp was used. The beam
diameter was 0.15 cm near the edge of the sample plate
where the light was incident. The intensity was adjusted
by using UV transmission neutral density filters (ESCO
Products). A double monchromator (SLM-Aminco,
MC640-M, stray light rejection ratio 1O-1O_1O-12/nm) was
placed perpendicularly to the excitation beam for moni­
toring the fluorescence signals. A photon counter (PRA
1770) coupled to a discriminator (PRA 1763) and a cooled
photomultiplier tube (EMI 9558Q) was used for measuring
the fluorescence signals. Real time data acquisition/dis­
play and subsequent analysis/storage were performed with
an on-line minicomputer (IBM System 9000).

The optically polished fused silica plate (Suprasil II, 5
X 1.3 X 0.16 em) was used as the substrate upon which
pyrene was deposited. The cleanliness of the surface was
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critical to obtain homogeneous sample deposition. Thus,
the plates were washed with a series of solvents, i.e.,
phosphate-free cleaning solution (Pierce Chern, RBS-pD,
distilled water, 2-propanol (Baker, reagent grade), distilled
water, occasionally with 2% HF solution (Baker, reagent
grade), and distilled water in an ultrasonic bath for 30-60
min each. Solutions of pyrene (Aldrich, 99.9+%) in n­
hexane (Burdick & Jackson, UV grade) at concentrations
of 2-10 I'g/mL were prepared freshly for each series of
runs. Monodispersed samples of pyrene on the silica plates
were prepared by evenly spreading a known quantity
(20-40 I'L) of solution and evaporating the solvent at room
temperature for 3-5 min. The average coverage (100-200
A2/molecule) was estimated from the geometric surface
area of the plate and the amount of pyrene deposited. The
homogeneity of the deposited layer was routinely checked
by observing the fluorescence spectrum and the absolute
intensity. The variation in intensity from run to run was
typically within ± 15%. As mentioned previously (15), the
presence of monomeric emission and the absence of ex­
cimer emission were taken as an indication of monodis­
persed samples. A cylindrical quartz cell (6 X 4 o.d. cm)
was used as the reactor for encasing sample plates and for
gas exposure and fluorescence measurements. It was
mounted on a four-way adjustable base for optical align­
ment.

Gas Handling and Experimental Procedures. The
N02gas mixtures at various concentrations were prepared
by mixing a certified gas mixture of [N021= 180 ppm in
N2 (Air Products) with diluent gases, i.e., pure N2 gas
(Matheson, UHP 99.999%) and/or ultra zero air (Air
Monitoring) with mass f10wmeters (Teledyne-Hastings­
Raydist). Total gas flow rate was maintained typically at
400 mL/min. To remove the HN03 impurity possibly
present in the gas mixture, the gas stream was passed
through a nylon trap (25 X 0.6 o.d. em Teflon tubing filled
with nylon fibers (Monsanto, type 1878)) since nylon filters
are widely used as HN03 traps (16, 17). The N02 con­
centration downstream of the reactor was measured by
using a chemiluminescence NO/NOx detector (CSI, 1600).

To begin an experiment, a freshly prepared sample plate
was placed vertically at the center of the reactor with the
set diluent gas flow and aligned optically for fluorescence
measurements. As in the previous work (15), the optimal
arrangement was accomplished by adjusting the plate
nearly parallel (~15 deg) to the excitation beam, and the
exciting light was incident on the edge of the plate. With
this configuration, the background decay of pyrene
fluorescence in diluent gases was minimal because the
excitation light was internally reflected in the silica plate
and diffused over a large area.

A fluorescence spectrum in the wavelength range be­
tween 350 and 550 nm was recorded in diluent gas before
each kinetic measurement to check the extent of the sam­
ple dispersion. The temporal behavior of the fluorescence
intensity at 394 nm was then monitored continuously
before and after introduction of the reaction gas mixture.
At the end of each run, another complete spectrum was
recorded to ebtablish the base line and to inspect spectral
features attributable to reaction products.

Results and Discussion
Fluorescence Spectra of Surface-Adsorbed Pyrene.

The fluorescence spectrum of the adsorbed pyrene was
found to be affected by several factors such as the extent
of sample dispersion and quenching or chemical conversion
by the gaseous molecules. In Figure 1, curve A is a typical
fluorescence spectrum of pyrene monodispersed on a silica
plate in N2atmosphere. The estimated surface coverage
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Figure 1. Fluorescence spectra of pyrene adsorbed on silica plates:
(A) monodispersed sample in N,: (B) aggregated sample in N,; (e)
monodispersed sample in air.

Figure 2. Effect of gas composition on fluorescence signals of
monodispersed pyrene: (A) reversible fluorescence quenching in N,
and in air; (B) irreversible fluorescence decay in NO,.
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Figure 3. Decays of fluorescence signals of monodispersed pyrene
at various NO, concentrations.

loss of the fluorescence can be attributed to the chemical
reactions between NOz and pyrene. Further evidence for
chemical reactions of adsorbed pyrene with NOz obtained
by product analysis will be discussed later.

Kinetic Study of Reactions between NO z and Py­
rene. The kinetics of chemical reactions between gaseous
NOz and monodispersed pyrene samples was studied at
room temperature. The temporal behavior of the
fluorescence signal was measured for various [NOzJ in pure
Nz or in OzlNz diluent gas. Figure 3 shows a semilog plot
of the fluorescence intensity vs. exposure time at different
[NOzI in N z diluent. The fluorescence decays are observed
to be exponential from the beginning to a substantial
portion of the reactions with somewhat slower decreases
at the end. These first-order decay rates are proportional
to the NOzconcentrations ranging from 0 to 180 ppm as
shown in Figure 4. The linear relationship indicates that
the major reacting species in the gas mixture is NOz rather
than its dimer (N.O.) since the reactions with NzO. will
yield a square dependence on concentrations. The results
in Figure 4 were analyzed by using pseudo-first-order rate
eq 1 as described in the previous paper (15)

-d In [PyJ/dt =k[NOzI (1)

where [Pyl = pyrene concentration (molecule cm-Z), [NOzI
= gaseous NOz concentration (ppm), and k = apparent
bimolecular rate constant (ppm-I min-I).

A rate constant, k = (8.2 ± 1.0) X 10-3 ppm-I min-I, was
derived from the slope of the least-squares fitted straight
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of the sample was about 6.7 X 1013 moleculesjcmZ which
corresponded to roughly one-third of a monolayer. Vi­
brational structures at 374,380,385, 390, and 394 nm are
observed. The wavelengths of these bands are nearly
identical with the fluorescence bands observed from mo­
nomers in a diluted cyclohexane solution (18). This
spectrum suggests no significant perturbation due to
substrate interaction. The 394-nm band is the most in­
tense and is used for monitoring the temporal variation
of the pyrene concentration.

Curve B in Figure 1 corresponds to a fluorescence
spectrum of pyrene adsorbed on a sample plate with a
5-fold increase in surface concentration. Compared with
curve A, the intensity and the resolution of the vibrational
bands between 374 and 394 nm decreased, and a new broad
band with a maximum near 470 nm was observed. This
broad feature of the fluorescence spectrum indicates the
formation of excited dimers (excimers) via the Forster­
Kasper mechanism (19). The formation of the excimers
is commonly observed in concentrated solutions (20),
crystals (21), and aggregated films (22) where the molecules
are in close proximity.

Curve C in Figure 1 shows a fluorescence spectrum ob­
tained in air from the same monodispersed pyrene sample
from which curve A was obtained. Although the spectral
features, e.g., band locations and their relative intensities
are similar in these two spectra, the absolute fluorescence
intensity of curve C is lower than that of curve A by a
factor of more than 4. The amount of reduction in the
fluorescence intensity decreased with the decrease of the
oz concentration in diluent gas, and the reduction is re­
versible. Curve A in Figure 2 shows a temporal fluores­
cence profile as the N z and air diluent gases were alter­
nately admitted into the reactor. It is seen that the
fluorescence intensity of pyrene decreased sharply as N z
was replaced by air and recovered gradually as air, or
specifically, oz was purged from the reactor by Nz. This
effect is consistent with the fluorescence quenching by oz
molecules via intersystem crossing of pyrene in the excited
single-triplet states (23).

In the case of chemical reactions with NOz, the
fluorescence loss is not reversible. Curve B in Figure 2
shows that the fluorescence signal of a monodispersed
pyrene sample in N z decreases rapidly upon exposure to
90 ppm of NOz in Nz. The decay of fluorescence signal
ceases when pure Nz is readmitted. This loss of fluores­
cence signal is not recovered even after 5 min (>20 changes
of reactor gas volume) when NOz gas is expected to be
almost totally removed from the reactor. The irreversible
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Table II. Summary of Literature Kinetic Data on Reactions of Surface-Adsorbed Pyrene with Gaseous NO,

N02 eonen, exposure
investigators substrate ppm time conversion, % half-life"

Jager and Hanus (6) fly ash 2.0 3h 60 5h
fly ash 10.0 3 h 90 9h
Al,O, 4 4h 7 150 h

Butler and Crossley (7) soot 10.0 5-31 days 16-90 140 days
Tokiwa et al. (5) filter 1.0 24 h 0.02 3500 days
this work silica plate 10-180 0.1 h 10-90 1.4 h (N,)

10.5 h (air)

'Half-life = 0.693/k, where k = In «100/(100 - C)]/([NO,]tJ, C = percent conversion, [NO,] = concentration of NO" and t = exposure
time.

tionship with [NO,], the 0, inhibition, and independence
of the light intensity.

In fact, the formation of complexes between 0, and
aromatic compounds adsorbed on porous glass and silica
gel has been reported by Ishida et al. (25,26). Theyob­
served new adsorption spectra with distinct band struc­
tures (red shifted from the regular absorption spectra)
when samples of aromatic amines were exposed to 0, at
200 torr at room temperature or in liquid 0, at liquid N,
temperature. These authors reported that the absorbance
increased with the increase of 0, pressure and gradually
decreased with evacuation. Similarly, the absorbance was
found to increase with the decrease of temperature and
to be reversible with temperature. No such absorption
bands were observed in the presence of N, gas. From these
observations and a model calculation, they concluded that
these additional absorption bands were due to the for­
mation of charge-transfer complexes between adsorbed
aromatic compounds (electron donors) and 0, molecules
(electron acceptors) which adsorbed nearby. This direct
evidence of complex formation provides further support
for pathway C.

In order to demonstrate that the decay of the fluores­
cence signal in the presence of NO, was indeed due to
chemical consumption of pyrene by NO, rather than
physical quenching by NO" a brief product study was
carried out. To produce enough products for chemical
analysis, a high surface area substrate, i.e., silica gel, was
used for sample deposition. The sample of monodispersed
pyrene on silica gel was exposed to NO, at 90 ppm in N"
and the products were analyzed by GC. The consumption
of pyrene corresponding to the decrease of fluorescence
intensity was determined, and several reaction products
including 1-nitropyrene and 2-nitropyrene were tentatively
identified. More detailed description of product analysis
will be given elsewhere. Nevertheless, the results of this
study further confirm the occurrence of chemical reactions
between pyrene and NO,.

A comparison of the half-lives of adsorbed pyrene in the
presence of NO, as estimated from the previous studies
and the present results is summarized in Table II. Again,
it is seen that the experimental conditions differ consid­
erably and that the values of half-lives vary over several
orders of magnitude. The half-life of pyrene, 10.5 h, de­
termined from this study in air falls within the values of
5 and 150 h obtained by Jagar and Hanua (6) for pyrene
adsorbed on fly ash and alumina. But it is out of the range
of 140 and 3500 days determined by Butler and Crossley
(7) and Takiwa et al. (5) on soot and filter paper, respec­
tively.

To determine the effect of HN03 impurity in NO, gas
mixtures on reaction rates, several related experiments
were performed. One test was the comparison of the
pyrene decay rates before and after the removal of the
nylon filter from the gas stream. The results showed no

noticeable difference in the measured rates. Furthermore,
the rates of reactions between gaseous HN03 and pyrene
on silica plates were determined by using the same
fluorescence detection technique. The results showed the
reaction rates between pyrene and HN03 up to 10 ppm
in air were slow with or without 100% humidity. The
upper limit of the rate constant was estimated to be a
factor of 2 higher than that of NO, in air. This study
concluded that HN03 did not substantially enhance the
rate of nitration of pyrene under the present experimental
conditions.

In summary, this study clearly demonstrates the oc­
currence of chemical reactions between gaseous NO, and
pyrene adsorbed on silica plates. The fluorescence signals
followed first-order kinetics with respect to NO, concen­
trations from 0 to 180 ppm. The apparent bimolecular rate
constants were obtained in both N, and air atmospheres.
The presence of 0, reduces the pyrene-NO, reaction rates
substantially, and pathways for this 0, inhibition effect
were discussed. The observation of faster reaction rates
at low 0, concentrations suggests that the nitration of
pyrene is more favorable under O,-deficient conditions
such as in aged samples of exhaust gases from fuel-rich
combustions. In addition, if the formation of PAH-O,
charge-transfer complexes is indeed responsible for the
deactivation of pyrene in NO, reactions, it is likely that
this 0, inhibition effect is applicable to all electrophilic
reactions of surface-adsorbed PAH.

Registry No. NO" 10102-44-0; O2, 7782-44-7; silica Si,
7631-86-9; pyrene, 129-00-0.
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• This study was performed to determine if propylene
reaction with ozone could account for the large mutagenic
activity we have observed in irradiated propylene/NO,
mixtures. In a 22.7-m3flow mode smog chamber, 5.4 ppm
of propylene was allowed to react with 0.9 ppm of ozone
either in the presence or in the absence of 0.2 ppm of
nitrogen dioxide (at 25°C in the dark). The steady-state
reactant and product distribution was then tested for total
mutagenic activity by exposing Salmonella typhimurium
strain TA100 to the gas-phase chamber effluent. The total
product dosage in the test plates was varied by exposing
them for 0, 5, 10, 15, and 20 h. Salmonella typhimurium
survivor levels were obtained at each length of exposure.
The number of revertants per plate increased at a rate of
~4-5 per hour, while the survivor level decreased
throughout the exposure. Most of the total mutagenic
activity can be accounted for by the presence of form­
aldehyde. The total mutagenic activity observed was,
however, much smaller than tLlt observed in the irradiated
propylene/NO, system, for comparable amounts of pro­
pylene consumed.

Introduction
There has been increased concern in recent years that

the photochemical conversion of gas-phase pollutants can
lead to the production of atmospheric mutagens (1). We
have recently demonstrated that a simulated urban air
mass can be tested for total mutagenic activity using an
adapted version of the Ames test (2), by allowing gas-phase
pollutants to dissolve into the test medium during a gas­
phase exposure. We have also recently reported that a
relatively simple atmospheric hydrocarbon, propylene

(C3HJ, can be photochemically converted into fairly strong
gas-phase mutagens (3). In the case of C3H6, we have
found that an exposure of Salmonella typhimurium strain
TA100 to the products of an irradited C3H6/NO, mixture
at a long extent of reaction, in which reactions of ozone
(03) and N03 with C3H6 occur, leads to a substantially
increased mutagenic activity. At shorter reaction times,
where the dominant C3H6 reaction path is with OH rad­
icals, moderate mutagenic activity was observed. In ad­
dition, we have recently found that C3H6 reaction with N03
could not account for a significant fraction of the total
response at long extents of reaction (3). The major reaction
products, i.e., ozone, formaldehyde, acetaldehyde, nitric
acid, hydrogen peroxide, and peroxyacetyl nitrate, were
also shown to contribute only a small fraction of the total
response. We, therefore, have turned our attention toward
reactions of 0 3 with C3H6, with the idea that some un­
identified ozonolysis product might be found to be a strong
mutagen.

To assess the extent that the products of the C3H6/03
reaction are mutagens, we mixed ~5.4 ppm of C3H6 and
0.9 ppm of 0 3 in a continuously stirred tank reactor (in
the dark) at a reactor residence time of T =2.7 h (where
T = chamber volume/total flow rate). The steady-state
distribution of reactants and products was allowed to flow
through exposure chambers loaded with Petri plates con­
taining S. typhimurium strain TA100. The bacteria were
then exposed to the effluent for 0, 5, 10, 15, and 20 h by
covering the plates at these times. A possibility that we
also wished to address was whether or not the intermediate
free radicals present from the ozonolysis reactions could
react with NOz to yield mutagenic products. We have
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Figure 1. Schematic diagram of the reaction chamber and exposure apparatus.

shown that some organic nitrates and peroxy nitrates (such
as PAN) are mutagenic (3).

In this paper, we present the results of the bioassays
conducted with the products of the 0 3reaction with C3H6
in the presence and absence of N02• It is shown that most
of the response can be accounted for by the presence of
formaldehyde (HCHO), which is a weak mutagen. We will
also discuss the extent to which the 0 3 reaction can account
for the observed mutagenic activity in the irradiated
C3H6/NO r mixtures. The technique employed is shown
to be an effective means of obtaining dose-response curves
for volatile compounds.

Experimental Section
These experiments were conducted in a 22.7-m3 Teflon

smog chamber, at 25 DC. (A schematic diagram of the
experimental apparatus is presented in Figure 1.) The
reactant gases were metered through mass flow controllers
into a 150-L stainless steel input manifold, where they were
mixed and diluted to their final concentrations. The total
input flow was controlled with a 150 L/min mass flow
controller. Ozone was produced with a Welsbach Model
T-408 0 3 generator supplied with zero grade O2 (MG
Scientific). The N02 and C3H6 were obtained from MG
Scientific as 1% mixtures in N2. Clean air was provided
by an AADCO clean air generator supplied with com­
pressed air. The reaction chamber air did not contain
added humidity, although there was some water present
due to diffusion through the bag.

During these experiments, the following reactant and
product concentrations were periodically measured: C3H6,

03' NOr> HCHO, peroxyacetyl nitrate (PAN), acetaldehyde
(CH3CHO), propylene glycol dinitrate (PGDN), 2­
hydroxypropyl nitrate (2-HPN), and 2-(nitrooxy)propyl

alcohol (2-NPA). The analytical procedures employed
have been described previously in detail (2, 4).

The exposures were conducted by bringing the reactant
(as measured in the inlet manifold) and product concen­
trations to steady-state values at a reactor residence time
of 2.7 h. The reactor effluent was then continuously
transferred (at 14 L/min) through heated (~50 DC) Teflon
lines (9.5 mm i.d.) to two 190-L exposure chambers. The
Teflon lines are heated to maximize transfer efficiency of
products to the exposure chambers. Heating of the lines
does not significantly increase the exposure chamber tem­
perature (25 DC). The clean air was tested for mutagenic
activity (as a control) by passing it through a clean air
exposure chamber, as shown in Figure 1.

The biological assay used in this work employs the
bacteria S. typhimurium, strain TA100. The plates were
prepared by adding 0.1 mL of the S. typhimurium culture
to 3 mL of an agar overlay at 45 DC. This mixture was then
poured onto ~45 mL of plate agar in a glass Petri plate.
The S. typhimurium tester strain TA100 was provided by
Dr. Bruce Ames (University of California, Berkeley, CAl.
Colony counting was done with an Artec 880 automatic
colony counter using previously published guidelines (5).
The test procedures used were those of Ames et al. (6),
except for the following modifications: (1) glass Petri
dishes were used, (2) 45 mL of base agar per plate was
used, (3) minimal histidine at the same final total con­
centration was placed in the bottom agar rather than the
top agar, and (4) 3 mL of overlay agar with ~1 X 108

bacteria was used.
The exposures were conducted by loading each exposure

chamber with 35 covered glass Petri dishes containing the
S. typhimurium test plates and also 10 covered "survivor"
plates, diluted by ~ 104, to which additional histidine was
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Table J. Average Reactant and Product Concentrations

C3H./03, ppm' C3H./03/NO" ppm'

species inlet effluent inlet effluent

C3H.
0 3
NO"
HCHO
CH3CHO
PAN
2-HPN'
2-NPA'
PGON'

5.41 (0.12)
0.895 (0.035)

4.39 (0.10)
0.076 (0.004)

(0.229 (0.020»d
0.588 (0.013)
0.355 (0.006)
o
o
o
o

5.34 (0.09)
0.894 (0.032)
0.212 (0.012)

4.39 (0.08)
0.069 (0.002)
0.210 (0.014)
0.599 (0.030)
0.348 (0.007)
0.032 (0.002)

10.5 (3.3)
2.8 (0.9)
0.15 (0.02)

'Standard deviation in parentheses. "NO, was added to one of the two effluent biochambers in the C3H./03 exposure. 'Concentrations
in ppb. d Effluent NOs biochamber.

'.h

Figure 2. Ames testing data.

Table II. Bioassay Results (8. typhimurium TAIOO)

a Standard deviation in parentheses for seven plates at each ex­
posure time. "One plate only.

o ClH.. IO j --

o C,H,,/OjINO; - - - -
I' points displaced 0.1 h 10 lhe flghtl

revertants/plate'

C3H./03 C3H./03/NO,

t, h test plates survivors test plates survivors

0 265 (38) 364 181 (19) 774
5 235 (18) 430 198 (21) 650

10 264 (55) 451 207 (21) 790
15 237 (20) 426 208 (31) 720
20 244 (23) 424 187 (27) 636

0 206 (24) 411 174 (20) 679
5 243 (49) 358 262 (29) 222

10 244 (50) 196 230 (15) 0
15 253 (56) 0 235 (43) 0
20 290 (71) 0 244 (39) 0

0 217 (12) 464 184 (30) 423
5 246 (20) 187 189 (31) 154

10 264 (16) 46 241 (78) 108
15 249" 51 288 (28) 0
20 307 (28) 0 302 (50) 0

215 (27) 200 (18)
559 484

535 785

350
340

330

320

310

300

290

~ 280

:} 270

~ 260
~
z 250
~

~ 240

~ 230
a: 220

/
210 ./

200 .. ///
190 •

lBO

170

'.0
150 "'L-----r-----.----rl-----r--Ib 15 2~

(after ~104 dilution) at the end of each exposure time.
However, since the bacteria concentrations in the survivor
plates are different (~104 lower) than in the test plates,
the survivor data are only an indication of the possibility

chamber

effluent "8"

effluent"A"
(or
effluent +
NO,)

clean air

spontaneous
NaN3
laboratory

survivors

Results
The average reactant (inlet) and product concentrations

measured during the C3H6/03 and C3H6/03/N02 20-h
exposures are presented in Table I. The bioassay results
are presented in Table II as averages of the seven plates
for each of the five exposure periods. In addition, as a
measure of toxicity, we report the results of the average
of two survivor plates at each exposure level. The survivor
plates are a measure of the surviving bacteria concentration

added (the approximate 104 dilution brings the total plate
bacteria concentration to ~500 per plate; therefore, in the
absence of toxicity, 500 colonies per plate would form due
to the added histidine). Once the exposure chambers were
loaded and sealed, the exposure chamber product con­
centrations were allowed to approach their steady-state
values. Once steady state was achieved, 28 of the bioassay
test plates and eight of the survivor plates were uncovered,
effectively starting the exposures for these plates. The
remaining seven test and two survivor plates were covered
throughout the exposure, representing a zero dose level.
Then, after 5, 10, 15, and 20 h, seven test plates and two
survivor plates in each exposure chamber were covered,
effectively stopping the exposure at that time. There were,
therefore, five different exposure levels in these experi­
ments. At the end of the 20-h exposure period, the covered
plates were removed from the exposure chambers and
incubated at 37°C for 48 h, and the final revertant and
survivor colonies were counted.

In addition to the test plates, five plates containing
deionized water were placed in each chamber. One of the
five plates was then exposed for the same time period as
the test plates (0, 5, 10, 14, and 20 h). These plates were
analyzed at the end of the exposures for nitrite ion (N02-),

HCHO, PGDN, 2-HPN, and 2-NPA. Formaldehyde was
measured by using the chromotropic acid technique (7),
and N02- was measured by ion chromatography as de­
scribed previously (2). PGDN, 2-HPN, and 2-NPA were
analyzed by direct injection of a small sample from the
water plates into a gas chromatograph (described in ref
4).

Two experiments were conducted: one without added
N02 and one with 0.2 ppm of N02 introduced into the inlet
manifold. We have found that N02 solubilizes into water
to yield, principally, N02-. Therefore, in the experiment
in which NO? was not added to the inlet manifold, we
added ~0.2 ppm of N02 directly to one of the two effluent
exposure chambers. In this way, comparison of the results
for these two exposure chambers would indicate whether
or not reactions of the products with N02- in the test
medium to produce mutagens were occurring. In the ex­
periment with added N02, the two effluent exposure
chambers were identical.
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Table III. Reactant and Product Mutagenic Activities,
TAIOO

'52 revertants/"mol

16

IS

14

13

"

~I~:~[0. 8

7

/
o

/
/

/

~// .....

//////0

o
C3H.
0 3
NO,
HCHO
CH3CHO

species
mutagenic activity,

revertants/"mol
per plate

BO'
BO
BO
12
BO

PAN
2-HPN
2-NPA
PGON

species
mutagenic activity,

revertants/"mol
per plate

35
3
3
BO

Discussion
The CSH6 concentration for these experiments was

chosen to favor Os reaction with CSH6 rather than with
NOz, in the case of the CSH6/Os/NOz exposure. Under

of toxicity effects, and do not necessarily measure the
actual toxicity to the test plate bacteria (8). The bioassay
data vs. exposure time is presented graphically in Figure
2, along with error bars indicating the ±1 standard devi­
ation uncertainties. Since, from inspection of the data in
Table II, it can be seen that there is no significant dif­
ference between the results for the two effluent exposure
chambers in both experiments, the data in Figure 2 are
averages for the two chambers. The experiment in which
NOz was added directly to one effluent exposure chamber
indicates that, in these experiments, reactions of the
products with NOz' in the test media are not important.
As shown in Figure 2, the number of revertants per plate
increases measurably (but nonlinearly) with exposure time.
In addition, it can be seen from Table II that the survivor
levels decrease throughout the exposure and that there is
no measurable increase in the clean air response with ex­
posure time.

To determine the rate of deposition of various products
into the plates during the exposures, we measured the
HCHO, NOz-, PGDN, 2-HPN, and 2-NPA concentrations
in the surrogate water plates at each exposure time. These
data are presented graphically for the CSH6/Os/NOz ex­
posure for HCHO and NOz- in Figure 3 and for the organic
nitrates in Figure 4. Since the effluent HCHO concen­
trations were essentially identical in the two experiments,
the HCHO data in Figure 3 are averages of the two. The
data in Figures 3 and 4 demonstrate that the loading of
each chemical into the water plates is linear with exposure
time (with the possible exception of PGDN). We assume
this is also the case with the test plates.

Figure 4. Organic nitrate water plate concentrations.

the conditions of this experiment, the initial rates of re­
actions 1 and 2 are 71 ppb/min and 10 ppb/min, respec-

Os + CSH6~ products (1)

Os + NOz NOs + Oz (2)

tively, using hi =1.0 X 10-17 cm3·molecule-l·s·1 and hz =
3.7 X 10-17 cms'molecule-l's-l (9). In this way, the extent
of NOs reaction with CSH6 is minimized. Comparison of
the organic nitrate yields with those found in a CSH6/NzOs
study conducted in our laboratory (4) indicates that NOs
reaction with CSH6 occurred to the extent of ~0.05 ppm
in the CSH6/Os/NOz exposure (or only ~5% of the total
reacted CSH6).

The reaction of Os with CSH6 can produce various free
radicals (e.g., HOz and CHsOz) (10) that may then react
with NOz to produce peroxy nitrates (e.g., CHsOzNOz).
From a comparison of the results (Figure 2) for the
CSH6/OS and CSH6/Os/NOz exposures, it appears that
either these are not significantly mutagenic at these con­
centrations or they are not effectively transported to the
exposure chambers.

As shown in Figure 2, the number of revertants per plate
increases throughout the exposure at ~4-5 revertants/
plate per hour. The "dose-response" curves are, however,
nonlinear presumably due to increasing toxicity effects
with time, as indicated by the decreasing survivor levels.
We can, however, attempt to account for the observed
response by comparing the initial slope of the curve with
the known mutagenic activities of the products present.
We have conducted standard plate incorporation tests
and/or gas-phase exposures for each of the reactants and
products listed in Table I, and the data from these tests
are presented in Table III, as revertants per micromole per
plate. From the data in Figure 4 and Table III, it appears
that 2-HPN and 2-NPA could account for less than 1
revertant/plate each at 20 h. To determine the contri­
bution to the total response from PAN, we need to esti­
mate the total quantity of PAN that deposits into the
plates. In a previous paper, we reported that under these
conditions ~15% of the PAN passing through the expo­
sure chambers dissolves into the media (2). The PAN
concentration deposited into the plates over each exposure
period can be estimated from eq I where Cp is the con-

Cp = 0.15CgFeTeO! N p) (I)

centration in the plates, Cg is the molar gas-phase con­
centration, Fe is the flow rate through the exposure
chambers (840 L/h), Te is the exposure time, and N p is the
total number of exposed plates. Using this equation, we
calculate an initial PAN deposition rate of 4.1 nmol/plate
per hour, which leads to a potential contribution from PAN
of ~0.14 revertant/plate per hour, or ~3% of the initial
reversion rate.

We have found both by standard plate incorporation
tests and by gas-phase HCHO exposures that HCHO yields

PGON
om!)I"!pl'te

10

0.'

0.8

0.7

06

05

"03

02

01

20

PGON

2HPN

6 2NPA

•

15

'. "

o PGON
.2HPN
67NPA,

I. h
10

eo

Figure 3. Water plate data. HCHO and NO,-.
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a response with TA100 of ~12 revertants//Lmol per plate.
However, the dose-response curves tend to bend over due
to toxicity effects (at ~6/Lmol/plate) yielding a maximum
excess of ~70 revertants/plate. From the slope of the
curve for HCHO in Figure 3, it appears that the HCHO
can account for ~8 revertants/plate per hour, or 40 excess
revertants at 5 h. This is actually greater than the ob­
served reversion rate in the experiment. Our gas-phase
exposures with HCHO have indicated essentially no de­
crease in the survivor level for HCHO doses up to 6
/Lmol/plate. Therefore, there are probably other species
present that are toxic and that lead to a reduced reversion
rate. We have previously conducted experiments with
~0.5 ppm of 0 3 in the exposure chambers without toxicity
effects, indicating that 0 3 is not toxic at these levels. It
does appear, however, that essentially all of the observed
responses in these experiments can be accounted for based
on the presence of HCHO.

The reaction of 0 3 with C3Hs leads to production of
several other products (10), such as CH300H, HzOz, and
secondary ozonides. Since these are all probably soluble
in the medium, these products either are not transported
to the exposure chambers, or are not significantly muta­
genic with this strain, at these concentrations.

The principal objective of these experiments was to
attempt to determine the extent to which C3Hs reactions
with 0 3 could account for the large response (~6oo excess
revertants/plate) observed in the irradiated C3Hs/NOx

system (3). Computer simulations of the irradiated
C3Hs/NOx system under the conditions of that exposure
indicated that the C3Hs reaction with 0 3had occurred to
the extent of ~0.20 ppm of reacted C3Hs. Since this is
only ~20% of the extent of C3~/03 reaction in this study,
it appears that the products of the C3~/03 reaction could
not have caused a significant response in the C3Hs/NOx

irradiations.
Since we have also found (3) that the products of the

C3Hs/N03 reaction could not have caused a significant
response in the C3Hs/NOx irradiation, it appears that there
may be some very minor product, which is probably pho­
tolytically generated, that is a very strong mutagen present
in the C3Hs/NOx·irradiated system.

It is clear from the data in Figures 2-4 that this tech­
nique of gas-phase exposure with variable exposure times
presents an effective means for obtaining dose-response
curves with volatile species and complex mixtures (pro­
vided those species are water soluble). In addition, the use
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of survivor plates permits us to evaluate the potential for
toxicity effects experienced by the bacteria during the
exposure.
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• Gaseous fluorine and ammonia emissions from two
pulverized-coal power plants were measured over a 6­
month period. In one unit, emissions contained a median
1.5 mg/scm (standard cubic meter) NH3 and 1.9 mg/scm
F (86% of available F in coal). For the other unit lower
levels were found: 0.042 mg/scm NH3 and 0.22 mg/scm
F (4.2% of available F in coal). Ammonia varied by more
than 10 times in each unit and was enhanced in Unit I by
addition of ammonium carbonate to improve precipitator
efficiency. Fluorine varied less than 50% in each unit. The
difference in F between units was related circumstantially
to ash content. Daily variation of F and NH3 was less than
20%. Neither gas was in sufficient quantity relative to S02
to influence net acidity. Levels of F were comparable to
those of other combustion sources and the aluminum in­
dustry. On a global scale, coal combustion is not a major
source of either F or NH3. Among anthropogenic sources.
however, it is a significant contributor and may be im­
portant locally. In contrast, NH3 emissions are negligible.

Introduction
Among the atmospheric emissions from coal-fired power

plants are several major vapor-phase materials having im­
portant environmental impacts: CO2, S02, and NO•. In
addition, a number of trace materials in coal seem to be
emitted largely as vapors, notably, Hg, Se, CI. Br, and F
(1-4). Knowledge about these trace gases has been derived
indirectly from discrepancies in mass balances; particulate
emissions cannot account for all of the mass that entered
in the fuel. Lack of direct data for minor gas species is
most often due to the necessity for individualized sampling
and analysis methodology. Considerably more effort must
be expended in a study of trace gases than in a particulate
matter emission study. Consequently, it is not surprising
that previous work has focused primarily on major gases
and particulate emissions. for which integrated sampling
and analysis schemes (e.g., inertial impaction and neutron
activation analysis) provide data on many elements si­
multaneously.

Since flue gas chemistry and emission factors of minor
vapor species represent gaps in our knowledge, this re­
search studied two neglected materials, F and NH3. Our
purpose was (1) to evaluate sampling and analysis meth­
odologies for vapor-phase fluorine and ammonia, (2) to
determine flue gas concentrations for emission inventory
estimates, (3) to determine short- and long-term variability,
and (4) to compare coal-fired steam plant NH3 and F
atmospheric emissions with other anthropogenic and
natural sources.

The plant studied was the Columbia electricity gener­
ating station in Portage, WI. The station consists of two
527-MW pulverized-coal furnaces. Unit I, which came on
line in the early 19705, has a 107-m stack and was burning
a western bituminous coal (Colstrip, MT) containing 9%
ash and 1% S (dry coal basis). Unit II, which came on line
in the mid-1970s, has a 198-m stack and was burning an­
other bituminous coal (Gillette, WY) containing 5% ash

and 0.7% S. The Columbia station offered a unique op­
portunity to compare two nearly identical combustion
units, differing only in type of coal burned and operating
conditions.

Experimental Section

General Sampling Procedures. Research Appliance
Co.'s "Staksamplr" (Model 2414) with a 1.5-m heatable
glass probe was used to collect gas samples. The rest of
the sampling train consisted of a cyclone and filter holder
encased in a heatable box, an ice bath containing four
impingers in series, and the meter case, consisting of ma­
nometer, pump. and dry gas meter bracketed by ther­
mometers. An "S" type pitot tube was used to measure
flue gas velocity. All surfaces contacting the sampled gases
were glass except for the filter holder, which contained a
plastic support for the glass frit.

Glassware was scrubbed with Alconox, soaked in hot
nitric acid, and rinsed with distilled deionized water.
Nalgene linear polyethylene bottles used for impinger
collection solutions were leached for a week with dilute
reagent-grade HCl and rinsed with water.

Sampling was performed within one of two horizontal
ducts leading to the stack. Each duct had several sampling
ports, one of which was selected to obtain all samples. This
port was situated away from bends in the ducts to mini­
mize gas flow inhomogeneity. Stack gas temperature was
measured by means of a thermocouple attached to the
pitot tube. Stack pressure, measured by means of a water
manometer, was always within 2.5 ± 1.2 em of water from
atmospheric pressure. The first two impingers were each
filled with 100 mL of the appropriate collection solution
from sample bottles previously filled in the laboratory.
The third impinger contained 3% sodium carbonate so­
lution to protect the pump from corrosive vapors. The
fourth impinger was dry. The probe and filter compart­
ment were heated to between 60 and 80 °C. During sam­
pling, the probe and filter case were observed to be free
of condensation.

After sampling, impinger solutions were transferred
quantitatively back into their storage bottles. Volumes
were measured at the laboratory by using calibrated
graduated cylinders. The combined volume gain for all
impingers during the day was used to calculate water vapor
content of the stack gas. Samples were stored at 4°C.
Even after several months of storage. volumes remeasured
for selected bottles showed no changes.

Fluorine Sampling. Methods have been reported for
distinguishing particulate and vapor-phase F in the at·
mosphere (5-10) and in emissions from aluminum refming
(11. 12) and fertilizer production (8, 13). Coal combustion
emissions have not been given much attention despite
estimates indicating that they represent one of the major
industrial sources of atmospheric F (10, 14).

The method of Dorsey and Kenmitz (15) was adopted
after modification. It involves collection through a hot
glass probe, in which HF is transformed quantitatively into
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Figure 1. Apparatus for test of ammonia sampling train. F = filter
holder in heated cabinet; P = pump; T = inlet trap. dilute H2S04; S
= source impinger, acidic ammonia solution: C = collection solutions,
dilute H2S04: A = alkaline trap for pump protection. dilute sodium
carbonate; E = empty.

Results and Discussion
Collected Samples. Samples were collected 6 times in

each combustion unit between April and Oct 1980. Two
of these samples were collected the same day several hours
apart.

from the source was transported through the system.
Ammonia concentrations in the source solution before and
after "sampling" and in the collection impingers were
measured. The inlet impinger absorbed any ammonia
present in laboratory air and conditioned the air with
respect to water vapor and acid vapor so that the source
impinger would not be stripped of its contents.

Several different obstacles were placed between source
and collection impingers: (1) a glass connector, (2) two
neutralized, clean, glass-fiber filters heated to between 50
and 70°C, or (3) a filter laden with 190 mg of fly ash from
a stack sampling run, also heated to between 50 and 70
DC. Enough 10 M NaOH was added to the source impinger
to raise the pH above 11 and release NH3• The pumping
rate was then increased to 0.025 m3/min, the rate used for
stack gas sampling. After 0.8 m3 had been passed, H2S04
was added to the source to stop NH3 evolution. Bubbling
was continued for another 0.15 m3 to purge the source of
remaining ammonia.

Ammonia Determination. Ammonia was determined
potentiometrically by standard additions with an Orion
Model 95-10 NH3 gas electrode and an Orion 801 meter.
Electrode response was determined each analysis day. All
chemicals were reagent grade. Ammonia standards were
prepared from dry NH4CI dissolved in 0.5 M H2S04,

A 25-mL aliquot of each sample was transferred by pipet
to a beaker along with an equal volume of water. After
the beaker was chilled in a cold water bath (4-10 DC), 10
M NaOH was added from a buret until the pH exceeded
11.5, as determined by using a glass electrode. The beaker
was then covered and placed in a room temperature water
bath for 5 min. The NH3 electrode was immersed in the
magnetically stirred sample, and the response was recorded
after 5 min. No loss of NH3 was noted as indicated by
absence of drift in electrode response during the time span
of the measurement. Duplicate determinations were made
on the basis of two standard addition spikes into a single
aliquot of sample. Additional pH measurements made
after these additions of acidic standard indicated that pH
remained above 11.

Temperature control is necessary for reproducible re­
sponse. This was especially important because entrapment
of water vapor and acid gases from the stack caused var­
ying acidities in the collection solutions. Without control,
addition of base raised temperatures variably and as high
as 40°C.

p

EXHAUST

AC

ICE BATH

Cs

ADDITIONS

+

T

INTAKE

SiF4 at the probe walls. Being less reactive than HF, SiF4

will pass through a filter without being trapped, thus ef­
fecting separation of particulate and vapor-phase F. The
gas is then bubbled through impingers containing aqeuous
NaOH, where SiF4 is hydrolyzed to soluble fluoride. Just
in case conversion to SiF4 was not complete in the probe,
we used a citric acid impregnated paper filter (Whatman
42) (5) instead of glass fiber (IS). A rate of 0.02 m3/min
was used, and probe and filter box temperatures were hot
enough to keep the relative humidity below the recom­
mended maximum (6) of 90%. Accuracy of particle/vapor
separation was not tested in this laboratory. Under these
conditions, approximately 1-2 m3 of gas had to be collected
to provide adequate fluoride for analysis.

Quantitative collection of SiF4 and HF has been
achieved in 0.1 M NaOH (I3, 15), but we selected 0.75 M
NaOH so that the major acidic gases, namely, CO2, S02,
and NO" would be neutralized. Acidic conditions were
avoided to prevent possible loss of F as HF. None of the
field samples had a pH below 10 after collection.

This method does not distinguish between HF, SiF4, and
H2SiF6, any of which might exist in the flue gas. All of
these forms will be collectively referred to as "fluorine" or
"fluoride".

Fluoride Determination. Fluoride was determined
potentiometrically by standard additions by using an Orion
F-selective electrode (Model 94-09A), an Orion double­
junction Ag/AgCI reference electrode (Model 90-02), and
an Orion Model 801 digital meter. Electrode response was
determined each analysis day by construction of a working
curve. Two different complexing buffer solutions were
used with equivalent effect: cyclohexylenedinitrilotetra­
acetic acid in acetic acid/acetate buffer (5, 16), and citric
acid/citrate in ammonium/ammonia buffer (8, 16). Dry
reagent-grade NaF was dissolved in 50% buffer for stock
fluoride standard. Standards and buffers were stored at
4°C. Polyethylene labware was used.

A 25-mL aliquot of each sample solution was transferred
by pipet to a beaker along with an equal volume of buffer;
a measured volume of glacial acetic acid was added to bring
the pH to 5.5-6.0. This acidification caused loss of CO2
absorbed from the stack gas. The beakers were covered
and stirred until effervescence had subsided. Fluoride
response was determined in duplicate from two standard
addition spikes into one aliquot of sample.

Coal. Lump coal was collected in kilogram quantities
from all the hoppers that fed the pulverizers. Repre­
sentative 30-g analytical samples were prepared (I 7).
Fluoride determinations were performed by CDM/Accu­
labs in Wheat Ridge, CO, using ASTM Method D3761.

Ammonia Sampling. Dilute sulfuric acid (0.5 M) has
been reported to be an efficient absorbent for atmospheric
NH3 (I8). A gas sampling rate of 0.025 m3/min and a stack
gas total volume of 1.4 m3 were used. Two glass-fiber filters
were placed in the sampling train. These were leached first
with sulfuric acid to neutralize excess alkalinity (I9, 20)
and then with water until acid free to help avoid the
conversion of ammonium salts to ammonia.

The sampling train illustrated in Figure 1 was used to
determine whether ammonia would pass quantitatively
through the filters. Known quantities of ammonia were
generated and passed through the train under conditions
similar to those used for stack gas sampling. The vapor
source was 150 mL of 1.25 X 10-3 M NH4Cl in 0.5 M
H2S04 , The two collection impingers and the inlet im­
pinger each contained 100 mL of 0.5 M H2S04, When the
solution in the source impinger was made basic and am­
bient air was pulled through the train, ammonia vapor
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'Sum of first three columns divided by 639; as percent. b Mean.

Table I. Efficiency of Ammonia Collection and Effect of
Filtration on Recovery

imp imp used recovery, impinger
1 2 std %U ratio, %

mass of NH3
found,llg

0.0
0.4

0.2
0.6

2.5
1.3

93
81
87b

82
89
86b

90
95
92b

88 ± 6

35
50

79
55

76
48

o
2

13
6

Unit I Unit II

plant this plant this
data work data work

4.3 1.7 4.0 3.6
3.8 1.8 4.0 4.0
6.7 1.7 2.8 3.6
6.1 1.7 2.5 3.6
6.0 1.7 2.3 3.9
4.2 1.8 2.2 4.0

no filter 506
462

clean filter 446
511

ash on filter 541
557

grand mean

Table II. Comparison of Methods for Determining Stack
Gas Flow Rates (in 10' dry scm/min)

measurement. The reason why ammonia was "lost" has
not been determined; however, the size of the discrepancy
was not so severe as to compromise the accuracy of results
for stack samples. Calculations of ammonia content of
stack gas emissions included a 12% correction for collec­
tion efficiency.

Table I also shows that the amount of ammonia reaching
impinger 2 was negligible compared with the amount in
impinger 1. Field sampling results, summarized above,
were similar to the laboratory test results in most cases:
the second impinger contained a median of 2.8% as much
ammonia as the first impinger, with a range of 0.7-28%.
High values were found only for those samples containing
very little ammonia.

Emissions. Ammonia emission rates and concentration
in the emitted gas were of primary interest. For F the
amount appearing in the vapor phase relative to the
amount input in the coal was also determined.

A factor of major importance was the means by which
total stack gas flow was determined. Although stack gas
velocity was measured each sampling day by means of a
pitot tube, we were concerned whether this measurement
was representative because Columbia plant records showed
that flow velocities across the flue gas ducts were quite
heterogeneous, with a variability of about 30%.

Another approach using plant records of S02 emissions
was evaluated. The average flow rate was calculated each
sampling day from S02 stack gas concentrations, measured
by on-line monitors, and S02 mass emission rates, recorded
hourly in plant records. The advantage to this approach
was that these emission rates were calculated from an
algorithm based on the average of gas velocity measure­
ments at many points in the stack. This algorithm had
been developed when each unit was evaluated for initial
compliance with emissions regulations. Table II shows that
gas flow rates determined from plant data and with our
pitot measurement on the same day are substantially
different.

Concentrations of F ranged from about 0.3 x 10-4 to 5
X 10-4 M in the first impinger and from 0.3 X 10-5 to 1.5
X 10-5 M in the second; for ammonia, the concentrations
ranged between 10-6 and 10-3 M in the first impinger and
between 10-6 and 10-4 in the second. Reagent blank levels
were about 10-6 M for both F and NH3. Analytical pre­
cisions, whether F or NH3, were about 5% relative
standard deviation for the first impinger and about 20%
for the second impinger. Since masses collected in the ftrst
impinger were usually much greater than those in the
second, the net error in the sum is about 5%.

Accuracy of Fluoride Method. Loss of dissolved F­
in the glass impingers was tested by stirring a known
concentration of sodium fluoride dissolved in 0.75 M
NaOH collection solution in a glass beaker for 75 min.
Fluoride determinations were performed on aiiquots of
solution before and after contact with the glass. At 10-4

M F"" (typical of the ftrst impinger) no losses were observed;
however, at 10-5 M (second impinger) about 15% was lost.
Although signiftcant for impinger 2, this loss was negligible
for the sum of impingers 1 and 2 for all samples.

Previous literature indicated (13) that collection of
water-soluble fluorine species by simple impingers should
be nearly quantitative. Our fteld sampling results generally
supported this observation; the second impinger was found
to contain a median value of 3.2% F compared to the ftrst,
with a range of 0.8-17.1%.

Accuracy of Ammonia Method. Ionic strength of
sample solutions is an important consideration in achieving
stable electrode response. Addition of concentrated base
to the 0.5 M H2S04 collection solutions to release ammonia
resulted in ionic strengths of nearly 3 M. This solution
required about 30 min of stabilization time apparently
because osmotic pressure forced water out of the internal
filling solution (about 0.1 M NH4CI). Equilibration times
were measured for the electrode when immersed in solu­
tions of 2.3 x 10-4 M NH4Cl containing varying ionic
strengths. Ionic strengths of 0.3, 0.6, and 1.4 M required
less than 5 min for equilibration, whereas an ionic strength
of 2.7 M (undiluted sample solution) lengthened the time
to 25 min. All sample solutions, therefore, were diluted
one-to-one with water just before analysis to reduce
equilibration time to 5 min.

An additional concern was the possibility that metal ions
might complex NH3 irreversibly, thus causing low results.
Most metals are particulate associated and should be re­
moved by the filter. Only volatile Hgo might penetrate
substantially. Furthermore, Hg(II) forms a fairly strong
ammonia complex (pK[ =pK2 =9). Ammonia responses
were measured in solutions containing 4 X 10-5 M am­
monium and Hg(II) concentrations as high as 1.3 x 10-4

M. There was no apparent effect. This ammonium con­
centration was low compared with most of the stack sample
solutions, and the Hg concentrations were chosen by es­
timating the amount available in typical coal combustion
gases (1,2) and assuming complete oxidation to Hg(II).

Collection efficiency of NH3 in the impingers and the
effect of ftltration are displayed in Table I. Each of the
three treatments (no filter, clean filter, and fly ash laden
ftlter) were duplicated, and each value listed is the average
of two potentiometric determinations on each solution.
The ftrst three columns indicate where ammonia was found
after the experiment had been completed. These columns
should sum to 639 /lg, the initial mass in every case.
Analysis of variance indicated that recoveries for the three
treatments were not significantly different at the 95%
probability level; the overall mean recovery was 88 ± 6%.
This 6% error can be attributed entirely to the analytical
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Table III. Concentrations and Emission Rates of Ammonia
at Columbia Coal-Fired Power Plant

Unit I

date p.g/scm kg/h ppm

4/17 1700 4.3 2.6
5/29 11000 25 16
9/3 6300 26 9.5
9/5 1000 3.7 1.5
9/5 1400 5.1 2.1
10/20 250 0.63 0.4

median 1550 4.7 2.3

Unit II

date p.g/scm kg/h ppb

6/24 11 0.026 16
6/26 0.6 0.001 0.9
7/21 75 0.13 110
7/24 131 0.20 200
10/24 46 0.060 69
10/24 42 0.056 63

median 42 0.056 66

To determine which method was more accurate, a mass
balance on carbon was calculated. Knowing the coal feed
rate (hourly plant record), the percent carbon in the coal
(determined daily by plant personnel using ASTM pro­
cedures), the concentration of CO2in the stack gas (hourly
plant record), and the total gas flow rate, one can compare
the C input and output rates. Correct gas flow rates should
lead to a 100% C balance. The only assumption is that
all of the C in coal be converted to CO2, This is quite
reasonable since emissions of CO and of unburned coal
particles are negligible. Feed rates were corrected for coal
moisture content, determined by plant personnel using
ASTM procedures.

By use of stack gas flow rates calculated from S02
emissions, 95% of the C in the coal was accounted for
(range 91-103%), in both combustion units. These values
are accurate within about 20% because of propagation of
error through the various calculations. Thus, flow rates
calculated from S02 emissions are indeed accurate. In
contrast, if values measured by pitot (Table II) had been
used, mass balances would have been incorrect by as much
as a factor of 3.

Stack gas concentrations and mass emission rates for
ammonia and vapor-phase fluorine are listed in Tables III
and IV, respectively. On all sampling days the combustion
units were operating near full capacity, consuming about
2 X 105 kg of dry coal/h. Propagated uncertainties in the
data in these tables range from 20 to 30%. Medians are
displayed instead of means because shapes of the distri­
butions of these variables were not known and individual
values varied several orders of magnitude. Unit I emitted
substantially higher concentrations of ammonia and va­
por-phase fluoride than Unit II and at substantially greater
rates. Note that samples collected the same day were
much more similar to each other than those collected on
different days.

Unit I had much larger emissions of ammonia because
ammonium carbonate was added to improve particulate
collection efficiency in the electrostatic precipitators.
Ammonium carbonate decomposes at about 60 °C to NH3,

H20, and CO2, Volume concentrations were somewhat less
than expected (10-20 ppm) for this type of flue gas
treatment (22). Since no additions were made to Unit II,
the concentrations observed here indicate that modern
pulverized-coal combustion produces very little ammonia.
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Table IV. Concentrations, Emission Rates, and Mass
Balance of Vapor-Phase Fluoride at Columbia Coal-Fired
Power Plant

F emitted stack
date mg/scm kg/h as vapor, % temp,OC

Unit I
4/17 2.9 7.4 87 137
5/29 1.6 3.6 50 156
9/3 1.8 7.4 85 144
9/4 2.0 7.3 94 149
9/4 2.2 8.0 102 149
10/20 1.5 3.8 22 132

median 1.9 7.4 86

Unit II
6/24 0.15 0.36 4.0 189
6/26 0.16 0.38 4.3 184
7/21 0.34 0.57 5.9 165
7/24 0.25 0.37 3.8 160
10/22 0.23 0.32 4.7 157
10/22 0.20 0.28 4.2 157

median 0.22 0.36 4.2

In addition, with S02 levels typically around several
hundred ppm, there was not nearly enough ammonia to
achieve significant acid neutralization, even in Unit I where
ammonia had been added.

For F one could hypothesize that differences arose be­
tween units because of differences in the amount or nature
of F within each coal or in combustion or stack gas chem­
istry. No significant difference existed between the F
contents of the coals: Unit I's coal contained on average
46 ppm and Unit II's, 45 ppm. With regard to the form
of F, this element occurs in coals predominantly in the
inorganic minerals fluorapatite, CalOF2(P04)6, and fluor­
spar, CaF2 (10, 21, 23, 24). (Fluoride mineralogies of the
Columbia coals were not investigated in this project.)
Whereas F can be volatized to a much greater extent from
fluorspar than fluorapatite, Crossley (25) has shown that
other minerals in the coals modify this behavior greatly.
In particular, quartz promotes formation of gaseous SiF4

(10,26). Since Unit I coal had nearly twice the ash content
of that in Unit II, the extra mineral matter may have
played a role in the greater release of fluorine to the vapor
phase in Unit I.

There is no indication that the higher ammonia levels
in Unit I played a role in creating the higher F levels there.
Tables III and IV show no apparent correlation between
these two species. Table IV also shows that there was no
clear relationship between flue gas temperature and
amount of F in the vapor phase.

A few measurements of vapor-phase F emissions from
other combustion sources are available for comparison.
These are listed in Table V along with emission values
from aluminum smelting operations. Columbia Unit I had
emission concentrations similar to those for the other
combustion sources. Levels in Unit II were somewhat
lower, being more comparable to aluminum industry
emissions. It should be noted that because of the signif­
icant amount of Fe released to the vapor phase by coal
combustion, receptor modelers may be able to use va­
por-phase F as a tracer for this source.

The form of F in the stack gas is likely to be either HF
or SiF4 (10). Our sampling system would have collected
both species but was incapable of distinguishing between
them. Upon emission to the atmosphere, the stack gas will
have cooled sufficiently for water vapor to condense.
Consequently, SiF4 might hydrolyze to fluorosilicic acid
(H2SiF6). The contribution of these two weak acid species
to the overall acidity of the emissions was negligible. For



Table V. Comparison of Fluorine Emission Sources

emitted conen, F emitted
source mg/scm' as vapor, % ref

coal
pulverized (6)' 1.9 (1.5-29) 86 Unit I
pulverized (6) 0.22 (0.15-0.34) 4 Unit II
spreader-stoker (12) 91' 4
spreader-stoker (12) 98' 4
fluidized-bed (5) 10 27

municipal waste
incinerator (9) 4.7 (1.9-25) 28
incinerator (9) 2.1 (1.2-3.0) 29

aJuminum
refinery 0.33 (0.13-1.2) II
refineriesd (0.25-1.4) 40-70 30

unspecified 0.7-96 15

a Medians or means, with ranges in parentheses. b Number of
samples. 'Inflated slightly by inclusion of particulate matter that
escapes to atmosphere (0.180/. of total particulate). d Industry­
wide average.

the two units, the median concentrations of 0_22 and 1.9
mg of F/scm were equivalent to roughly 0.3-3 ppm of F,
whereas S02 concentrations were typically several hundred
ppm.

To place these emission measurements into perspective,
one should compare F and NH3 emissions from coal com­
bustion with those from other industrial and natural
sources. Given a total U.S. coal consumption by electric
utilties of about 5.4 x lOll kg/year (31) and multiplying
by an average F content of about 70 mg/kg (21), the total
amount of F liberated by coal combustion is about 37 x
106 kg/year. Our data indicated that in typical pulverized
fuel combustion as much as 95% and as little as 5% of this
amount will be emitted as vapor-phase F species. This is
roughly equivalent to previous estimates that place total
particulate and vapor emissions from coal, based on an
assumed 50% release of F to the atmosphere, at 15 x 106

(10) and 25 X 106 kg/year (14). At these levels coal com­
bustion represents about 15 % of the total domestic F
emission (10, 14). On a global scale, coal and other an­
thropogenic sources are minor compared to annual natural
emissions of about 2.5 X 1010 kg (32); consequently, F
pollution effects are likely to remain a local concern, as
they have in the past.

Global ammonia emissions from coal combustion have
been reported previously to be less than 2 X 109 kg/year
(33), an insignificant amount compared with the dominant
anthropogenic source-domestic animal feedlots at 23 X
109 kg/year (33)-and negligible compared with natural
emissions at 1 X 1012 kg/year (34). Our measurements
confirm this situation: assuming Unit I to be typical of
the U.S. coal-burning utility industry, no more than 6 X
107 kg/year of NH3 would be emitted in the U.S.
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Behavior of Methyltin Compounds under Simulated Estuarine Conditions
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• A 23 factorial design is used to study the behavior of
MeSnCI3, Me2SnCI2, and Me3SnCI under laboratory-sim­
ulated estuarine conditions. The quaternary system in­
cludes methyltin ions (5 ng/L as Sn), ionic strength (0-35
g of NaCI/L) fulvic acid (0-25 mg/L), and hydrous iron
oxides (0-1000 mg/L). Analysis of methyltin compounds
involves hydride generation, separation by chromato­
graphic packing material, atomization in a heated quartz
furnace, and detection by atomic absorption spectroscopy.
Removal of organotin compounds from solution after fil­
tration at 0.4 I'm is from 83 to 100% for MeSnCI3, from
28 to 66% for Me~nCI2' and from 15 to 28% for Me3SnCI.
Increasing ionic strength inhibits the removal of MeSnCI3
and Me2SnCI2' Fulvic acid concentration contributes to
increased removal of organotin compounds in saline waters
but prevents adsorption of Me2SnCI2 under freshwater­
simulated conditions. Higher iron oxide concentration
enhances removal of MeSnCI3and Me2SnCI2 but has little
effect on Me3SnCI. This study discusses mechanisms in­
volved and relates them to estuarine processes.

Introduction
There is widespread use of organotin compounds

throughout the industrial world for stabilization of poly­
vinyl chloride (PVC), as biocides, in coating processes, and
in antifouling paints. Two-thirds of organotin production
is diorganotin compounds such as a dimethyl- and di-n­
butyltin compounds. The ca. 27000 tons produced
worldwide in 1976 is expected to increase to 63000 tons
by 1986 (1). In 1976 approximately 4300 tons were released
in the environment. About 10% of the total organotin
compounds used in antifouling paints and as biocides and
slimicides entered the aquatic environment including its
sediment (2).

Generally for R = alkyl, toxicity is R,Sn "" R3Sn3+ >
R2Sn2+ > RSn3+ (l, 3). Their action on living organisms
is partially due to inhibition of oxidative phosphorylation
and partially by mediation of anion exchange across
membranes. The nature of the alkyl group determines
their toxicity in regard to different species. Compounds
of triethyl- and trimethyltin are toxic to mammals, whereas
tri-n-butyltin salts are known to affect molluscs, bacteria,
and fungi (4).

Estuaries are areas of high biological productivity, but
they receive high inputs of pollutants due to development
of harbors and leisure activities. The fate of methyltin
compounds in the estuarine environment is closely linked
to their partitioning in aqueous media. They either adsorb
onto particulate matter and are more likely to be trapped
in the estuary during transport or stay in the dissolved
phase. Dissolved species are more likely to be expelled to
the sea or directly ingested into the food chain and undergo
bioaccumulation processes.

Adsorption studies described the fate of heavy metals
in the estuarine environment (5-8). Most of these studies,
because of relatively high environmental concentrations,
emphasize adsorption of high concentration levels (l'g/mL)
onto various types of surfaces. Many of these previous
papers studied adsorption of heavy metals in binary sys­
tems in which the effect measured is dependent upon
variation of one parameter at a time. This type of study

ignores possible synergic effects between parameters.
Several researchers reported the occurrence of organotin

compounds in the aquatic environment. Mono-, di-, and
trimethyltin compound concentrations are in the 10-1000
ng/L range (9-12). Saline and estuarine samples contain
about 1-60 ng/L (9, 10, 12-14). Marine sediments, or­
ganisms, and shells also contain methyltin compounds (10,
13) at the 0.04-40 nglg level.

Modeling of the fate of methyltin ions under realistic
estuarine conditions requires a highly sensitive analytical
technique due to their low concentrations. This paper
describes studies of the partitioning of these compounds
at the nanogram per milliliter level under simulated es­
tuarine conditions with emphases on interactions of dif­
ferent parameters in a quaternary system including mono-,
di-, or trimethyltin chloride, ionic strength, fulvic acid, and
hydrous iron oxide. A 23 + 1 factorial design of experi­
ments and analyses of variance (ANOVA) allow deter­
mination of the most important parameters contributing
to removal of methyltin compounds during simulated es­
tuarine mixing conditions and led to conclusions about
removal mechanisms.

Experimental Section

Apparatus. A technique derived from Andreae and
Byrd (15) to determine methyltin compounds consists of
several steps each of which was separately and carefully
optimized. Methyltin compounds were volatilized by hy­
dride generation, swept from the reaction vessel, trapped
on a chromatographic packing material, released, atomized
in a heated quartz furnace, and detected by atomic ab­
sorption spectroscopy (AAS). The electronic signal was
filtered, amplified, and integrated.

The Pyrex reaction vessel was around-bottom flask of
5-cm diameter and 7-cm height. An injection port on the
side is capped by a septum. An internal standard and
NaBH, solution were injected through the septum. The
flask had a 1oo-mL sample volume, and its design resulted
in very little dead volume. There were connections for
carrier gas inlet and outlet. The sample solution was
stirred with a Teflon magnetic stirring bar. Methyltin
hydrides were trapped after hydride generation at liquid
nitrogen temperature in aU-shaped 45 cm long by 6 mm
o.d. trap packed with 2.5 g of 10% SP-21OO on Chromosorb
W (100-120 mesh). The trap was wrapped with a 28-gauge
Nichrome wire having a 30-n resistance. The atomization
furnace was aligned in the beam of an Instrumentation
Laboratory Model 951 atomic absorption spectrophotom­
eter (AAS). The 1.2 cm x 8 cm quartz furnace had two
inlets located at its center and facing each other. It was
wrapped with 26-gauge Nichrome wire, which had a 10-n
total resistance, and was insulated by two rows of asbestos
cord of 0.5-cm diameter. The electronic signal was am­
plified 10 times, filtered at 13 Hz, and recorded on a
Hewlett-Packard Model 3392 A integrator. Methyltin
compounds were identified by retention time and quan­
tified by peak area measurements.

Careful optimization of each step resulted in the fol­
lowing operating conditions. A 1oo-mL sample was purged
for 4 min prior to injection of the internal standard. Two
minutes later 1.5 mL of 4% NaBH, solution was injected.
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Tab\e I. Percent Methyltin Compound &moval by Hydrous Iron Oxide and Its Adsorption Efficiency for the 2' + I
Factorial Experiment'

parameter

IS, g of NaCljL
FA, mgjL
PM, mgjL

expt [S FA

\ + +
2 +
3 +
4
5 + +
6 +
7 +
8
9 0 0

10 0 0
11 0 0
12 0 0

PM

+
+
+
+

o
o
o
o

levels

MeSnCl, Me,SnCI" Me,SnCI

0 + 0 +

0 \7.5 35 0 \7.5 35
0 5 10 5 \5 25
0 \0 \00 \0 \00 \000

0/0 removalb removal efficiency,' pmoljg

MeSnCI" Me,8nCI, Me3SnCI MeSnCI3 Me,8nCI, Me3SnCI

98 55 28 0.413 0.023 0.012
97 66 17 0.409 0.028 0.007
93 56 18 0.392 0.024 0.007
96 60 15 0.406 0.026 0.006
ND 30 22 ND 1.30 0.921
ND 28 2\ ND 1.18 0.874
ND 35 20 ND 1.50 0.861
ND 44 22 ND 1.88 0.912
91 42 23 3.83 0.175 0.097
88 45 22 3.71 0.190 0.093
93 41 22 3.92 0.175 0.094
92 39 20 3.88 0.165 0.083

'Abbreviations: \S is ionic strength (g of NaCljL), FA is fulvic acid concentration (mgjL), PM is hydrous iron oxide concentration
(mgjL), and ND is not determined. b Percent removal is the percent compound removed by filtration. 'Removal efficiency is the micro­
moles of compound removed per gram of hydrous iron oxide. dThe percent removal is 83-100% with parameter ranges used for Me,SnCl,
and Me3SnCI.

Methyltin hydrides were swept into the trap for 8 min and
were desorbed from the trap during 7 min. Four gases were
used in the analytical procedure. Argon blanketed the
furnace from below resulting in a steadier base line and
preventing oxidation of Nichrome wire. Helium was the
carrier gas with a flow rate of 150 mL/min. Hydrogen and
oxygen were added to the furnace at 850°C. Hydrogen
was added to the carrier gas just before the furnace, and
the oxygen inlet was on the opposite side. The oxygen to
hydrogen ratio strongly affected sensitivity, and a flow rate
of 200 mL/min for hydrogen and 80 mL/min for oxygen
was optimum. Electronic parameters were set as follows.
AAS absorbance reading had a frequency of 0.2 s and scale
and gain were expanded 5 times. Integrator parameters
were attenuation 9, threshold 9, and peak width selection
0.16.

Because of the sensitivity of the technique and its de­
pendence on the hydrogen/oxygen gas flow ratio, a Me,Sn
internal standard was added with a 0.5-/LL Hamilton
syringe before reaction with NaBH,. A 68.9-ng sample (as
Sn) typically gave a 1.2 x 107 peak area (arbitrary inte­
grator units). All concentrations of tin compounds in this
paper are expressed as Sn concentrations. The technique
resulted in a linear calibration curve up to 3 ng/mL for
each methyltin compound, a reproducibility better than
4% at the 1 ng/mL level, and a detection limit of 5 pg/mL.
Retention times were SnH, (0.44 min), MeSnH3(1.59 min),
Me2SnH2 (2.48 min), Me3SnH (3.34 min), and Me,Sn (4.12
min).

Reagents. All glassware used for preparation, storage,
and dilution was soaked in 10% HN03 and rinsed with
deionized distilled water. Methyltin standards were
purchased from Ventron and used without further puri­
fication. Stock solutions of 1000 /Lg/mL MeSnCI3,
Me2SnCI2, and Me3SnCI were made in deionized distilled
water spiked with 0.2 mL of 5 M HN03. The Me,Sn
standard was prepared in distilled methanol and kept in
a sealed vial with a Teflon-coated septum. Stock standard
solutions were stored in the dark at 4 °C and were shown
to be stable over several months. New dilutions were made
from stock solutions for each experiment. NaBH, was

purchased from Aldrich Chemical Co., and a 4% aqueous
solution was made. Tin was detected in the 4% NaBH,
solution (80 pg/mL) and in reagent-grade HN03, but
concentrations were small enough to be neglected. Ad­
justments to pH 8 were made with 0.1 M NaOH. A 5000
mg/L hydrous iron oxide stock solution was prepared by
neutralization of an acidified 0.4 M iron(III) nitrate solu­
tion to pH 7 with carbonate-free 1 M NaOH solution. The
precipitate was washed with deionized distilled water,
centrifuged to separate solid and solution phases, and
resuspended in deionized distilled water (16). The con­
centration of hydrous iron oxide was determined by
evaporating to dryness a known volume. Solutions were
aged 2 months before use. Under these conditions the
cation exchange capacity was 45 mequiv/100 g and the pH
of zero point of charge was 8.4 (16). Fulvic acid solutions
were prepared by dissolving previously isolated fulvic acid
extracted from soil (FA) in deionized distilled water and
filtering at O.4/im prior to use. Weber and co-workers (17,
18) extensively characterized FA. Saline solutions were
prepared by dissolving analytical-grade NaCI in deionized
distilled water.

Methods. The appropriate amounts (Table I) of fulvic
acid (FA), hydrous iron oxide (particulate matter, PM),
and NaCl solution (ionic strength, IS) were mixed in
200-mL polycarbonate bottles and volumes increased to
95 mL with deionized distilled water. Samples were pre­
pared in random order. Solutions were shaken for 4 h
before the pH was determined with an Orion 701 A pH
meter and an Orion 91-04 pH electrode. pH values in the
2.5-3.5 range were reproducible from one set of experi­
ments to the next. Addition of 5 mL of a methyl tin com­
pound solution resulted in an initial concentration of 5
ng/mL. pH was readjusted to 8 with a 0.1 M NaOH so­
lution, and the whole experimental set was shaken for 12
h. Each sample was filtered by O.4-/Lm Nudepore poly­
carbonate filters using an apparatus described by Truitt
and Weber (19), and the filtrate was collected in a l00-mL
volumetric flask. Final pH values were consistently in the
7-8 range. Each sample was spiked immediately with 0.2
mL of 5 M HN03 to bring the pH to 2 and decrease ad-
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Figure 1. Influence of Ionic strength (IS) on removal of MeSnCI3 (a),
Me,SnCl, (b), and Me3SnCI (c). Low PM experiments not done for
MeSnCI3. (e) +FA, +PM; (0) -FA, +PM; (.) +FA, -PM; (0) -FA,
-PM.
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estuaries. To achieve realistic conditions, the initial me­
thyltin compound concentration is 5 ngjL (as Sn). This
initial concentration allowed us to measure greater than
95% removal. After variable levels were established, low,
center point, and high levels were, respectively, coded as
(-),0, and (+). The 23 + 1 experimental design and pa­
rameter values are shown in Table I. Experiments were
done in random order to avoid systematic errors such as
personal bias or aging of solutions.

Results
Background Losses. To determine the validity of the

results obtained, analytical losses due to clogging of the
filter (27) and adsorption on container walls were assessed.
Small (100 mL) sample volumes prevented clogging of the
filter. To measure adsorption on walls, we did duplicate
experiments for each methyltin compound at the (+ + +)
and (---) levels (Table 1). Adsorptive losses were less than
1% for MeSnCI3, 2% for Me2SnCI2, and 1% for Me3SnCI
in all cases. These losses were smaller than percent relative
standard deviation (% RSD) calculated for each center
point replicate, and therefore, no adsorption corrections
were necessary.

General Results. The results of quantitative removal
of methyltin chlorides by filtration are shown in Table I
and Figures 1-3. Table I indicates that each methyltin
cWoride has a different behavior under simulated estuarine
conditions. A first set of experiments with the parameter
ranges used for Me2SnCl2 and Me3SnCI (Table I) resulted
in 83-100% removal of MeSnCI3. Because of the narrow
range of removal, we repeated the experiments using lower
FA and PM (Table I). Even with these conditions, removal
of MeSnCl3 was nearly complete (88-98%). The removal
of Me2SnCl2 ranged from 28 to 66% and showed a greater
dependence on parameter settings. Me3SnCI removal had

sorption on walls. Samples were diluted 2-fold to fit the
linear part of the calibration curve and immediately ana­
lyzed by the technique described above. Calculations were
made from internal Me.Sn standards, and results were
expressed as percent compound removed by filtration. One
set of 12 factorial experiments was performed for each
methyltin compound. The relative standard deviation for
four center points was 2% for MeSnCI3, 6% for Me~nCI2'
and 6% for Me3SnCI.

Adsorption on walls was measured at the (+ + +) and
(---) levels (Table I) in duplicate for each methyltin
compound. After a 12-h equilibration solutions were re­
moved from the 200-mL polycarbonate bottles, and 100
mL of deionized distilled water was added to them. The
water was acidified to pH 2 with 5 M HN03, and the
leaching solution was shaken for 4 h. Leaching solutions
were analyzed as described above.

In some cases FA remaining in solution after filtration
was determined by measuring absorbance at 260 nm with
a Cary 14 spectrophotometer (17).

Factorial Experimental Design
Factorial design of experiments enables us to simulta­

neously investigate the effects of all parameters and their
combinations on removal of methyltin compounds. This
experimental design was chosen for several reasons (20,
21). (1) Complexity of the system causes less meaningful
results when only one variable at a time is changed. (2)
Factorial experiments furnish the greatest amount of in­
formation for the fewest experiments. (3) Significant ef­
fects can be separated from nonsignificant ones. (4) The
effect of one parameter on other parameters can be mea­
sured. When there are n parameters to consider, 2n ex­
periments are necessary to measure the effects of all com­
binations of parameters when testing at high and low
levels. Then n + 1 center point experiments detect any
nonlinearity in the experimental response and allow ran­
dom error determination. Results of all experiments are
statistically analyzed by analysis of variance (ANOVA).

Because of the complexity of estuarine processes and
interactions of parameters during seaward transport, this
design is most appropriate. It enables us to quantify the
significance of single and multiple parameters affecting the
removal of methyltin compounds at any confidence level.
Validity of the experimental design lies in the choice and
range of parameters chosen to realistically model a system
and obtain statistically significant response. Among the
important parameters in estuarine processes we chose three
in belief that they and their combinations account for
major nonbiological processes regulating the partitioning
of heavy metals between estuarine particulate and dis­
solved phases. Salinity is the reference scale for estuarine
processes (22, 23). Its effect is only considered here
through changes in ionic strength (IS) for simplicity. We
chose hydrous iron oxide as a model particulate (PM) and
fulvic acid (FA) extracted from soil (18) to model riverine
dissolved organic carbon. This fulvic acid from soil is very
similar to that isolated from water (18). Iron oxides and
organic matter are important scavengers of heavy metals
in aquatic environments (24-26).
. This study used parameter levels that cover ranges

normally found in estuaries. The ranges were ionic
strength (0-35 g of NaCljL), fulvic acid concentration
(0--25 mgjL), and particulate matter concentration (0--1000
mgjL). Saline values of 0, 17.5, and 35 gjL of NaCl,
respectively, model the ionic strength, corresponding to
freshwater, estuarine mixing, and seawater conditions.
Varying PM concentrations on a log scale allowed us to
simulate conditions found in microtidal and macrotidal
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Figure 2. Influence of fulvic acid concentration (FA) on removal of
MeSnCl, (a). Me,SnCl, (b). and Me,SnCI (c). Low PM experiments not
done for MeSnCI,. (e) +15. +PM; (0) +IS. -PM; (-> -IS. +PM; (0)
-IS, -PM.

Table II. Statistical Significance of Parameters·

effect' Me,SnCl, Me,SnCI

IS 9.55 12.39
FA 5.05 10.74
PM 197.37 3:i6
IS·PM o:3l 12.74
IS·FA 1.26 6:25
FA·PM 13.34 8.63
IS·FA·PM 6:39 1.91
LOF 11.60 2.60

'Underlined values indicate significance at the 95% confidence
level. The literature F value for 95% confidence level is 10.13.
'Abbreviations: IS is ionic strength, FA is fulvic acid concentra­
tion, PM is hydrous iron oxide concentration, and LOF is lack of
fit.

a range of 17-28%. Figures 1-3 show the separate effects
of IS, FA, and PM on methyltin compound removal. The
lines between pairs of points do not represent removal
isotherms but indicate general trends. The slope of a line
is significantly nonzero if its high and low values vary more
than the % RSD for the compound determined from the
center points.

Table II gives the ANOVA results of the 23+ 1 factorial
experiments for Me2SnCl2 and Me3SnCI. ANOVA sta­
tistical analysis of data could not be applied to MeSnCl3
because of the absence of PM in vials 5-8 (see Table I).
Underlined values are significant at the 95% confidence
level.

Table II shows the statistical significance of IS, FA, PM,
their combinations, and lack of fit for Me2SnCl2 and
Me3SnCl experiments. PM and the FA·PM combination
are significant for Me2SnCl2 removal. The very high PM
value (197.37) indicates its overwhelming importance, and
the steep slopes in Figure 3b confirm this result. The high

Figure 3. Influence of particulate mailer concentration (PM) on re­
moval of MeSnCI, (a), Me,SnCl, (b), and Me,SnCI (c). Low PM ex­
periments not done for MeSnCI,. (e) +15, +FA; (0) +15, -FA; (_)
-IS, +FA; (0) -IS, -FA.

PM value also accounts for the significance of the FA·PM
combination. Significant parameters for Me3SnCl are IS,
FA, and IS·PM. Low values for IS and FA in Table II
indicate that these parameters are less important than PM
for removal of Me2SnCI2'

The lack of fit, which originates from ANOVA calcula­
tions, allows a testing of the curvature of experimental
response surfaces. Significance of the lack of fit term
means that there is not a linear response to the parameter
tested (20). Me2SnCl2 has a significant lack of fit. This
result is expected since adsorption of heavy metals is not
linear with increasing IS or PM under simulated estuarine
conditions (8). The reasons for the nonsignificant lack of
fit for Me3SnCI is not completely clear but might indicate
a different removal mechanism or result from the small
overall removal range in our experiments.

Identification of nonsignificant parameters can also be
helpful, but this information must be used cautiously. A
parameter might be regarded as nonsignificant either be­
cause it has no real interaction in the processes or because
it has opposing responses with respect to two other vari­
ables. For example, FA is not statistically significant for
Me2SnCl2 (Figure 2b) because effects of ionic strength at
high PM (e and _) oppose those at low PM (0 and 0).
The result of the ANOVA calculations is a value of 5.05
for FA in the Me2SnCl2 experiment (Table II). Interpre­
tation of nonsignificant combined effects poses similar
difficulties.

Influence of Parameters on Organotins Removal.
In most cases increasing NaCl concentration results in
decreased methyltin compound removal (Figure 1). This
trend is most pronounced for MeSnCl3(Figure la) at low
FA and high PM (0) and for Me~nC12 (Figure Ib) at low
PM and FA (0) or high PM and FA (e). However, there
are statistically significant opposite trends for Me2SnCl2

Environ. Sci. Technol., Vol. 19, No. 11, 1985 1107



(Figure Ib) at high FA and low PM (_) and for Me3SnCl
(Figure Ic) at high PM and low (0) or high (e) FA. The
usual effect of increasing FA is increased removal of me­
thyltin compounds (Figure 2). However, in some cases,
e.g., for Me2SnCl2 (Figure 2b) at high IS and PM (e) the
trend is not statistically significant. The influence of FA
on removal of Me2SnCl2 (Figure 2b) is ambiguous and, as
previously explained, can lead to erroneous interpretation
of ANOVA results. At freshwater IS, increasing FA results
in increased removal at high PM (e), but low PM and high
(0) or low (0) IS result in less removal with increasing FA.
As expected (8, 23) increased PM increases removal of
Me2SnCl2 (Figure 3b). Me3SnCl (Figure 3c) is an anomaly
because only the high IS and FA data (e) agree with the
general trend. The other three combinations are strongly
opposed.

Table I also contains data on the removal efficiency of
each methyltin compound by hydrous iron oxide. Removal
efficiency is defined as micromoles of methyltin compound
removed per gram of hydrous iron oxide. Several kinds
of results are important. First, for all three compounds
the removal efficiency decreases significantly as PM con­
centration increases. Second, at any PM level the effi­
ciency of removal is not affected by IS or FA. Third,
removal efficiency is MeSnCl3» Me2SnCl2 > Me3SnCl.

Discussion
One major mechanism for removal of metal species from

the dissolved phase of natural waters is adsorption onto
particulate matter. A second one is coagulation in which
the removed species might be adsorbed on or trapped
within newly formed particulate matter. The strength and
nature of interactions of methyltin species depend on the
nature of the hydrolyzed compounds in water, the charge
on the adsorbing surface, and the types of dissolved
species-particulate matter attractive forces. In general,
these forces include attractions between ions and dipoles,
between dipoles and dipoles, and van der Waals forces.

Removal Mechanisms. Previous workers (28, 29) re­
ported that Me2SnCl2 and Me3SnCl exist, respectively, as
+2 and +1 ions at low pH. However, at pH 8 it is likely
that neutral Me3SnOH, Me2Sn(OHb and MeSn(OH)3
exist in the absence of chloride ion (30,31). The species
would be hydrated to a coordination number of five or six.
Cl- probably competes effectively with OH- at IS = 35 g
of NaCI/L to form unknown, probably neutral, species.
Omar and Bowen (28) assume that MeSnCl3 reacts very
weakly with humic substances and forms polymeric species,
but we know of no other data on the nature of MeSnCl3
in water.

The zero point of charge of hydrous iron oxide is at pH
8.4 (16). Thus, at pH 8 it will have a slight positive charge.
In our experiments the mixing of hydrous iron oxide and
FA results in a solution with pH 2-3. In this pH range
most FA will be adsorbed (32, 33), and the FA-coated
particle will have a negative charge (34, 35). In addition
absorption due to increased ionic strength might induce
coagulation (36) to form amorphous FA-PM particles.
Therefore, in our system we are adding predominantly
neutral methyltin species to negatively charged hydrous
iron oxide-FA aggregates. Adjusting the pH to 8 and
shaking for 12 h brings the system to a new equilibrium
before filtration. At 10 mg/L PM, FA is present in excess
as determined by measuring the absorbance of the filtrate
at 260 nm. When PM is 1000 or 100 mg/L, however, FA
is nearly 100% removed. These observations are in
agreement with the adsorption capacity of FA on goethite
determined by Tipping (32) to be 75 mg/g. Increasing
salinity at constant FA and PM increases FA removal.
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Removal of methyltin compounds in our experiments
could occur by many processes. We rule out adsorption
on walls on the basis of previously mentioned experiments,
and precipitation is unlikely at the low concentrations used
in the experiments. We assume that methyltin species
removal is due to adsorption, coagulation, or both processes
simultaneously. We cannot differentiate the two processes.

Davis and Leckie (37) and Bourg (38) described an ad­
sorption model for metal ions (M2+) (eq 1). In our ex-

(SH)m + M2+ ;=t SmM(2-m) + mH+ (1)

periments SH is -OH on hydrous iron oxide and -COOH
from FA. If we assume that all FA coats the hydrous iron
oxide surface or stays in solution, calculation of total
available methyltin species binding sites is possible.
Calculations using data such as 75 mg/g of FA adsorbed
on the surface (32), 6.7 mmol/g of -COOH in FA (17), and
0.35 mmol/g of S-OH (23) lead to the result that total
adsorption sites available in our experiments vary from
0.503 to 35 /Lmol. Thus, in our experiments micromoles
of S-OH plus -COOH adsorbing sites exceed those of
methyltin compounds by factors of 100-8000. Yet our
results (Table 1) indicate significantly incomplete removal
of Me2SnCl2 and Me3SnCl. Occlusion of -OH and -cOOH
binding sites within PM·FA aggregates may partially ac­
count for this discrepancy. In contrast experiments with
alum, FA, and Cu2+ result in high Cu2+ removal (17).

The metal ion adsorption model clearly cannot satis­
factorily explain our results. The fact that methyltin
species in solution are neutral means that most likely the
results are explainable on the basis of polarity of methyltin
molecules rather than their ionic charges. The importance
of their dipoles probably accounts for the inaccuracy of
the model. Available evidence (28,39) based on molecular
shapes suggests the following polarity order: MeSnCl3>
Me2SnCl2 > Me3SnCl. The corresponding efficiency of
removal (Table 1) suggests that adsorption might occur by
one or more of ion-dipole, dipole-dipole, or van der Waals
forces, but our experiments do not distinguish these
bonding mechanisms.

Importance of Ionic Strength. Usually, the metal ion
adsorption model predicts less adsorption at high IS due
to competition of Na+ with metal ions for PM sites and
competition of Cl- with PM sites for metal ions (6-8). In
addition Na+, with increasing salinity, reduces the volume
of the particulate matter double layer (40), saturates the
PM surface, and partially neutralizes -COO- groups of FA
bound to it leading to a less negative PM charge. Orga­
notin dipoles will therefore be less attracted to PM at high
NaCl concentrations. In the case of Me2SnCI2 (Figure Ib),
high FA and low PM (_) allow some of the FA to remain
in solution. This effect is enhanced at higher ionic
strength, resulting in decreased removal of Me2SnCI2 since
Me2SnCl2 binds more strongly to free than to adsorbed FA.
For Me3SnCl at high PM and high (e) or low (0) FA
almost all FA is adsorbed. Na+ adsorption on the PM·FA
aggregate can displace weakly bound trimethyltin species,
or Ct might bind to Me3SnCI and prevent its adsorption.
Second, increased IS might lead to coagulation processes
involving hydrous iron oxide and FA by destabilization of
the FA-coated, negatively charged colloids by seawater
cations (42). At high IS and FA, the increased removal
of Me3SnCI could also be accounted for by salting out of
the methylated tins and partitioning into the absorbed
organic phase. Coagulation might selectively remove di­
and trimethyltin species. We are presently unable to
distinguish these two mechanisms.

Importance of Fulvic Acid Concentration. FA like
IS plays conflicting roles. The general trends (Figure 2)



of increasing methyltin compound removal as FA increases
is caused by increased FA adsorption on PM and enhanced
capacity of the PM·FA aggregate for adsorption of me­
thyltin species. However, consideration of Me2SnCI2
(Figure 2b) shows that adsorption is higher at high PM
(e and _) than at low PM (0 and D) for low or high FA
values. Furthermore, increased FA at low PM significantly
decreases removal, while the opposite trend occurs at high
PM. These results suggest that excess FA in solution
complexes the dimethyltin species, preventing its adsorp­
tion. Several papers (43-46) reported the same effect with
Cu2+ and FA because of Cu2+-FA complex formation. A
similar phenomenon might occur for Me2SnCI2 and FA (eq
2). (Fulvic acid has a 3- charge in eq 2 because it has

Me2Sn(OH)2 + FA3- <=' Me2Sn(FA)- + 20H- (2)

about three -eOOH's per average molecule.) The resulting
negative charge of Me2Sn(FAt prevents its adsorption on
negatively charged PM·FA.

Importance of Particulate Matter Concentration.
Increasing PM generally enhances removal of metal ions
by providing more exchange sites, and the same trend
might occur with methyltin compounds. The expectation
is true for Me2SnCI2 (Figure 3b) in which the percentage
change is the highest for any set of data in this paper.
However, Me3SnCI (Figure 3c) shows very different be­
havior, as three of four cases show decreased removal with
increased PM. Because anomalous trends occur with
various combinations of IS and FA levels, their rational­
ization must lie in the difference between Me2SnCI2 and
Me3SnCI. The answer is probably related to the nonpolar
trigonal plane of the Me3Sn group (28, 39). Apparently
this group has little affinity for PM·FA except for high PM
and FA values (e) at high ionic strength.

Parts band c of Figure 3 reveal that even low PM re­
moves significant amounts of methyltin species. Data in
Table I that show increased PM removal efficiency at low
values anticipate this result. Furthermore, Tipping (32)
demonstrated that at low humic matter/goethite ratios,
humic substances confer more negative charge on the iron
oxide surface per humic matter mass adsorbed than at high
ratios. Thus, low loadings have higher adsorption capacity
than high loadings. As the concentration of suspended
solids and ionic strength both increase, collisions among
particles resulting in aggregate formation are more prob­
able. These larger particles have less surface area per
volume. The result is the adsorption efficiency of hydrous
iron oxide for methyltin compounds decreases.

Conclusions
Factorial experiments are very effective for modeling of

estuarine processes. Besides quantitative percent removal
values for a variety of conditions, ANOVA calculations
assess the significance of all parameters and their inter­
actions.

The range of removal of methyltin compounds under
conditions identical for each compound is MeSnCl3
(83-100%) > Me2SnCI2 (28-66%) > Me3SnCI (15-28%).
At pH 8 mono-, di-, and trimethyltin species are likely to
be neutral, and FA-coated PM is negatively charged.
There are probably two removal processes. First, attractive
forces of adsorption are probably ion-dipole, dipole-dipole,
and van der Waals ones. In agreement the percent removal
is proportional to the polarity of methyltin compounds.
Second, coagulation of hydrous iron oxides and FA under
simulated estuarine mixing conditions can cause adsorp­
tion and entrapment of methyltin compounds.

Ionic strength, which is the most important parameter
in many cases, plays an ambiguous role. Most significant

trends show less methyltin compound removal at high
NaCI concentrations. Increased FA generally leads to
increased removal of methyltin species. Apparently excess
FA in solution complexes the dimethyltin species pre­
venting its adsorption. High PM enhances removal of
Me2SnCI2 but generally not of Me3SnCI. The reason for
this behavior is not clear but must relate to the nonpolar
nature of Me3SnCI in water.

The first overall conclusion is that during estuarine
processes MeSnCI3 will be almost completely adsorbed,
Me2SnCI2 will be in adsorbed and dissolved phases, and
Me3SnCI will be predominantly in the dissolved phase.
Thus, the most toxic Me3SnCI presents an immediate
threat due to bioaccumulation. The second major con­
clusion is that methyltin species show a very different
behavior from metal ions such as Cu2+ and Cd2+ in simu­
lated estuarine systems.
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Microcomputer-Controlled Two Size Fractionating Aerosol Sampler for
Outdoor Environments

Hans-Christen Hansson' and Stefan Nyman

Department of Nuclear Physics, Lund Institute of Technology, 5-223 62 Lund, Sweden

• A microcomputer-controlled aerosol sampler has been
constructed to give an optimized sampling system for
measurements in outdoor environments compatible with
particle-induced X-ray emission (PIXE) analysis. Aero­
dynamic, mechanic, and electronic principles of this sam­
pler are discussed. The sampler has a capacity of 70
samples at the maximum flow rate of 5 L/min. The larger
particles are collected on an impactor stage, and the
smaller particles are deposited on a filter after the im­
paction stage. It is easy to vary the cutoff diameter from
1 to 5 I'm and the deposition area on the filter to suite the
demands of the specific sample situation or to obtain the
best possible detection limits. Tests carried out to in­
vestigate internal losses, impactor characteristics, and filter
efficiency are presented. At the maximum flow rate the
total losses, including wall losses, bounce off, and filter
leakage, are of the 5-15% range for particle sizes between
0.05 and 10 I'm,

Introduction
During the last decade, extensive development of in­

creasingly sophisticated aerosol samplers for outdoor en­
vironments has taken place. The early types of simple
total aerosol samples (e.g., the high volume samplers) were
found to be poorly suited to new analytical methods. The
requirements for certain standards for sampling aerosols
grew with increasing knowledge of physical and chemical
properties of the aerosol.

Different X-ray spectrometric analytical methods such
as X-ray fluorescence (XRF) and particle-induced X-ray
emission (PIXE) proved to be very useful tools in the field

of research on the atmospheric aerosol (J, 2). In particular
PIXE has been used in studies of the elemental compo­
sition of the atmospheric aerosol with high time and size
resolution, yielding new knowledge about the transport,
transformation, and deposition of heavy-metal containing
aerosols (3-5).

Several aerosol samplers suitable for these analytical
techniques have been used in studies concerning the at­
mospheric aerosool. The dichotomous sampler (6) for XRF
and the continuous filter sampler (the streaker) (7) and
the Battelle cascade impactor for PIXE are some of the
most frequently and successfully used instruments.

Investigations concerning the physical properties of the
atmospheric aerosol gave strong evidence for a trimodal
log-normal particle size distribution. The components of
the mass distribution containing most of the mass are the
accumulation and coarse modes (8), with the two modes
often having different origins. The latter is mostly con­
nected with mechanical processes such as sea-spray gen­
eration and soil resuspension while the former contains
particles from the high- and low-temperature condensation
processes, e.g., combustion and gas to particle conversion.
Hence, the chemical compositions of these modes differ.
Together, this makes separate collection necessary. The
minimum of mass concentration between the coarse and
the fine mode is usually found to be in the region of 1.0--2.5
I'm (8, 9).

Exposure of humans and deposition on, for example,
vegetation are other important processes to be considered
in the sampling of aerosols. The deposition rates on dif­
ferent kinds of vegetation are not well-known, since other
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parameters besides particle size distributions influence the
deposition processes such as surface characteristics and
meteorological factors.

The deposition processes in the human lung have been
measured and calculated in many different studies (10, 11).
As a result of these and other similar reports a convention
has been proposed by the Ad hoc Working Group ap­
pointed to International Standards Organization (ISO)
technical committee 146 (12) for application in the sam­
pling of airborne particles. The convention is thoroughly
discussed by, for example, Ogden (13) and Lippmann et
al. (14). The 50% cutoff of the ambient particles (not
inspired) for the alveolar convention of the British Medical
Research Council (BMRC) is 4.5 !Lm and for the American
Conference of Governmental Industrial Hygienists
(ACGIH) is 3.2 !Lm. For groups other than healthy adults,
all the diameters are reduced 29% for the alveolar con­
vention, which gives the cutoff diameter 2.2 !Lm for the
ACGIH alveolar convention.

For the thoracic convention we have 8.7 !Lm according
to both the BMRC and the ACGIH (=10 !Lm in case of
50% cutoff of the inspired fraction).

By compiling this knowledge about the requirements for
concentration data in specific particle size fractions, it can
be concluded that, for most applications, two fractions are
needed: one fine particle fraction with no lower cutoff and
a cutoff toward the coarse fraction. The cutoff between
the fractions can be chosen to be between 1 and 5 !Lm
depending on the specific purpose of the sampling. To be
able to sample according to the alveolar and thoracic
convention discussed above, the sampler has to be able to
handle particles up to 10 !Lm without significant internal
losses. The study of the total coarse mode or particles
under consideration in the extra thoracic convention
(5-150 !Lm) (12) is very complicated due to the great dif­
ficulties in sampling particles with aerodynamic diameters
larger than 15-20 !Lm in an unknown wind field.

Aerosol concentration can vary over several decades in
different atmospheric environments, e.g., when going from
the Arctic to urban air. Therefore, it is very convenient
if the sample mass per unit area can be controlled, in order
to maintain lowest possible detection limits in the analysis,
by changing the flow rate and/or changing the deposition
area.

Other properties of importance in an "all-round" sampler
are facilities for automatic sequential sampling and control
and/or recording of the flow rate during sampling. The
degree of automation should be high enough for the sam­
pling strategy to be as free as possible from constraints
caused by the sampler. Of course, high reliability is also
of great importance.

Technical Description
Principles. As a consequence of the considerations

discussed above, a sampler was constructed to collect two
size fractions and up to 10-!Lm size particles without sig­
nificant internal losses.

To define the cutoff between the coarse and fine frac­
tions, an impactor was chosen on the grounds of its
well-known characteristics (15). When a change in cutoff
is required, it is relatively easy to modify the impactor
without causing any significant change in the particle
losses. Conventional impactors are often rejected due to
the problem of particle bounce off. This problem cannot
be completely solved by using an adhesive grease, because
particle to particle bounce will increase during the sam­
pling. If the aerosol is dry, bounce off can cause very large
errors (16). A good solution to this problem has been
proposed and experimentally verified by Reisch! and John

(16). They used an oil with low viscosity that was con­
tinuously fed to a porous impaction plate during sampling.
The oil did not only wet the impaction plate but also the
particles, due to its low viscosity. With this system the
bounce off was reduced to below 1%. In a basic study
Dahneke (17) has shown that the particle bounce off is
directly related to the particle velocity and can by reduced
by decreasing the impaction jet velocity.

For the fine particle collection a filtration stage was
chosen. To facilitate repositioning for a new sample and
later analysis, it is favorable to use a strong thin membrane
fJ.Iter. Nuclepore has been found to suit both the analysis
as well as the sampling procedures (7). In the "streaker"
sampler, the Nuclepore filter is used with a simple me­
chanical device, which makes it possible to collect many
samples on one filter (7).

A major drawback of the Nuclepore filter is significant
pore clogging caused by aerosols with high particle con­
centrations within certain size fractions, especially very fine
particles (18). The flow rate has to be monitored and, if
possible, controlled during sampling. The strategy used
for the present sampler is to compare the flow rate with
a preset value. If necessary the sampling is stopped and
continued on the next fresh sampling area on the filter.
The time at which the sample was changed is recorded.

The maintenance of the sampler, manual changing of
filters, and manual checking of flow rate, pumps, and so
forth are today often the most expensive and limiting part
of sampling programs. Therefore, we made the filter strips
large enough to accommodate many sample positions. To
utilize the filters as efficiently as possible, the sample area
for each sample, as well as the distance between different
samples, can be changed for different flow rates.

Mechanics. Figure 1 shows the essential features of the
sampler. The aerosol enters through the impactor nozzle
which is an eight-hole multijet nozzle for the maximum
flow rate of 5 L/min. The jet holes are 1.1 rom in diameter.
At a flow rate of 5 L/min the nozzle will give a cutoff at
about 2-!Lm aerodynamic diameter. The multijet is pre­
ferred due to the lower air jet velocity and the larger area
of deposition to decrease bounce-off effects. A Nuclepore
filter is chosen as deposition foil. The filter strip is glued
on to a plastic frame (2.5 x 20 cm). Four frames with
impaction foils together form a ring and are mounted on
the side of a cylinder. The parts of this surface underneath
the foils are made of porous plastic, which can be soaked
in low viscosity silicone oil. The oil is then drawn out to
the deposited aerosol through the foil by capillary forces.
Inside the cylindrical impaction surface there is a second
concentric cylinder supporting the four plastic filter frames
of the filtration stage. This supporting cylinder has a
diameter 2 cm smaller than the cylinder supporting the
impaction substrate. Underneath the filtration stage a
Teflon mouthpiece streaks along the filter surface. This
mouthpiece is connected to a pump and has an 8-mm
diameter allowing a maximum flow of 5 L/min. This
reduces the pressure by 270 mmHg (relative to atmos­
pheric pressure) for a filter with 0.3-!Lm pore size. As a
result of this reduction in pressure, the fJlter is sucked close
to the mouthpiece without significant leakage. To measure
the flow rate, an electronic pressure gauge downstream of
the filter is used to measure the pressure drop over a valve.
The two concentric cylindrical surfaces, carrying the im­
paction and filter surfaces, are attached to the same cir­
cular disk. The disk is connected through a gear to a
stepping motor. When this disk is turned, a new sampling
position is obtained with fresh impaction and filtration
surfaces. At the maximum flow of 5 L/min the maximum
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elemental concentrations from the PIXE analysis.

Testing Procedures and Results
Different kinds of laboratory experiments have been

performed to test the existing prototype with respect to
the demands concerning its aerodynamical properties
discussed above.

Internal Losses. The sampler was tested for submicron
particles with an aerosol of CuSO, produced with the
equipment shown in Figure 2. The use of a dry aerosol
was justified since bounce-off effects were not considered
to cause any significant changes in the results for these
particle sizes. A constant output atomizer (Thermo Sys­
tem Inc. TSI 3075) produced a polydisperse aerosol. An
electrostatic classifier (TSI 3071) was used to select a
well-defmed particle size, and after passing a 85Kr {3 source,
the aerosol was drawn through the sampler without any
filter and into a mixing chamber at a flow rate of 5 L/min.
A sample of 0.3 L/min was drawn from the mixing cham­
ber into a condensation nucleus counter (TSI 3020).

Figure 2. Experimental setup for penetration measurements at sub­
micron particle sizes.

number of sampling points is 70.
Electronics. To allow the most possible freedom of

choice of sampling strategy, a dedicated microcomputer
was developed. This processor allows full control of the
sampler by setting, for example, start time, interval be­
tween samples, sampling lengths, etc. If something ab­
normal occurs, suitable action can be taken, e.g., forced
rotation of the cylinder to a new sampling area due to
deviation from the preset flow rate.

The computer also stores relevant data from optional
external sensors, e.g., wind speed, wind direction, and
relative humidity. For that purpose, it is equipped with
an interface for voltage/frequency converters and a non­
volatile memory for data collection.

The computer is constructed around a C-MOS micro­
processor (to obtain high noise immunity and low power
consumption), CDP 1805 (RCA), with a structure suitable
for small controlling units with a limited need for arith­
metic operations.

The program is written in assembly language to obtain
a compact code in a 2-KB Erasable Programmable Read
Only Memory (EPROM), and was developed by using an
RCA Microboard Computer Development System. In
order to be able to make program modifications quickly
and easily, a combined editor assembler has also been
developed.

The current program is an interrupt driven (50-Hz) real
time system that has the following features: (1) setting
time (month, day, hour, and minute); (2) setting start time
for sampling; (3) setting sampling interval and length in
minutes; (4) setting the separation between sample posi­
tions (1-99 motor steps); (5) manual control of stepping
motor; (6) forced sample switching due to deviating flow
rate; (7) storage of the absolute time and duration for each
sample in a 16-KB EPROM together with the values of the
variables in 1, 2,3,4, and data from the optional analog
channels; (8) storage of the flow rate during sampling; (9)
stopping the pump during rotating. The data stored in
the EPROM can be read by the developed programming unit
and can easily be transferred to the same data base as the
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Figure 3. Efficiency for particle penetration through the sampler
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Figure 4. Experimental setup for studying internal losses of particle
sizes between 0.5- and 15-/lm aerodynamic diameter.

Penetration was determined by comparing the concen­
trations with and without the sampler, and the results are
shown in Figure 3. During early experiments it was found
that the penetration for the smaller particles varied from
time to time and that the losses could exceed 25% with
an electrically nonconducting interior. Thus, the experi­
ments were performed with the interior in contact with
the air stream covered with a conducting layer of silver
collodial paint. The penetration was found to be between
90 and 100% throughout the whole measured particle size
interval 0.02-0.5 /lm. Since particle losses increase with
decreasing particle size, the losses are most probably due
to diffusion losses.

The tests were performed for both the multijet and a
single jet impaction nozzle to find out if submicron par­
ticles were influenced by using quite different types of
impaction nozzles. The two sets of results are in good
agreement and differ at most by 2-3%.

The sampling efficiency, including the filter stage, for
particles larger than 0.5 /lm was determined by using
monodisperse methylene blue aerosols from a vibrating
orifice generator (TSI 3050). The aerosol was homogenized
in a mixing chamber and sampled with the sampler and
a reference filter (Figure 4). To check whether the aerosol
was quantitatively deposited within the area supposed to
be analyzed with PIXE, that is, a circular area of 8-mm
diameter, the impaction and filtration areas were punched
out, and the methylene blue was dissolved in ethyl alcohol
and analyzed with a spectrophotometer (Unicam SP1800,
660 nm). A summary of the results obtained for the ab­
solute sampling efficiency of particles larger than 0.5-/lm

Figure 5. Collection efficiency for Nuclepore liner w~h pore sizes 0.3
and 0.4 /lm at differential pressures of 300 and 600 mmHg.

polydisperse
aerosol

5lpm

nebulizer

clean dry air

Figure 6. Experimental setup for the characterization of the impactor
in the sampler.

aerodynamic diameter is shown in Figure 3.
Filter Efficiency. The Nuclepore filter was found to

fit our sampling and analytical procedures best. The filter
efficiency for two different pore diameters, 0.4 and 0.3 /lm,
was tested according to a procedure described elsewhere
(19). The O.4-/lm pore diameter filter was tested at 300
and 600 mmHg pressure drop, while the 0.3-/lm filter was
tested only at 300 mmHg (a pressure drop of 600 mmHg
caused the filter to break). The flow rates obtained were
2.8 and 5 L/min for the 0.4 /lm filter at pressures of 300
and 600 mmHg, respectively, and 5 L/min for the finer
filter. The results are presented in Figure 5. For the same
flow rate the same efficiency is achieved for the two pore
sizes, but when the flow rate is decreased, thereby de­
creasing the pressure drop, the efficiency changes by up
to 10% for certain particle sizes (which can be of impor­
tance when sampling an aerosol with a significant amount
of mass below 0.1 /lm). The 0.3-/lm filter was found to
break occasionally at the pressure drop tested. However,
we see that, at the high pressure drop used in this study,
there were no large losses for particles above 0.05 /lm.
Similar, much more extensive measurements have been
performed by Liu et al. (20) which provide data for other
pore sizes and flow rates. Particles with diameters below
0.05 /lm do not represent significant mass in the atmos­
pheric aerosol.

Leakage between the filter and the Teflon mouthpiece
was measured by using a polydisperse submicron methy­
lene blue aerosol. The collection efficiency was measured
in an experimental setup similar to that for larger particles
(see Figure 4). The leakage was found to be less than 2%.

Particle Size Fractionation. The impaction charac­
teristics were determined by a penetration test without any
filtration stage. By comparison of the penetration effi­
ciencies with and without the impaction surface the im­
paction characteristics are obtained. The experimental
setup can be seen in Figure 6 and consists of a polydisperse
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Figure 8. Single jet impactor characteristics obtained with the DOP
aerosol. Error bars show one standard deviation on the measurements
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Figure 7. Mu~ijet impactor characteristic obtained wijh the DOP
aerosol. Alveolar convection for sick or infirm rather than healthy
adults ( 17) is also shown. Error bars show one standard deviation on
the measurements made (only given when> 1%).

Conclusions

An automatic two-stage aerosol sampler for stationary
sampling in varying outdoor environments has been con­
structed and tested. The sampler is constructed to give
an optimized sampling and analytical system together with
PIXE for atmospheric aerosol measurements. The sampler
can work with varying flow rate of up to 5 L/min. The
cutoff point between the two size fractions is defined by
an impaction stage, which can have a cutoff between 2 and
5 I'm. The internal losses including wall losses, bounce off,
and filtration leakage are below 15% in the particle size
range 0.05-10 I'm for the maximum flow rate of 5 L/min.
The number of sample positions is 70 with a flow rate of
5 L/min. A microprocessor controls the sampler and al­
lows high flexibility in selecting the sampling program. A
solid-state memory makes it possible to record sampling
data both from the sampler (sampling time and flow rate)
and from other meteorological instruments.
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arrangement, several different impactor configurations
could be tested. Besides the described eight-hole nozzle,
we also tested a single orifice nozzle with a cutoff diameter
of 2.0 I'm. The eight-hole nozzle was chosen due to its
lower air jet velocity and larger deposition area decreasing
bounce off and giving a more evenly distributed deposition.
The cutoff curves obtained with the DOP aerosol are
presented in Figures 7 and 8. The internal losses given
above have been disregarded. A comparison of the two
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to the multi impactor design, where the channels in the
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velocities will result. Figure 7 also shows the suggested
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Formation of Nitroarenes from the Reaction of Polycyclic Aromatic
Hydrocarbons with Dinitrogen Pentaoxide

James N. Pitts, Jr.,' Janet A. Sweetman, Barbara Ziellnska, Roger Atkinson, Arthur M. Winer, and
WIlliam P. Harger

Statewide Air Pollution Research Center, University of California, Riverside, California 92521

• Reactions of six polycyclic aromatic hydrocarbons
(PAH) [fluoranthene (FL), pyrene (PY), benz[a]­
anthracene (BaA), chrysene (CHRY), benzo[a]pyrene
(BaP), and perylene (PER)], deposited on glass-fiber fil­
ters, with gaseous N20 S in air were investigated in an
all-Teflon chamber. Pyrene, FL, BaP, and BaA gave sig­
nificant yields of nitro derivatives after only a 30-min
exposure. In control exposures to N02 plus HNOa mix­
tures or to HNOa alone, the yields of nitro derivatives of
PY, FL, and BaA were very low relative to those in the
N20 S exposures. The reactivity ranking of these PAH
toward gaseous N20 S was PY > FL > BaP > BaA > PER
> CHRY. This order is significantly different from that
previously observed for nitration of PAH deposited on
glass-fiber filters and exposed to a flow of gaseous N02 +
HNOa or for nitration of PAH in solution by NOz/N20 4
mixtures. It also differs from the reactivity ranking de­
termined in this study for the reaction of these PAH with
N20 S in CCI4 solution of PER> BaP > BaA ~ PY > FL
~ CHRY. Environmental implications are discussed.

Introduction

Extracts of respirable ambient particulate organic matter
(POM) are strongly mutagenic in the Ames assay without
microsomal activation (1-10). Nitrated polycyclic aromatic
hydrocarbons (N02-PAH), many of which are strong, direct
mutagens (1I), are present in ambient POM (12-19), diesel
(20-28) and gasoline (16,29,30) exhaust particulates, soot
from wood-burning fireplaces (16, 29), and coal fly ash (31,
32). These N02-PAH, in particular, I-nitropyrene and the
dinitropyrene isomers, make a significant contribution to
the direct mutagenic activity of diesel POM (30, 33, 34).
Assays of organic extracts of ambient POM, employing
Ames strain TA98 and the nitroreductase-deficient strain
TA98NR (35, 36), suggest that N02-PAH may also con­
tribute significantly to the direct mutagenic activity of
collected ambient POM (37, 38). Indeed, this is confirmed
by the chemical identification of mutagenic N02-PAH in
ambient POM (12-19), including highly mutagenic di­
nitropyrene isomers (15, 19).

Interest in these N02-PAH has been heightened by the
recent observation of the induction of rat mammary gland
tumors by I-nitropyrene (39) and the induction of sarco­
mas in rats by subcutaneous injection of dinitropyrenes

(40). Considerable controversy exists, however, concerning
the possible health effects of N02"PAH emitted in diesel
exhaust (16, 41, 42).

In addition to being present in primary emissions, it has
been proposed that some of the N02-PAH detected in
ambient particulates may be the result of reactions of their
parent PAH with gaseous copollutants in the atmosphere
and/or during collection of the particulate organic matter
(17-19,43-50). Thus, laboratory experiments have shown
that PAH deposited on filters can react with N02 and
traces of HNOa in simulated atmospheres to form their
nitro derivatives (43, 48). Additionally, 2-nitropyrene
(17-19) and 2-nitrofluoranthene (18, 19) have recently been
identified in ambient POM. Since these nitroarenes have
not been reported to be direct emissions, their observation
in ambient POM suggests they may be formed via at­
mospheric reactions (17-19).

We have recently investigated the reactions of gaseous
N20 S and NOa radicals in simulated atmospheres with
perylene and pyrene deposited on glass-fiber filters (5I)
and with naphthalene in the gas phase (52). N20 S and the
NOa radical are formed at night in polluted ambient air
from the reaction sequence

N02 + 0a --+ NOa + O2 (1)
M

NOa + N02 = N20 S (2, -2)

Ambient atmospheric concentrations of the NOa radical
during nighttime hours, ranging from .$1 up to 430 parts
per trillion (ppt), have been measured by in situ long-path
differential optical absorption spectroscopic techniques at
a variety of locations in southern California and at other
sites in the U.S. and Germany (19,53-59). The corre­
sponding N20 S concentrations can be calculated from these
NOa radical and N02 concentrations and the equilibrium
constant (60) and typically range from ~5 ppt to ~ 15 ppb
during early evening hours (61).

As we have reported elsewhere (51,52), pyrene deposited
on glass-fiber filters and gaseous naphthalene react with
N20 S to form N02-PAH and do not react to any observable
extent with the NOa radical under the conditions em­
ployed. These are the first reported reactions of gas-phase
N20 S with organics in either the gaseous or adsorbed states.
Interestingly, in these experiments pyrene exhibited a
much higher reactivity than perylene toward N20 S' This
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Table I. Initial Conditions and NO,-PAH Yields from 30-min Exposures of PAH Deposited on Glass-Fiber Filters in a 360-1.
Teflon Chamber
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NO

NO

NOtraces

tracestraces

traces

traces
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NO

NO

NO

NO

16

traces

NO

24
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1-<: -<: 1-<: ,..1

pyrene flucranlt\ene benlo(alpyrene beoz{a]anthrllcene perylene chrysene

23 11 9 2 tracesQ NOb
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N,O, (~9)
NO, (~IO)
HNO, (~1)
NO, (~O.OOI)

NO, (10)
HNO, (~O.I)

NO, (10)
HNO, (1.5)

HNO, (1.5)

4

2

5

species present
exposure (estimated initial

no. concn, ppm)

maximum NO,-PAH yield, % (after 30 min)

"Traces, below 1%. b NO, not detected.

was in contrast to our previous results from exposure of
adsorbed PAH to gaseous NOz + HN03 (43, 48), as well
as those of other investigators involving reactions of these
PAH in solution with the nitronium (NOz+) ion (62,63)
or NOdNz04 (64, 65).

This led us to investigate the relative reactivities toward
gaseous NZ0 5, and the mutagenicity of the products
formed, of six widely encountered combustion-generated
PAH, fluoranthene (FL), pyrene (PY), benz[a]anthracene
(BaA), chrysene (CHRY), benzo[a]pyrene (BaP), and pe­
rylene (PER), deposited on glass-fiber filters. In addition,
we studied the relative reactivities of these six PAH toward
NZ0 5 and NZ0 4 in CCI4solution. We report here the re­
sults of these experiments.

Experimental Procedures
Exposures. The glass fiber (GF) filters (Gelman type

A-E) were precleaned by Soxhlet extraction with CHzClz
and CH3CN for 24 h each. After this cleaning, the pH of
a water extract of the filters was determined (66) to be
~ 10. The filters were then cut into 6.4 cm x 20 cm strips,
and each strip was coated with 5 mL of PAH (Aldrich
Chemical Co.; >99% purity) solution in toluene (at a
concentration of ~0.05 mg mL") and the solvent allowed
to evaporate.

The filters were clipped to a Teflon line and introduced
into a ~360-L all-Teflon chamber, of square cross section
(45 x 45 cm) and 190 cm length, filled with purified matrix
air (67) of ;$5% relative humidity at ~295 K. This low
relative humidity was employed to maximize the lifetime
of NZ0 5 in the chamber. After the filters were in place,
the gaseous species, at known pressures (as measured by
an MKS Baratron capacitance manometer) in 1 atm of
ultrahigh purity Nz in 0.53-L bulbs, were flushed into the
chamber for ~2 min with a 2 L min" flow of ultrahigh
purity nitrogen. A fan rated at ~50 L S,I was run during
this period to provide complete mixing.

Nz05 was prepared by collection at 196 K of the products
of the reaction of NOz with 0 3 (68) and, on the basis of
previous work in these laboratories (69, 70), contained
minor amounts of NOz and nitric acid upon introduction
into the environmental chamber. N03 radicals were always

present due to the thermal decomposition of NZ0 5 via
reaction 2, -2 (71). The NOz added in exposures 2-4 was
prepared by the reaction of NO with 02' Measurements
made with long path-length Fourier transform infrared
(FT-IR) spectroscopy showed that NOz prepared in this
manner contained typically ~1-2% of gaseous HN03 (E.
C. Tuazon, unpublished data).

The experimental conditions for exposures 1-5 are
summarized in Table I. During each exposure, all six PAH
(see Table I for the structures of the PAH) were present
in the chamber. A set of six PAH-coated filters (PY,
CHRY, BaP, FL, BaA, and PER) was withdrawn from the
chamber every 10 min during these 30-min exposures.
After each filter set withdrawal, the fan was turned on for
2 min to ensure that the chamber contents were thoroughly
mixed. The set of filters withdrawn after 30 min consisted
of the six PAH-coated GF filters as well as an uncoated
filter which was extracted and used as a control for the
Ames mutagenicity assay.

An additional control exposure was carried out in which
only blank filters (not coated with PAH) were introduced
into the exposure chamber and exposed to Nz05 and NZ0 5
+ NOz at levels approximately equal to those in exposures
1 and 2.

In exposure I, in which ~9 ppm of NZ0 5 was added to
the chamber, the species initially present in this exposure
were NZ0 5, NOz, HN03, and the N03 radical, with the
estimated initial concentrations given in Table I. In ex­
posure 2, ~ 10 ppm of NOzwas added to the chamber prior
to the addition of Nz05 to drive the equilibrium between
N03 radicals, NOz, and NZ0 5 toward Nz05•

In both exposures 1 and 2, ~1 ppm each of n-butane
and 2,3-dimethylbutane were introduced into the chamber
in order to estimate the N03 radical concentrations (and
hence indirectly the Nz05 lifetimes) (72). Prior to removing
each set of filters a gas-phase sample was taken. From the
differential decay rates of 2,3-dimethylbutane and n-bu­
tane (72), N03 radicals (and, hence, Nz05) were determined
to be present in the gas phase throughout the duration of
exposure I, with a gas-phase N03 radical half-life of ~4
min and an average N03 radical concentration of 3.5 ppb.
In exposure 2 the N03 radical concentration was a factor
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of ~ 10 lower than that in exposure 1, as expected from
the initial concentrations of N20 S and N02• In exposures
3-5, N02 (10 ppm) + traces of HN03, N02 (10 ppm) +
HN03 (1.5 ppm), and HN03 alone (1.5 ppm) were added
to the chamber in concentrations approximating those
present in exposures 1 and 2.

Product Analyses. The exposed filters were Soxhlet
extracted with CH2Cl2 for 20 h. Triphenylbenzene was
added to the extracts as an internal standard, and the
samples were filtered (0.5 !Lm Millipore), concentrated
under vacuum, and brought up to 5 mL volume with
CH2CI2• Aliquots (2 mL) of each solution were taken to
dryness under a stream of pure N2 and were then redis­
solved in dimethyl sulfoxide for Ames mutagenicity assays.
The remainder of each solution was used for chemical
analyses.

Samples were analyzed by using a Beckman Model 334
high-performance liquid chromatograph (HPLC) equipped
with a Beckman Model 164 UV detector. A 150 mm x 4.6
mm Vydac 201TP5415 column was employed for the
separation of reactants and products with isocratic elution
by CH3CN/H20 (in a suitable ratio predetermined for each
PAH) at a flow rate of 1.5 mL min-I. The PAH and their
nitro derivatives were quantified on the basis of their
ultraviolet absorption at 254 nm. Calibration curves re­
lating the reactant or product concentrations to the (com­
pound/internal standard) peak area ratios were con­
structed for each compound. Under the conditions em­
ployed the reversed-phase column did not separate the
mononitro isomers of each PAH, and the most abundant
isomer expected to be formed in the nitration reaction (i.e.,
6-N02-BaP, 1-N02-PY, 3-N02-PER, 7-N02-BaA, and 3­
N02-FL) was used for construction of the calibration
curves.

The extraction efficiency for each PAH was evaluated
by analysis of three unexposed GF filters coated with each
PAH. The recovery values were >95%, with a reproduc­
ibility of three replicate HPLC analyses agreeing to within
±5%.

Identification of the products as nitro derivatives was
based on their HPLC retention times matching those of
authentic standards. The identities of all products formed
in yields ~1% were confirmed by gas chromatography­
mass spectrometry (GC-MS) analyses using a Finnigan
3200 GC·MS/DS equipped with a 30 m X 0.26 mm fused
silica DB-5 column and coolon-column injection. When
nitro products were formed in low concentrations, multiple
ion detection (MID) was employed.

Mutagenicity Analyses. The Ames assay was per­
formed according to the recommended protocol (J, 73).
Portions of the filter extracts were tested on Salmonella
typhimurium strain TA98 and on the nitroreductase-de­
ficient strains TA98NR (J 1) and TA98/1,8-DNP6 (74,75)
without S9. Positive controls employed included 2-nitro­
fluorene, quercetin, and 1,8-dinitropyrene (see Table II for
mutagenicity values). After preliminary spot tests to gauge
the range of activity, each sample was tested in triplicate
at eight doses, and the mean of the three responses was
used to determine the dose-response curve. The slope of
this dosp.-response curve was determined by a linear re­
gression analysis. Since each dose was a known fraction
of the total extract, the total activity of the filter extract
was readily calculated.

Reaction of N20 S with PAH in CCI. Solution. All
experiments were carried out at room temperature and in
the dark in a dry box under 1 atm of N2• Freshly prepared
N20 S (~1 g, >90% purity level as monitored in the gas
phase) was dissolved in CCI. (Spectra AR, Mallinckrodt,

stored over 5 A molecular sieve). The resulting concen­
tration of N20 S in CCI. was ~1 mg mL-1 (0.01 mmol mL-I),
and 0.5 mL of this solution was added with stirring to the
PAH solutions in 10 mL of CCI. (0.001 mmol mL-1 each).
After 5 min, the reaction mixture was analyzed by using
either HPLC or GC/MID (with the conditions as described
above). The reactions of N20 S with the following PAH
solutions were studied: a mixture of the six PAH, BaP +
PY, BaP + BaA, BaP + CHRY, BaP + PER, PY + FL,
PY + BaA, PY + CHRY, PY + PER, and FL + CHRY.

Reaction of N20. with PAH in CCI. Solution.
One-milliliter aliquots of N20. in CCI. (0.2 mmol mL-l)
were added with stirring to room temperature solutions
of the six PAH in 30 mL of CCI. and to four PAH (PY,
FL, BaA, and CHRY) in 20 mL of CCI. (~0.001 mmol
mL-1 of each). After 10 min of reaction the mixtures were
analyzed by GC/MID.

Results
N02-PAH Formation in Chamber Exposures. Five

30-min exposures of PAH-coated filters were carried out
in the dark in a 360-L all-Teflon chamber. The species
present in the chamber and their estimated initial con­
centration and the N02-PAH yields observed after a 30­
min exposure are given in Table I. For BaP, PER, and
BaA, the percent of PAH reacted was in agreement (to
within ±5%) with the concentration of mono-N02,PAH
formed, indicating that the mononitro derivatives were the
major products formed. In the case of PY and FL, the
percent of these PAH reacting agreed with the amounts
of mono-N02-PAH formed to within ±1O% after 30 min
of reaction (this higher degree of scatter may well have
been due to their higher volatility). In addition, for these
two PAH exposed to N20 S' traces of dinitro derivatives
were detected by GC-MS with multiple ion detection
(MID).

Comparison of the results of exposure 1 with exposure
2, where the N20 S ;=' N02 + N03 equilibrium was shifted
markedly toward NPs by the addition of 10 ppm of N02,

clearly indicates that the N03 radical was not the prime
nitrating species in these exposures. Thus, the yields of
N02-PAH are reasonably similar in both exposures for all
PAH tested. It should be noted that under the conditions
of our experiments the N03 radical was present in much
lower concentrations than was N20 S (see Table I). Thus,
a rate coefficient for reaction of these PAH with N03
radicals comparable to that for reaction with N20 S would
not have been observable under these conditions. How­
ever, since N20 S is present in urban atmospheres in a much
higher concentration than is the N03 radical, NPs will also
be the reactive specie under ambient conditions in polluted
urban atmospheres.

The highest yield of nitration for 30-min exposures was
observed in exposures 1 and 2 for PY (23 and 24 %, re­
spectively) followed by FL (11 and 16%, respectively) and
BaP (9 and 11 %, respectively). The maximum yields of
N02-BaA (5%) and N02-PER (~3%) were observed in
exposure 2, and no nitration of CHRY was detected in any
of these exposures.

With the exception of FL, the nitro isomer distributions
in exposures 1 and 2 for a given PAH are similar to those
observed in nitration reactions in solution. Thus, the most
abundant N02-PAH isomers formed were 1-N02-PY, 3­
N02-PER, 6-N02-BaP, and 7-N02-BaA (with traces of
other nitro isomers), respectively. In the case of BaP, in
addition to 6-N02-BaP, the main isomer observed, the l­
and 3-N02 isomers were formed in much lower yields. For
FL, our MID data indicated that 3-, 8-, 7-, and 1-N02-FL
isomers were formed in approximately equal amounts in
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Table II. Direct Mutagenic Activities of Extracts from PAH-Coated GF Filters (-250 ~g per Filter) after 30-min Exposures

10' total revertants of filter extract

exposurell uncoated,
no. strainb pyrene nuoranthene BaP BaA perylene chrysene exposed

TA98 19.0 22.0 1.3 1.0 0.28 0.73 c
TA98 NR 27.5 10.8 0.92 0.85 0.22 0.68 c
TA98/1,8-DNP, 3.0 7.5 0.35 0.16 0.02 0.10 c

2 TA98 23.2 42.5 0.95 2.4 0.75 1.1 2.1
TA98 NR 24.0 16.5 0.65 1.4 0.55 0.92 0.92
TA98/1,8-DNP, 3.5 10.5 0.35 0.28 0.08 0.12 0.19
TA98 0.17 0.004 0.07 0.005 0.02 0.002 0.002
TA98NR 0.04 0.003 0.02 0.004 0.01 0.003 0.002
TA98/1,8-DNP, 0.10 0.002 0.03 0.002 0.006 0.0006 0.0

4 TA98 0.06 0.001 0.11 0.008 0.04 0.02 0.0
TA98NR 0.03 0.001 0.04 0.16 0.04 0.01 0.0002
TA98/1,8-DNP, 0.03 0.001 0.05 0.003 0.06 0.004 0.0
TA98 0.01 0.002 0.06 0.0008 0.02 0.0 0.001
TA98 NR 0.001 0.002 0.06 0.0007 0.03 0.002 0.001
TA98/1,8-DNP, 0.002 0.001 0.02 0.0 0.007 0.0006 0.0

control TA98 0.005 0.002 0.01 0.002 0.03 0.004
filtersd TA98 NR 0.006 0.004 0.02 0.004 0.004 0.0007
(pAH-coated, TA98/1,8-DNP, 0.006 0.0002 0.002 0.0004 0.003 0.0007

unexposed)

'Species present as in Table I. • Standard mutagen values (SMV) (rev ~g-l) for strain TA98: 2-nitronuorene, 490, 520, 600; quercetin, 12,
14; 1,8-dinitropyrene, 1.0 X 10', 1.0 X 10'. SMV for strain TA98NR: 2-nitronuorene, 42, 62; quercetin, 17, 18; 1,8-dinitropyrene, 1.1 X 10',
1.2 X 10'. SMV for strain TA98/1,8-DNP,: 2-nitronuorene, 54,110; quercetin, 8.3, 18; 1,8-dinitropyrene, 1.6 X 10'. 'No data; sample lost
during workup procedure. d Average of three control filters.

,00

1
247 [Jolt

-ill
sa
60

4e

2Q
x5

(;) r
Hl 12 14 16

':1 '" Io-~I'
68

48

28 xlQ
8

Hl 12 14 16

'~lJ "'1

0
-
0
',1' ill x3

18 12 14 16

'~Ll=[0-00~1' ill x5

18 12 14 16

RETENTION TIME (min)

Figure 1. MID traces of extracl of fluoranthene-coated GF filters
exposed to N,Os/NO, for 30 min (exposure 2). For nitrofluoranthene
the ions shown are 247 (1.4)+, 217 (M - NO)+, 201 (M - NO,)+, and
200 (M - HNO,)+. The peak identities are (a) fluoranthene and (b-e)
nitrofluoranthenes. Retention lime matching showed (d) to be 3­
nitrofluoranthene. On the basis of reported relative retention times (20)
the other isomers are identified as (b) 1-nilrofluoranthene, (c) 7-nitro­
f1uoranthene, and (e) 8-nitrofluoranthene.

these exposures (see Figure 1). Interestingly, for nitration
in solution involving N02/N20 4 in CH2CI2 or N02+ ions,
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the isomer distribution has been reported to be 3- > 8- »
7- ~ 1-N02-FL (64, 76).

Since the N20 S used in these experiments contained
minor amounts of N02 and HN03 upon introduction into
the chamber, and a high concentration of N02 was used
in exposure 2, control exposures were carried out to de­
termine the degree of nitration caused by gaseous N02 +
HN03 and by gaseous HN03. The concentrations of these
species in exposures 3-5 were in the range of those esti­
mated for exposures 1 and 2, and the reaction times were
the same.

Under these conditions, PY, FL, BaA, and, to a lesser
extent, BaP showed much lower yields of nitration than
occurred in exposures 1 and 2. The highest yield of ni­
tration was observed for BaP, which formed ~5% of
N02-BaP upon exposure to either N02 (containing traces
of HN03) or to an N02 + HN03 mixture. In exposure 5
(HN03 alone), N02-BaP was not detected, nor were any
other PAH nitrated to an extent of ~l%. In exposures
3 and 4, only small quantities (.$3 %) of the nitro deriva­
tives of PY, PER, and BaA were formed, Fluoranthene,
which showed a high reactivity toward NPs and N20 S +
N02 mixtures, did not react with N02 + HN03 or HN03
under the conditions of these exposures. Therefore, the
N02 and HN03 present in exposures 1 and 2 cannot be
responsible for the high degrees of nitration observed in
these exposures for PY and FL.

Mutagenicity. The direct mutagenic activities of the
extracts of the 30-min filter exposures toward Salmonella
strains TA98, TA98NR, and TA98/1,8-DNP6 are shown
in Table II. Strain TA98NR is an isolate of TA98 which
is deficient in the "classical" bacterial nitroreductase, the
enzyme that catalyzes the bioactivation of most mono­
nitroarenes to mutagenic metabolites. Thus, a lower re­
sponse on this strain relative to TA98 indicates the prob­
able presence of mononitroarenes in the sample. However,
TA98NR is still sensitive to the potent mutagens 1,8-di­
nitropyrene and 1,3-dinitropyrene, since these compounds
are activated by a second "nonclassical" reductase. Strain
TA98/1,8-DNP6 is deficient in this enzyme and is conse­
quently less sensitive to these dinitropyrenes. Thus, a
lower response for TA98/1,8-DNP6 relative to TA98NR



and TA98 may indicate the presence of dinitropyrenes in
the sample (74, 75).

For exposures 1 and 2, the mutagenicities of extracts
from FL- and PY-coated filters toward strain TA98 (Table
II) are higher than would result from the mononitro-PAH
yields alone (I 1). For example, in exposure 1 a 23% yield
of nitropyrene would result in ~1 X lOS total revertants
on the filter. The observed mutagenicity of 2 X 106 re­
vertants could be explained by ~1% conversion of pyrene
to dinitropyrenes. In accord with this, the lower response
of extracts from filters coated with PY toward strain
TA98/1,8-DNP6, relative to strains TA98 and TA98NR,
indicates the presence of mutagenic dinitro-PAH (I1).

As seen from Table II the response of 1,8-dinitropyrene
on TA98NR is ~10% greater than on TA98. If the di­
nitropyrenes present are contributing most of the muta­
genicity found on the PY-coated filters in exposures 1 and
2, somewhat higher mutagenicity values on TA98NR than
on TA98 would be expected. While this is consistent with
the mutagenicity values observed for exposure 2, the value
for TA98NR for the PY-coated filter in exposure 1 is
somewhat higher than expected, for reasons that are not
presently understood.

The mutagenicities of extracts from BaP-, BaA-, PER-,
and CHRY-coated filters exposed to NzOs and NzOs + NOz
(Table II, exposures 1 and 2) were also higher than ex­
pected from the measured NOz-PAH yields. Furthermore,
the mutagenicities of blank filters in exposure 2 were
surprisingly high. One explanation for these high muta­
genicity values involves migration of the volatile PAH PY
and FL to these filters followed by nitration of the de­
posited PAH by gaseous NzOs. Another possibility is that
the reactions of FL and PY with NzOs occurred in the gas
phase followed by deposition of the less volatile NOz-FL
and NOz' PY onto the filter surfaces. Indeed, traces of
1-NOz-PY and NOz-FL isomers were detected by MID in
extracts from the BaA- and CHRY-coated filters exposed
to NzOs.

As expected, in additional exposures of uncoated filters
(in the absence of PAH-coated filters) to NPs and to NzOs
+ NOzat levels approximately equal to those in exposures
1 and 2, much lower direct mutagenicities toward TA98
were observed; they were comparable to those of the
coated, but unexposed, filters.

The mutagenicity data for PAH-coated filters exposed
to NOz + HN03 and to HN03 alone were generally low,
consistent with the low or negligible NOz-PAH yields ob­
served. For FL, which did not react to any observable
extent in these exposures, the mutagenic activities toward
all tested strains were comparable to those of the unex­
posed controls.

Reaction of PAH with NzOs in Cel. Solution. In
polar solvents NzOs exists mainly in the ionic state
(NOz+N03'), and therefore, in these solvents the same
PAH reactivity order would be expected as that reported
for electrophilic substitution reactions (63) involving the
nitronium ion. However, it has been reported (77, 78) that
NzOs exists in a covalent form in aprotic solvents, and thus
CCI. was selected as the solvent for testing the reactivity
order of PAH toward NzOs in solution. Nine sets of re­
actions in which the PAH were combined in pairs and
reacted with NzOs dissolved in CCI. were carried out in
the dark in a dry box under 1 atm of Nz. Additionally, a
mixture of the six PAH was also reacted with NzOs in CCI.
solution. Since our preliminary experiments showed that
under these conditions NzOs reacted very rapidly with
PAH, forming polynitro derivatives when an excess of NzOs
was added, we utilized a less than equimolar amount of

NPs (5 /Lmol of NzOs for 20 /Lmol of total PAH) in these
experiments.

On the basis of HPLC and MID quantification, the
following order of reactivity of these PAH with NzOs in
CCI. solution was established:

PER> BaP > BaA ~ PY > FL ~ CHRY

As control experiments, the reactions of NzO. with a
mixture of these six PAH in CCI. solution, and then with
a mixture of the four less reactive PAH in CCI. solution,
were carried out. In contrast to the reaction of NzO. with
PAH in CHzClz solution (64), NzO. in CCI. solution was
not very reactive toward the PAH tested, and a large excess
of NzO. (~10-fold) was necessary to form an observable
yield of products after 10 min of reaction. The order of
reactivity of PAH with NP. in CCI. solution was identical
with that observed for reaction with NPs in CCI. solution.

Discussion
The results presented in Tables I and II and discussed

above confirm our earlier observation (51) that gas-phase
NzOs is a potent nitrating agent for pyrene deposited on
GF filters. Furthermore, the present data show that
gas-phase NzOs also nitrates FL and, to a lesser extent,
BaP and BaA. The small amount of nitration of perylene
observed (:$3%) on exposure to NzOs or NzOs + NOz could
be due to the presence of NOz and HN03• Chrysene was
not nitrated by NzOs or by NOz and/or HN03 mixtures.
Thus, the order of reactivity toward gas-phase NPs for
the PAH tested was PY > FL > BaP > BaA> PER>
CHRY.

This reactivity order for passive exposure to gaseous
NzOs differs dramatically from that observed for NzOs in
CCI. solution of PER> BaP > BaA ~ PY > FL ~ CHRY.
Moreover, the reactivity order for NzOs in CCI. solution
is similar to those established for electrophilic substitution
reactions in solution, where the nitrating agent is either
the NOz+ ion (63) or NOz/NzO. (64, 65). The reactivity
order for NzOs in CCI. is also similar to that established
for adsorbed PAH exposed under "active flow conditions"
to NOz containing trace amounts of HN03 (43, 48, 79).

The reasons for the unusual reactivity order for gaseous
NzOs toward deposited PAH cannot be established at this
time. However, fluoranthene and pyrene are significantly
more volatile, by factors of ~40 and ~20, respectively,
than the other PAH studied (80). Indeed, in exposures
1 and 2 traces of NOz-FL and NOz-PY were observed on
filters other than those originally coated with FL and PY.
This suggests either that the reaction of these PAH with
NzOs may occur in the gas phase near the filter surface,
with the less volatile NOz-PAH readsorbing on the filter,
or that the migration of the volatile PAH, PY and FL, to
other filters occurs followed by nitration of the adsorbed
PY or FL on these filters by gaseous NzOs. If these re­
actions of the PAH with "iIzOs do occur in the gas phase,
at least two factors would contribute to the observed re­
activities, Le., the rate constant for the gas-phase reaction
of the individual PAH with NzOs and the PAH concen­
trations available for reaction, the latter being approxi­
mately determined by their volatilities. If these reactions
occur with the PAH in the adsorbed state, the volatility
of the PAH may effect their availability for reaction.
Clearly, several interesting unresolved questions remain,
and work is under way in this laboratory to address them.

Although exposures 3-5 were designed as control expo­
sures for the NOz and HN03 present together with NzOs
in exposures 1 and 2, some tentative conclusions can be
drawn from the data in Table 1. The ~5'7'0 yields of
NOz-BaP in these passive NOz + HN03 exposures (3 and
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4) were consistent with our original results in an active
exposure system (43, 48), in both cases with BaP deposited
on GF filters. In contrast to a recent suggestion (81),
gaseous HN03 alone did not appreciably nitrate BaP in
the present system.

The data in Table I show that perylene is also nitrated
by N02/HN03 mixtures, as observed previously (43,48).
However, the contribution of HNOs to the overall yield of
nitration is not presently known. Thus, although traces
«1 %) of N02-PER were observed in the HPLC analysis
of exposure 5 (to HNOs alone), this was not confirmed by
mass spectrometry.

However, as stated previously (43, 48), it is clear that
traces of HN03, together with N02, seem necessary for
nitration. This is further confirmed by an independent
experiment in which PER was deposited on carbon black
and exposed in a flow system to N02 and N02 + HN03
mixtures; traces of HN03 were essential for the nitration
reaction (82). Further work is clearly necessary to de­
termine the order of reactivity of the six PAH examined
toward HN03 and to mixtures of N02 + HNOs. Such
studies involving longer exposures of these P AH under
active and passive conditions over a range of relative hu­
midities are currently being carried out in this laboratory.

Environmental Significance. In a recent study (83)
of the reactions of wood smoke with N02, Os, and N02 +
0 3 mixtures, the greatest enhancement in mutagenicity was
observed to result from the reaction of the wood smoke
with mixtures of N02 + 0 3 in the dark. We have suggested
(51,84), consistent with our present data, that at least part
of this increased mutagenicity was due to nitration of
pyrene, fluoranthene, and certain other PAH present in
their system by gaseous N20 5formed via reactions 1 and
2. Indeed, in recently published results from chemical
analyses of extracts of wood smoke exposed to N02 + 0 3
mixtures, the formation of 1-nitropyrene was observed (85).
Additionally, ~ 16-30% of the direct-acting mutagenicity
of the reacted wood smoke occurred in the HPLC fraction
containing N02-PAH (85).

As we have previously suggested (51,84), under certain
conditions N20 5 may be a significant nitrating species
affecting the mutagenicity of ambient POM. However, the
extrapolation of data obtained under laboratory conditions
to the ambient atmosphere involves several major as­
sumptions. These include, for example, the assumptions
that substrate effects, PAH concentrations, the physical
state of the PAH, the presence of copollutants, relative
humidity, etc. have no major impacts on PAH nitration
reactivities. Despite these complicating factors, it is il­
lustrative to carry out extrapolations of our laboratory data
to ambient atmospheric conditions.

To make this extrapolation for N20 5, we have used the
earlier data from our 64oo-L environmental chamber ex­
periments (51), in which the N20 5 half-life was ~60 min,
as compared to a half-life of ~4 min in the 360-L chamber
used in the present work. The results from the 6400-L
chamber showed that 0.6 ppm of N20 5 led to an initial
nitration rate for pyrene of ~3'7'0 min- l (51). On the basis
of a 1983 in situ DOAS study (58) conducted ~80 km
downwind of central Los Angeles, an average concentration
of ~0.6 ppb of N20 5 for 4 h nightly can occur under
conditions of moderate pollution. For such a scenario, an
~0.3% nitration of pyrene per night is estimated.

To date, the highest N20 5 concentration in southern
California, estimated from in situ DOAS measurements,
was an ~4-h average of ~10 ppb of N20 5 for the hours
of 1800-2200 on Sept 18, 1979, in Riverside (53). Similar
levels of N20 5 have been calculated to occur at Deuselbach,
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Germany (61), and are expected for other regions of the
world with similar conditions of meteorology and atmos­
pheric pollution, N20 5 concentrations of this magnitude
would lead to an estimated ~5% nitration of pyrene
during a single night. It should be noted that pyrene is
the most reactive of the PAH toward N20 5 that we have
examined and that it also forms dinitropyrenes which are
very powerful direct mutagens (Table II) (J 1).

Finally, while our experiments were carried out at low
relative humidities «5%) in order to maximize the N20 5
lifetimes in the chamber, the highest estimated ambient
atmospheric NP5 concentrations of ~10--15 ppb occurred
at relative humidities of ~5Q-60% (61). At this time, we
do not know whether or not relative humidity has a major
effect on these N20 5 reactions with PAH; further work is
being conducted to clarify this point.
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NOTES

Evaluation of Sorptive Partitioning of Nonionic Pollutants in Closed Systems by
Headspace Analysis

Doug R. Garbarinit and Leonard W. Lion"

Department of Environmental Engineering, Cornell University, Ithaca, New York 14853

• An equilibrium headspace technique is shown to be
applicable to the determination of sorption equilibria for
the nonionic volatile organic compounds toluene and tri­
chloroethylene (TCE). This procedure avoids the problems
inherent in other experimental techniques that directly
analyze aqueous phase concentration. Such problems in­
clude incomplete solid phase separation and subsequent
measurements of solute bound to dissolved or colloidal
sorbent as free solute. Sorptive partitioning coefficients
may be dete.rmined by the headspace procedure in the
absence of carrier solvents or knowledge of the aqueous
concentration of the volatile compounds of concern. Ex­
periments examining the sorption of toluene and TCE onto
humic acids, alumina coated with humic acids, and two soil
core samples demonstrated the applicability of the
headspace technique to sorption studies.

Introduction
The widespread contamination of ground waters in the

United States by volatile organic compounds (VOC's) has
resulted in an awareness of the need for definitive
knowledge of the behavior and fate of such pollutants. The
development of empirical relationships linking the struc­
tural and physicochemical properties of a specific organic
pollutant with the organic content of a given sorbent, e.g.,
soil or sediment, in an attempt to predict sorptive binding,
has been the topic of much recent research (1-4). Most
of these studies have involved methods that rely on a direct
sampling of the aqueous phase after centrifugation, set­
tling, or filtration. Sampling of the aqueous phase may
in some instances result in a measurement of "free
contaminant", which apparently includes contaminant
bound to residual colloidal sorbent or dissolved sorbent
(5, 6). The observation of a "solids effect" (7, 8), i.e.,
measurement of an increased partition coefficient as the
mass of sorbent used in experiments is decreased, may
result from decreased concentrations of colloidal and
dissolved sorbents and a concomitant decrease in solute
bound to these sorbents (5, 6).

This paper describes the application of a headspace
procedure to the measurement of sorptive partitioning,
which avoids the difficulties associated with a direct sam­
pling of the aqueous phase. Since solids effects are elim­
inated, "bound" solute in this study will include forms that
may be mobile in soils, e.g., solute sorbed onto colloidal
particles and dissolved humic materials. The analytical
procedure is adapted from a method developed by Lincoff
and Gossett (9) for measuring Henry's law constants for
volatile compounds.

t Present address: Emergency and Remedial Response Division,
U.S. Environmental Protection Agency, New York, NY 10278.

Lincoff and Gossett (9) have shown equilibrium parti­
tioning in closed systems (EPICS) to be a simple and
accurate technique for determining Henry's constants of
volatile organic compounds in water when the dimen­
sionless Henry's constant is less than 3. The method de­
termines Henry's constants by comparing mass balances.
Given two closed systems (bottles 1 and 2) containing the
same total mass of organic compound, but different liquid
and gas volumes, it was shown that (9)

(CgJ!Cg2)VIl - VI2
H = (1)

, Vg2 - (CgI /Cg2) VgI

where H, = Henry's constant (dimensionless), Cg1 and Cg2
= volatile compound gas concentrations (example units
Ilg/L) of bottles 1 and 2, VIl and VI2 = liquid volumes in
bottles 1 and 2, and VgI and Vg2 =gas volumes in bottles
1 and 2.

Lincoff (10) has shown that an adaptation of the EPICS
procedure may also be used to determine compound ac­
tivity coefficients (-y) in cases where the organic solute does
not behave ideally in the aqueous phase.

By comparison of two identical bottles, no. 1 and 2,
containing the same compound mass and the same liquid
and gas volumes, where the volatile solute in bottle 1 be­
haves ideally (e.g., in distilled water) while the volatile
solute in bottle 2 behaves nonideally (e.g., in an electro­
lyte), a relationship was developed to determine '/ as
follows (10):

bottle 1

MT = Cg,Vg + CllVI = Cg1Vg + (CgI/H,)VI (2)

bottle 2

MT = Cg2 Vg + CI2 VI = Cg2 Vg + [Cg2/(,/HcllVI (3)

where MT = total mass of compound in the system, Cll and
CI2 = compound concentrations in the aqueous phase of
bottles 1 and 2, and '/ = the activity coefficient that relates
the concentration of a compound in solution to its ther­
modynamic activity (AI), i.e., '/ = AilCI• Combining eq 2
and 3 and solving for '/ give

'/ = (V,/H,)[(CgJ!Cg2)(Vg + VI/He) - Vgr' (4)

When '/ and He are known, the equilibrium gas con­
centration of a VOC in a closed system serves as a direct
measure of its liquid concentration [CI = Cfl/(H,,/)], and
the EPICS method can logically be extended to the ex­
amination of sorption equilibria. Again, partitioning
equilibria can be determined by comparing two similar
systems containing the same liquid volume (VI)' gas volume
(Vg), and total compound mass (MT ), but in this case one
system would contain a sorbent (bottle 2), the other none.
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Materials and Methods

Two soil core samples, a commercial humic acid and a
hydrous aluminum oxide coated with humic acid, were
used as sorbents. The soil samples were obtained from
Offutt AFB, Omaha, NE, and Whiteman AFB, Knob­
noster, MO, at core depths of 11-13 and 3-4.7 ft, respec-

Figure 1. Calculated equilibrium gas concentration ratio in the
headspace procedure as a function of Henry's constant, (A) sorptive
part~ioning coefficient (K d) and (B) mass of sorbent.

low Henry's constants and sorbents with high sorption
capacity (Kd ). As illustrated in Figure IB, sensitivity for
measurement of compounds with low K d values (approx­
imately 0.5 and less) may be increased by increasing the
mass of sorbent employed in analyses.

A major advantage of the EPICS technique is that
knowledge of the total solute mass added to the system
is not necessary for the determination of Henry's constants
and activity coefficients for volatile compounds (see eq 1
and 4). This is also true for the measurement of Kd values
(eq 14) using the headspace procedure as modified here;
however, He and 'Y must first be independently determined.
Freedom from the requirement that total solute mass be
known provides an advantage over other procedures that
rely upon carrier solvents, purge and trap techniques, or
solvent extractions for determining aqueous phase equi­
librium concentrations and subsequently use these data
for calculating partition coefficients (2, 4, 11, 12).

An additional advantage is realized by the use of con­
centration ratios (eq 14) for the determination of linear
sorptive partitioning coefficients. Commonly K d is de­
termined from the slope of the relationship between
fraction or mass of solute sorbed (eq 8 or 9) and Ceq. This
procedure can introduce large errors in situations where
sorption is low, and the amount sorbed is, therefore, a small
difference between two large values. The modified
headspace procedure is, however, a "difference technique"
in the sense that differences in the control and sample
bottles are attributed to a particular reaction (in this case
sorption). Partitioning equilibria for toluene and tri­
chloroethylene (TCE) were evaluated in this study to
demonstrate the applicability of the modified headspace
technique to sorption studies. In the discussion which
follows it is assumed that sorption is the only reaction that
contributed measurably to observed differences between
control and sample vial activities of the test compounds.
Soil bacteria have been reported by some investigators to
possess the ability to degrade toluene but not TCE (13,
14), although reductive dechlorination ofTCE in anaerobic
soils has been observed (15). On the basis of these results,
reactions other than sorption are considered unlikely for
TCE in the experiments described here, but possible
biodegradation of toluene in test vials containing soil
cannot be ruled out.

(12)

Under such circumstances relationships can be developed
for examining sorption equilibria as follows:

bottle 1

Cg1 ( VI )MT = Cg1 Vg + H VI = Cg1 Vg+ --
'Y e -rHe

where X = mass of contaminant sorbed. Setting eq 5 equal
to eq 6 gives

X = (Cg1 - Cgz)[Vg+ [V,/('YHe)]] (7)

where CT = Cll = the equilibrium concentration in the
aqueous phase of the system without sorbent and Ceq =
C,z = the equilibrium concentration in the aqueous phase
of the system with sorbent. By substitution of eq 12 into
eq 13 and rearrangement, the following equation can be
used to calculate K d:

(Cg/Cg.,) = (CT/Ceq) = Kd[M/(Vi + He'YVg)] + 1 (14)

and from combination of eq 5 and 7

X (Cg1 - Cgz) X 100
% sorbed = - x 100 = (8)

MT Cg1

% sorbed (MT )

X = 100 (9)

Equations 8 and 9 show that the percent of solute sorbed
or the mass sorbed (parameters commonly evaluated in
studies of sorption phenomena) may be determined
through headspace analysis. However, when sorption is
linearly related to the sorbate concentration, then the
distribution coefficient for sorption may also be deter­
mined directly from headspace analysis as shown below.

Equations 5 and 6 may be written in terms of the
aqueous phase concentrations:

MT = Cll-rHeVg + Cll VI = CllhHYg + Vi) (10)

MT = Ciz'YHcVg + C'2V, + X = C1ZhHeVg + VI) + X
(11)

where K d = the distribution coefficient for sorption, M =
mass of sorbent employed, and Ceq = equilibrium con­
centration in the aqueous phase of the system where
sorbent is present. Equating the total mass of compound
in the bottles with and without sorbent (eq 10 and 11) gives

X = (Vi + He'Y Vg)(CT - Ceq) (13)

When sorption of nonionic organic compounds to soils
and sediments is described by a linear adsorption or con­
stant partitioning isotherm, then

where Cg, and C"", are the gas concentrations in equilibrium
with CT and Ceq, respectively.

When gas chromatograph peak area or peak height re­
sponse is linearly related to the gas concentrations being
examined, the peak data may be directly substituted for
gas concentrations in eq 1, 4, 8, and 14.

Figure 1 illustrates the dependence of the equilibrium
ratio (CT / Ceq) on Henry's constant for conditions used in
some of the sorption experiments. Figure lA shows that
the headspace technique is most sensitive for solutes with
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tively. The soils were dried at 105°C and ground, and
material passing through a no. 20 sieve was used in the
sorption experiments without further preparation. Humic
acids were obtained from ICN Pharmaceuticals, Inc., and
used without modification. Humic acid coated alumina
oxide was prepared by dissolving 9 g of humic acid in 1
L of distilled water at pH 10 (pH raised with NaOH).
Approximately 450 g of Al20 3 (Fisher Scientific adsorption
alumina 80-200 mesh) was added, and the pH of this
stirred slurry was lowered to approximately 4 with con­
centrated HN03• After being equilibrated for more than
48 h, the suspension was settled and the supernatant de­
canted. The coated solids were rinsed once with distilled
water acidified to pH <><4 and then dried at 105°C. The
organic carbon content of the sorbents was determined by
dichromate oxidation using the Walkley-Black method for
soils analysis (16).

The toluene and TCE used were analytical grade. Stock
solutions of toluene were prepared by delivering 500 "L
of toluene to a 2-L volume of water with an Eppendorf
pipet. The mass delivered was determined by weight to
be 0.422 ± 0.001 g (n = 4) giving a stock solution con­
centration of 211 mg/L (if no loss through volatilization
is assumed). A methylene chloride extraction technique
analogous to the procedure used by Henderson et al. (17)
was used to verify the stock toluene solution concentration.
The measured concentration was 214.1 ± 12.4 mg/L (n =
4); therefore, toluene losses during stock solution prepa­
ration were considered to be negligible. A stock-saturated
solution was used for TCE experiments. TCE stock so­
lution concentration was calculated to be 1290 mg/L by
using the reported value for TCE vapor pressure (18) and
the experimentally determined Henry's constant (He =
0.397 at 25 DC using the EPICS procedure of Lincoff and
Gossett). The stock solution concentrations are given here
for reference purposes since, as noted above, knowledge
of the mass of solute present is not required for the de­
termination of He, 'Y, or K d values.

Experiments were conducted in glass hypo-vials sealed
with Teflon-lined rubber septa and aluminum crimp caps
(Pierce Chemical Co.). Two bottle sizes were employed
with nominal capacities of 150 and 50 mL; individual bottle
volumes were determined by weight when filled to capacity
with water. Experiments involving sorption equilibria of
humic acid coated alumina and humic acids alone were
performed in the 50-mL bottles while all other experiments
were conducted in the 150-mL bottles.

Liquid volumes used in the determination of Henry's
constants were 10 and 125 mL; those used in activity
coefficient determination were 100 mL. Aliquots of TCE
or toluene stock solution (300 "L of TCE and toluene for
Henry's constants and 200 "L of TCE and 100--300 "L of
toluene for activity coefficients) were transferred to the
hypo-vials. Vials were then rapidly capped and equili­
brated for at least 24 h in a circulating water bath at 25
DC. During this equilibration period, but at least 3 h prior
to analysis, the bottles were removed 3 times and hand
shaken for approximately 30 s.

In the sorption experiments 20 (for 50-mL bottles) or
50 mL (for 150-mL bottles) of 0.1 M NaCI was added to
variable amounts of sorbent, while the amount of toluene
and TCE stock solution was held constant. The NaCI
electrolyte was chosen to swamp out any possible contri­
bution of the sorbent to ionic strength (experiments that
verify the swamping effect are discussed under Results and
Discussion).

The bottles for sorption experiments were continuously
rotated at room temperature for at least 12 h and then
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placed in a 25°C water bath overnight prior to gas-phase
analysis. Gas concentration data for the experiments was
obtained by removing 1 mL of bottle headspace with a
gas-tight syringe (Precision Scientific, Inc.) and analysis
with a Perkin-Elmer Model 900 gas chromatograph
equipped with a flame ionization detector and a Carbo­
Pack (60/80) with 1% SP-1000 column (Supelco, Inc.).
Peak areas were obtained by interface of the GC signal
with a Hewlett-Packard Model 3388A integrator. Peak
heights were used when an integrator was not available.
The gas chromatograph was operated isothermally at
column temperatures of approximately 135 DC for TCE
and 175 DC for toluene. Typically four or more replicate
bottles were analyzed for each data point. The existence
of a linear relationship between gas concentrations and gas
chromatograph peak areas and peak heights over the range
of gas concentrations studied was verified.

In sorption experiments in which the mass of sorbent
was varied, the volume displaced by the sorbent was de­
termined and used to obtain the actual volume of head­
space in the bottle. With this information, observed gas
concentrations were normalized to a uniform bottle size
by using the following relationship:

(VI + 'YHe Vg),etu,1
C . = C (15)

go"m.hud g'bod(VI + 'YHe Vg)'tand"d

Gas concentrations for replicates were then averaged and
used to evaluate partitioning equilibria.

Sorption experiments were also performed using 14C_
radiolabeled TCE to verify results obtained with the
modified headspace technique and to examine the effect
of using a swamping electrolyte vs. distilled water in
sorption experiments. Methodology for the tracer ex­
periment was adapted from that developed by LaPoe (19).
Briefly, aliquots of radiolabeled TCE stock solution were
added to 6-mL glass microreaction vessels (Supelco, Inc.)
containing varying quantities (0--90 mg) of ICN humic acid
in 5.50 mL of either 0.1 M NaCI electrolyte or distilled
water. Aqueous-phase TCE concentrations (approximately
2.0--4.0 mg/L) and humic acid concentrations (0-15 mg/
mL) employed were similar to those used in headspace
sorption experiments. The vessels were rotated for 20 h
at 25 DC and then centrifuged at 5000g for 30 min. 14C
activity in the centrifuged solution was assayed on a
Beckman LS9800 liquid scintillation counter. It should
be noted that the liquid-phase analyses performed are
subject to particle effects should they occur. However, use
of radiolabeled TCE avoids many of the other analytical
difficulties previously discussed. Results of the confir­
matory experiments are discussed below.

Results and Discussion
Measured dimensionless Henry's law constants (25°C)

were 0.397 for TCE and 0.261 for toluene. Both values are
within the range in which the EPICS technique is con­
sidered to be reliable (i.e., He < 3). The measured value
for TCE agreed quite closely with values cited in the lit­
erature of 0.411 [calculated for T = 25 DC from the re­
gression equation for He vs. temperature given by Lincoff
and Gossett (9)] and 0.403 (20). The Henry's law constant
for toluene also agreed closely with literature values of
0.270 (2J) and 0.265 [calculated for T = 25 DC from the
regression equation for He vs. temperature given by
Leighton and Calo (20)].

Activity coefficients measured for toluene and TCE in
NaCI solutions of variable ionic strength are listed in Table
I and show that both vac's exhibited behavior typical of
neutral molecules in electrolyte solutions, i.e., an increased



Table I. Activity Coefficients for TCE and Toluene"

Table II. Effect of Electrolyte Composition on Toluene
Activity"

"Values obtained in NaCI electrolyte at 25 DC. b Electrolyte
concentration as moles per liter.
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Figure 4. Sorption of TCE by humic acid. Comparison of resu~s based
on gas-phase analysis (+) and aqueous-phase analysis (.<I.) in 0.1 M
NaCI electrolyte and aqueous-phase analysis in distilled water (0).

Linearity also suggests that observed Kd's were inde­
pendent of the concentration of sorbent over the range of
sorbent concentrations employed (0)-15 mg of humic
acid/mL; all other sorbents 0>-1 g/mL), indicating that
"particle effects" are avoided with the equilibrium
headspace technique. Although some solute defined as
sorbed by the headspace procedure may be in a "mobile"
form (e.g., bound to colloidal solids or dissolved humic
materials), the use of a 0.1 M NaCl electrolyte and the
tendency of humic acids and colloidal particles to coagulate
at high ionic strengths should act to minimize this diffi­
culty. The ability to obtain K d values which are not con­
ditionally dependent on experimental solids concentration
provides a distinct advantage to the headspace procedure
over methods that utilize direct analysis of the aqueous
phase.

Figure 4 compares plots of humic acid sorption data in
0.1 M NaCI using both the headspace (gas-phase analysis)
and 14C counting (liquid-phase analysis) procedures. Also
shown are sorption data for the humic acid in distilled
water using the counting procedure. As can be seen the
slopes or Koo's (Kd's normalized to fraction organic carbon)
of the plotted data are quite similar. Koo's determined in
0.1 M NaCI by using the two different procedures are not
significantly different (Koo = 157.6 ± 4.0 for the headspace
procedure and K oo = 168.6 ± 8.3 for the results based on
14C analysis of the aqueous phase). Similarly, K oo deter­
mined for humic acid in electrolyte by using the counting
procedure was not significantly different from that de­
termined in distilled water by the counting procedure when
the data point for 15 mg/mL organic carbon is excluded
(Koo = 183.4 ± 7.4). This data point appears to be anom-

(16)log l' = hI
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where h is the "salting coefficient" and I is the ionic
strength of the solution (mol/L).

The salting coefficients (h) calculated for TCE and
toluene in NaCI electrolyte were 0.194 and 0.208, respec­
tively. Different electrolytes are reported to have varying
effects on the activity of nonionic solutes (23). Activity
coefficients for toluene in CaClz and AlCl3 solutions were
determined and compared to those in NaCI (Table II) in
order to examine such effects. It can be seen that elec­
trolyte composition affected the activity of toluene, as the
activity coefficients for AlCl3 and CaClz were significantly
lower than those determined for NaCI at an ionic strength
of 0.3 mol/L.

Results of the sorption studies for toluene and TCE are
plotted by using the form of eq 14 in Figures 2 and 3,
respectively. The masses of organic carbon used for the
x axis were calculated by multiplying the masses of sorbent
actually employed in the experiments by their respective
fraction organic carbon. The linearity of relationships
depicted in Figures 2 and 3 (all values ofr > 0.95) suggests
that a linear sorption isotherm was obeyed for the range
of solute concentrations studied (approximately 2.6-3.5
and 0.4--{).7 mg/L for TCE and toluene, respectively).
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Table III. Toluene and TCE Distribution Coefficients (25 °C)

predict-
predicted' Koc edb Koc

using solubility using Kow predictedb Koc
contaminant sorbent % OC Kd Koc (3) (4) using Kow (2)

toluene ICN humic acid coated AI,03 0.54 0.40 74 86 267 309
toluene ICN humic acid 33.5 62.5 187 86 267 309
toluene Offutt AFB soil 0.23 0.44 191 86 267 309
toluene Whiteman AFB soil 0.41 0.32 77 86 267 309
TCE ICN humic acid coated Al,03 0.40 0.23 58 46 138 123
TCE ICN humic acid 33.5 52.7 158 46 138 123

'Solubility for TCE =1290 mg/L calculated as described under Materials and Methods. Solubility for toluene =515 mg/L (25). b K,w
= 195 for TCE (26) and 490 for toluene (4).

alously high, perhaps because of salting out of TCE from
distilled water at the highest solids concentration. Ionic
strength effects on the EPICS procedure are discussed in
more detail below.

The correspondence of results based on gas-phase and
aqueous-phase analyses verify the applicability of head­
space analyses to sorption studies. In addition, the sim­
ilarity of results determined in distilled water and 0.1 M
NaCI indicates the use of NaCI electrolyte did not have
a significant effect on the magnitude of observed Koc
values.

Previous investigators have shown sorption of nonionic
organic compounds onto soils and sediments to be de­
pendent upon the organic content of the sorbent (1-4, 24).
The partitioning observed in experiments described here
does not indicate that organic carbon content is the sole
determinant in sorption capacity. Calculated Kd's and
Koc's determined by linear regression of the data are given
in Table III as are predicted Koc values calculated from
empirical equations given by other investigators (2-4).
Observed values for K oc are of the same order of magnitude
as those predicted on the basis of either compound solu­
bility (3) or octanol-water partitioning coefficient, K ow (2,
4). Although normalization of Kd's per unit mass organic
carbon does converge the results, Koc's for toluene sorption
onto the sorbents still vary by a factor of 2.5 with the
sorbents of highest and lowest organic carbon content
having the largest and almost identical Koc's. These
fmdings are qualitatively in accordance with those of others
(27, 28). Mingelgrin and Gerstl (28) have compiled a list
of Kom values (Kd's normalized to fraction organic matter)
for a variety of nonionic compounds on a variety of soils
that show differences ranging from a factor of 3 to over
an order of magnitude in Kom values for a given compound
from soil-to-soil.

The Koc's determined for TCE and toluene sorption onto
humic acids were more than 2.5 times greater than those
determined for the same humic acids when coated onto
AI20a. These data suggest that the sorptive capacity of
the humic acid may be reduced by the presence of the
Al20 a matrix. Possible reasons for the observed reduction
in sorptive capacity may include differences in the physical
and chemical nature of the free vs. coated humics, selective
adsorption of a certain fraction of the humic acid to the
Al20 a surface, and pH differences in the aqueous phases
containing the respective sorbents.

Davis (29) has indicated that the complexation of nat­
ural dissolved organic matter to hydrous aluminum oxides
may involve specific adsorption governed by the interaction
of weakly acidic functional groups of the organic matter
with relatively basic surface hydroxyls of the aluminum
oxide. Such adsorption may alter the adsorbed organic
materials physically (structural changes) or chemically (by
bond formation). Therefore, the coating procedure em-
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ployed here may have resulted in an adsorbed humic
material which was not as accessible to the binding of
VOC's as the free dissolved and colloidal humic acids.

Davis et al. (30) also observed that organic matter with
a molecular weight of>1000 formed stronger complexes
with alumina surfaces than lower molecular weight organic
matter and that most of the organics adsorbed to the
alumina were within the molecular weight range of
1000-3000. Selective removal of organic materials based
upon molecular functional group arrangement was sug­
gested. Such a selective removal may have occurred in the
coating procedure. This may have resulted in AlPa-bound
humic acid which was less active than the composite humic
acids in sorbing nonionic organic pollutants.

Carter et al. (31) in their study of DDT binding to humic
acids found that solution pH had an effect on the amount
of DDT sorbed. Since the solution pHs were not controlled
in the experiments reported here, pH effects may have
contributed to the observed disparate binding of the free
vs. Al20 a-coated humic acids.

Although Chiou et al. (32) have shown that mineral
surfaces are unlikely to play a significant role in the
sorption of nonionic pollutants from aqueous solutions, the
results observed here with free vs. coated humic acids do
suggest that the interaction of a mineral surface with a
humic coating may influence the binding capacity of the
coating material.

Various mineral surfaces adsorb humic materials by
different mechanisms (e.g., adsorption by nonspecific
Coulombic attraction is dependent upon mineral surface
charge) (33). If such mechanisms effectively result in
dissimilar humic coatings, they may help explain the ob­
served disparities in measured K oc values such as those
shown in Table III. The validity of this speculation awaits
further research.

The application of the EPICS technique to sorption
equilibria studies requires that there be no significant ionic
strength contribution to the aqueous phase by the sorbent.
Such contributions would result in increased activity of
the solute and a complementary increase in measured gas
concentration. In an effort to "swamp out" any such ef­
fects, 0.1 M NaCI electrolyte was used in all sorption ex­
periments. Three experiments were performed to deter­
mine if the 0.1 M NaCI electrolyte was indeed swamping.

The first experiment involved measuring the specific
conductance of distilled water contacted with humic acid
and humic acid coated Al20 a in mass to volume ratios
equivalent to those in experiments containing the largest
masses of these sorbents. Measured conductivities were
compared with the conductance of a 0.1 M NaCI solution.
Results showed that possible contributions to the activity
coefficient of a 0.1 M NaCI solution as determined by this
type of a comparison would be less than 0.8% for the
humic acids and less than 0.5% for Al20a coated with



humic acids. However, it is possible that the presence of
a charged interface may influence the activity of a nonionic
solute (for example, by altering the structure of water near
the interface) while not markedly increasing conductivity
since solid particles are relatively nonmobile in comparison
to dissolved ions.

In the second experiment, 20 mL of 0.1 M NaCl was
added to a series of bottles containing 0, 5, and 15 g of
AlzOa, a material that had previously been shown to have
no detectible sorption capacity for TCE or toluene. Ali­
quots of TCE stock solution were added and equilibrated
as described previously for sorption experiments. If the
AlzOa was significantly contributing to the ionic strength
of the solution, the gas concentrations in the bottles con­
taining 15 g of sorbent would have been noticeably higher
than those in bottles with 5 g of sorbent and these no­
ticeably higher than those without sorbent. This was not
the case as the averaged normalized GC peak heights of
TCE in the 0-, 5-, and 15-g bottles were equal within the
±2% precision of the GC analytical technique.

In the third experiment, 18 g of humic acid coated AlzOa
was added to two sets of bottles, one containing 20 mL of
0.1 M NaCI and 100 ILL of saturated TCE stock solution
and the other 20 mL of 0.3 M NaCl and 95.1 ILL of satu­
rated TCE stock solution. On the basis of the activity
coefficients determined for these ionic strengths (see above
discussion) the two sets of bottles should have given the
same gas chromatographic response unless there was a
significant contribution to ionic strength by the humic
coated material, in which case the 0.1 M NaCI bottle would
have given a larger response. Average GC peak heights
determined for the two sets of bottles were again equiva­
lent within the limits of analytical precision, supporting
the premise that the electrolyte was indeed swamping.

Conclusions

The results of this study indicate that an equilibrium
headspace technique is reliable for the study of sorption
equilibria of volatile nonionic organic compounds. Since
the gas phase is analyzed, the technique evades problems
such as losses through volatilization, difficult extractions,
the use of carrier solvents, and incomplete solids separation
(and therefore possible solids effects) which often burden
other techniques. The procedure is relatively simple and
allows the determination of distribution coefficients from
raw gas chromatography (GC) data when the GC response
is linearly related to the activity being examined. Kd values
may be determined independent of knowledge of the mass
of solute used in partitioning experiments.

The distribution coefficients determined above indicate
that partitioning of a nonionic organic contaminant is
affected by the specific physicochemical nature of the
organic phase. These findings are qualitatively in agree­
ment with those of Shin et al. (27) and Mingelgrin et al.
(28). In the future, precise (better than an order of
magnitude) prediction of sorption of nonionic organic
pollutants by groundwater matrices might be achieved
through detailed characterization of sorbent phases beyond
their organic content. To facilitate this end, additional
research is needed to identify relevant (to sorption)
physicochemical parameters of soils, sediments, and the
solid phases encountered in groundwater aquifers.
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Concentrations of Krypton-85 near the Nevada Test Site

R. Frank Grossman" and Robert W. Holloway

Environmental Monitoring Systems Laboratory, U.S. Environmental Protection Agency, Las Vegas, Nevada 89114

• Since 1972, the Environmental Monitoring Systems
Laboratory has operated a network of noble gas samplers
around the Nevada Test Site (NTS). For 10 of those years,
the network also included several samplers on the NTS.
The network was established to measure the concentra­
tions of noble gases released to the atmosphere by un­
derground nuclear detonations, by posttest operations, and
by seepage from the ground from previous underground
tests. During this 12-year period, the concentrations of
krypton-85 measured in samples collected around the NTS
gradually increased with time from 16 pCi/m3 in 1972 to
25 pCi/m3 in 1983. This increase was not found to be due
to nuclear testing activities at the NTS but to the world­
wide use of nuclear technology, a trend that has been
predicted by previous investigators. The observed trend
of increasing concentration was considerably less than had
been projected by other authors, being only one-eighth to
one-fifth of that projected. It is suggested that the dif­
ference from predictions is due to a decrease in the rate
of growth in the number of nuclear power plants and, more
significantly, the slow growth of nuclear fuel reprocessing
activities.

Introduction

Since April 1972, a network of air samplers has been
operated on and around the Nevada Test Site to monitor
the concentrations of noble gases released to the atmos­
phere by underground nuclear detonations, postshot op­
erations, and seepage through the ground. The first year
of continuous operation of this network was reported
earlier by this laboratory (1). Also, a series of environ­
mental monitoring reports since 1972 (2-13) have sum­
marized the data from the noble gas sampling network for
each calendar year to assess any radiation exposures to
off-site residents. For the first time, this report reviews
the results of the noble gas network collected over a 12-year
period to identify long-term trends and to present de­
scriptive statistics of the data.

Network Operations

The initial network that was established around the
Nevada Test Site included samplers at four on-site and
six off-site locations. Over the years, additional stations
were added, both on site and off site, to improve coverage.
In 1982, the operation and analysis of the onsite samplers
were turned over to the Reynolds Electrical and Engi­
neering Co., a contractor at the Nevada Test Site for the
U.S. Department of Energy. Also, the off-site network was
expanded to 16 stations, 15 of which were part of the
Community Radiation Monitoring Program, which is de­
scribed in ref 11. Figure 1 shows the location of all the
off-site stations relative to the Nevada Test Site.

This laboratory was also involved in the environmental
monitoring conducted around the Three-Mile Island Nu-

clear Power Station shortly following the accident in March
1979. Noble gases were monitored by collecting com­
pressed air samples from one station 0.4 mile from the
reactor and several stations in nearby towns. The samples
were analyzed at the EMSL-LV Laboratory through Oct
1983 and subsequently by personnel of the Office of Ra­
diation Programs, EPA.

Analytical Procedures
During the period 1972-1982, air-compressing units

designed to collect 1 m3 of air, as described by Andrews
(14), were used throughout the network to collect weekly
air samples in dual pressure tanks. Continued operation
of the compressors resulted in a deterioration of the design
pressure of 400 psi; however, the analytical laboratory was
able to adapt to a smaller sample size of 0.6--D.7 m3 instead
of the desired 1 m3.

In 1982, an air sampler that liquified air by cryogenic
techniques was fielded; however, some compressor-type
samplers continued to be used as replacements for the
cryogenic units during breakdowns. The cryogenic sam­
plers were adjusted to collect the same size air sample each
week as the compressor units.

All samples were returned to the Las Vegas Laboratory
for analysis. The analytical procedure was described by
Johns et al. (17). The procedure involves the separation
and purification of krypton and xenon by adsorption on
chromatographic columns and the subsequent analysis of
the radioactivity in the krypton and xenon fractions by
liquid scintillation counting.

Data Analysis
The accuracy of the krypton-85 measurements is eval­

uated periodically with samples of known radioactivity.
The bias of the measurements has been within 8% of the
standard samples. As an estimate of the precision of the
krypton-85 analyses, at least 30 samples per year are split
and analyzed separately. The precision of the measure­
ments, expressed as percent coefficient of variation, as
determined during the years 1978 and 1981-1983 has been
8-14%.

A correlation goodness of fit test was applied to the
krypton-85 data grouped by year. The results of the test
indicated that the data could generally be separated into
either normal, log-normal, or mixed distributions with each
year showing a unique pattern. As the distribution of the
data varied between normal and log normal, normal sta­
tistics was used for convenience to summarize the data for
this report.

Table I summarizes the data by listing the annual mean
concentrations of krypton-85 for each station for the years
1972-1983. As shown by the annual means, the concen­
tration of kryton-85 has been gradually increasing. From
the data in Table I, the relationship of off-site krypton-85
concentration with time is pCi/m3 =14.88 + 0.83t and the
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Table 1. Mean Annual Krypton-85 Concentration (pCi/m3) by Station and Network, 1972-1983

1972 1973 1974 1975 1976 1977 1975 1979 19S0 19S1 19S2 19S3

off site
Alamo 26.1 24.4 24.6
Austin 24.2 2S.2
Beatty 16.0 16.3 17.2 IS.7 20.2 20.0 20.3 IS.7 20.S 24.0 24.6 24.4
Cedar City 24.6 24.3
Death Vally Jct IS.7 IS.3 17.S 16.9 19.6 19.7 19.5 IS.S
Diablo/Rachel" 16.3 16.2 17.1 IS.3 19.4 19.1 19.9 20.6 24.1 24.9
Goldfield 24.7 24.S
Hiko IS.7 IS.6 17.4 17.3 17.0 19.0 19.9 19.3 21.3 23.9 26.4
Indian Springs 20.0 19.6 19.9 20.2 IS.9 20.9 24.4 24.2 24.S
Las Vegas IS.S IS.6 17.3 17.7 IS.2 19.5 20.1 19.2 IS.7 24.0 24.1 24.0
Lathrop Wells IS.6 21.6 23.S 24.2 2S.7
Overton 26.2 24.1 24.S
Pahrump 23.2 24.1 23.7
Salt Lake City 24.6 2S.4
Shoshone 24.S 2S.3
St. George 23.S 24.S
Tonopah 16.1 16.0 17.S 16.9 19.2 19.2 20.0 IS.4 21.3 24.6 23.7 2S.S

network average IS.9 IS.S 17.3 17.9 19.0 19.5 20.0 IS.S 21.0 24.0 24.4 24.S

on site
area 12 IS.6 IS.S 17.6 IS.0 19.5 19.2 20.0 19.0 21.0 24.1 24.Sb 24.Sb

area IS 19.2 21.4 24.6 2S.0b 24.9b

area 51 IS.4 IS.1 19.5 19.3 20.0 19.0 20.6 24.2 23.Sb

area 400 IS.4 21.0 22.9 24.4b 2S.3b

BJY 16.S 18.3 19.3 IS.7 20.S 21.3 22.0 21.0 23.2 26.0 2S.4 b 26.Sb

Desert Rock 15.9 16.0 IS.O 13.6
gate 700 IS.S 16.1 17.4 13.4 2S.6b

Mercury IS.7 17.6 IS.S 19.5 19.9 IS.9 21.4 23.0 24.2b

area 5 2S.3b

area 20 2S.Sb

network average 16.0 16.6 IS.2 17.9 19.6 19.5 20.4 19.3 21.S 24.2 24.6 2S.0

TMI network' 22.7 2S.1 2S.0 25.9 2S.7

"Station at Diablo was moved to Rachel in March 1979. bMeasurements made by Reynolds Electrical Engineering Co., Inc., and reported
by Scoggins (14, 15). e Average concentrations were derived from data distribution less than 60 pCi/m3.

Figure 1. Sampling locations used around the Nevada Test Site to
monitor for noble gases.

relationship of on-site concentrations with time is pCi/m3

= 15.42 + 0.8U, where t is the number of years after Jan
1, 1972. The correlation coefficient for both linear re­
gressions is 0.96.

From Table I, one can also observe that the on-site mean
krypton-85 concentrations were consistently higher than

Nevada

those off site, except for 1975, when the means, both on
site and off site, were the same. When the on-site and
off-site means were tested to determine if they were sta­
tistically different for each year, the hypothesis that the
means were statistically the same was rejected at the 0.01
significance level for the years 1973 and 1974 and at the
0.05 significance level for the years 1976 and 1978-1980.

The on-site station at BJY was consistently higher than
all other on-site stations. This station was located in an
area that received drainage winds from all the test areas.

As a check on seasonal variations of the krypton-85
concentrations, the monthly mean concentrations for the
off-site network were plotted with time. No identifiable
variation was observed other than the gradual increase in
concentration with time.

Discussion

Since the beginning of the nuclear industry in the 19508,
krypton-85 has been released to the atmosphere by nuclear
weapons tests, operating nuclear power reactors, and nu­
clear fuel reprocessing plants, the latter one being the
greatest contributor to the present atmospheric burden of
krypton-85 (I8). As the half-life of krypton-85 is relatively
long (10.76 years) and there is no removal process from the
atmosphere, the releases of krypton-85 by the nuclear
industry results in a cumulative buildup in the tropo­
sphere. This buildup is supported by the data in this
report; however, the linear regression followed by the trend
in concentrations does not agree with the second degree
polynomial expressions found by Rozanski (I9) to fit the
krypton-85 measurements he obtained for the Northern
and Southern Hemispheres from a data review for the
period 1950-1977. However, the linear regression is similar
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Figure 2. Comparison of predicted krypton-85 concentrations by other
individuals wtth concentrations measured around the Nevada Test Stte.
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Table II. Krypton-85 Releases from Nuclear Facilities
within the United States

There is generally fair agreement between the EPA
network averages and the krypton-85 concentrations
measured in the Northern Hemisphere and reported by
other individuals. Wardaszko (27) reported a value of 18
pCi/m3 at Warsaw, Poland, for 1973. The EPA off-site
network average was 15.8 pCi/m3 for the same year.
Janssens et al. (28) reported background concentrations
of 0.7-{).8 Bq/m3 (18.9-21.6 pCi/m3) for the years 1979 and
1980, while the EPA network averages were 18.8 and 21.0
pCi/m3 for the same years. Csongor (25) also reported that
the krypton-85 concentration in Hungary was 17 pCi/m3

in 1975 and was increasing at a rate of 1 pCi/m3 annually;
the EPA network average for 1975 was 17.9 pCi/m3 with
an annual increase of 0.83 pCi/m3.

A comparison of the NTS off-site network averages with
those for the Three-Mile Island (TMI) network shows the
Three-Mile Island network to have a higher background
for each of the years 1979-1983, by as much as 0.9-3.9
pCi/m3.

The lack of a seasonal variation in krypton-85 concen­
trations is in contrast to the annual springtime increase
in concentration of particulate airborne radioactivity
normally resulting from downward-mixing radioactive
debris that was injected into the stratosphere by past
atmospheric nuclear tests. This suggests that the con­
centrations of krypton-85 that we observe are directly from
sources on the earth's surface. Table II lists the total
quantities of krypton-85 released to the atmosphere during
the years 1972-1983 by nuclear facilities under the man­
agement of the U.S. Department of Energy (29). As these
facilities include all the locations of nuclear fuel processing
by the Federal Government within the United States, all
major sources of krypton-85 should be included. From the
total annual releases, which ranged from 500000 to
1000000 Ci for this 12-year period, the krypton-85 con­
centration within the Northern Hemisphere resulting from
the releases was estimated to be about 3 pCi/m3, assuming
a correction for radioactive decay, homogeneous mixing
throughout the Northern Hemisphere, and a volume of 4.3
X 1018 m3 for the earth's troposphere estimated by Pol­
dervaart (30). As the average annual network concentra­
tion of krypton-85 for 1983 (Table I) was 25 pCi/mo, the
contributions of krypton-85 to the Northern Hemisphere
by other countries appears to be more significant than that
of the United States.

Conclusions

The concentrations of krypton-85 measured in air sam­
ples collected on and around the Nevada Test Site over
the last 12 years have shown that the on-site seepage of
krypton-85 is only rarely detectable on site, although the
on-site station averages were consistently higher than the
off-site averages by 0.1-0.9 pCi/m3. The trend of the
concentrations year to year has been increasing in ac­
cordance with the linear regression: annual off-site average
concentration in pCi/m3 = 14.88 + 0.83t and annual on-site
average concentration = 15.42 + 0.8lt, where t is the
number of years after 1972. The correlation coefficient

Grossman and Holloway
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to the projection of historical krypton-85 concentrations
reported for the period 1954-1969 by the United Nations
Scientific Committee on the Effects of Atomic Radiation
(20). The slope of the UNSCEAR data is about 0.95 as
compared to 0.83 for the EPA data; however, these data
are for adjacent time periods. The EPA data do show that
the krypton-85 concentration is less than the projections
by Bernhardt et al. (21), Liberace and Coleman (22), Ni­
chols and Benford (23), and Machta et al. (24), who pro­
jected concentrations of 180, 100, and 200 pCi/m3, re­
spectively, for the year 1983. A comparison of their pro­
jections with the trend observed in off-site concentrations
by this Laboratory is shown in Figure 2. This can be
explained by the fact that there has been a reduced in­
stallation of nuclear reactors and a suspension of com­
mercial nuclear fuel reprocessing in the United States.
Only limited processing of nuclear fuel is being continued
by facilities of the U.S. Department of Energy.

There is little concern about the possible health effects
to inhabitants of the earth exposed only to the projected
ambient krypton-85 concentrations. Other authors (18,
25) have estimated that their projections of about 1000
pCi/m3 by the year 2000 would only result in a radiation
dose to the skin of about 1-2 mrem/year, which is insig­
nificant compared to the 170 mrem/year allowed for the
general population.

However, Boeck (26) concluded that the global electrical
conductivity of the atmosphere could be measurably al·
tered by a concentration of 1000 pCi/m3 krypton-85, which
by its radioactive decay produces ion pairs in the atmo­
sphere. According to Boeck, our present knowledge of
atmospheric processes is insufficient to determine the
extent of consequent weather changes and whether they
would be harmful or beneficial.

1 140

~ 130
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for both equations is 0.96. The observed trend in con­
centrations has resulted in levels that have been one-eighth
of levels predicted by others.

No seasonal variation in krypton-85 concentrations was
observed during this 12-year period. This is in sharp
contrast to the well-known spring peak of fission product
radioactivity from atmospheric weapons testing. Since the
spring peak is known to be caused by the intrusion of
debris from the stratosphere, it seems clear that the
stratosphere is not a significant source of krypton-85. This
suggests that the annual increases in krypton-85 observed
in this work are the result of sources on the earth's surface
which we suspect to be nuclear fuel reprocessing facilities.

The contribution by the federally operated nuclear fuel
processing facilities in the United States to the 1983 am­
bient krypton-85 concentration of 25 pCi/m3 was estimated
to be only 120/0,leaving nuclear fuel processing in foreign
countries as the major source of the worldwide inventory
of krypton-85.

Registry No. 85Kr, 13983-27-2.
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Decontamination of Soil through Enhanced Formation of Bound Residues

Duane F. Berry and Stephen A. Boyd"

Department of Crop and Soil Sciences, Michigan State University, East Lansing, Michigan 48824-1114

• Soil contaminated with the potent carcinogen 3,3'-di­
chlorobenzidine (DCB) was treated with various reagents
in an attempt to enhance the formation of bound (non­
extractable) DCB residues. When ferulic acid and H20 2
were added to the contaminated soil, a significant decrease
in the level of free DCB was observed. Additions of per­
oxidase to soil did not affect the binding of DCB. Vanillic
acid and glucose were also tested in the same fashion as
ferulic acid but produced no effect. Additions of ferulic
acid and H20 2 are believed to accelerate the natural process
of humus formation which is mediated by indigenous
peroxidase enzymes and which leads to the formation of
bound residues in soil. These results may provide the basis
for development of a rapid and inexpensive method for the
containment of certain hazardous contaminants in soil.

[ntroduction

Surface soils contaminated by recalcitrant organic
pollutants have proven extremely difficult to manage. Two
basic approaches have been used in the majority of cases:
containment with clay barriers or excavation of the con­
taminated soil. Unfortunately, the effectiveness of these
approaches is limited by the lengthy periods of time re­
quired for their execution and by the enormous expense
involved. In this report, we provide evidence that in some
cases of soil contamination it may be possible to detoxify
soil, in situ, by enhancing the covalent attachment of
certain hazardous organic chemicals to soil humic con­
stituents. It is suggested that this process essentially ob­
literates the chemical identity of the pollutant and effec­
tively diminishes its bioavailability.

Oxidative coupling of polyphenols in soils is an impor­
tant synthetic process leading to the formation of humic
substances (1-3). Peroxidase enzymes are important
biocatalysts in these oxidative coupling reactions that
ultimately yield high molecular weight polymers of re­
markable stability (mean residence time> 500 years) (1-3).
Xenobiotic compounds present in soil may also become
covalently bound to soil humic materials during oxidative
coupling (4-6). Incorporated xenobiotics, or bound resi­
dues, cannot be removed from soil by conventional ex­
traction techniques. It is generally accepted that incor­
porated residues are less toxic, less bioavailable, and less
mobile than the free species, and as such the formation
of bound residues serves to decontaminate soil (4, 6, 7).

The overall objective of the research reported here was
to develop an in situ method for detoxifying contaminated
soil. Our approach was to enhance the formation of bound
residues between the potent carcinogen 3,3'-dichloro­
benzidine (DCB) and soil humic constituents by increasing
the oxidative coupling activity of soil. DCB was selected
as a model compound because aromatic amines, as a class
of compounds, are important soil pollutants that are
known to form bound residues with soil humus (8-11).

When added to soil, DCB becomes covalently bound to
soil humic constituents which results in a binding curve
typical of most aromatic amines (12). This binding curve
is characterized by an initial decrease in solvent-extractable
DCB followed by a period where the extractable levels
remain essentially constant (12). DCB is not mineralized
or volatilized in soil at a significant rate, and therefore, the

progressive loss of solvent-extractable DCB, coupled with
increasing extractability (of the bound residue) by alkali,
can be attributed to the formation of humus-bound DCB
residues (12). Studies with model compounds have pro­
vided strong evidence that aromatic amines such as DCB
form covalent linkages to quinoidal sites of soil humus via
nucleophilic addition of the amine group (10, 13). By
subsequent addition and oxidation reactions the aromatic
amine residues may become even more strongly bound to
soil humic constituents (10).

Experimental Section

3,3'-Dichlorobenzidine (3,3'-dichloro-4,4'-diaminobi­
phenyl) (ring uniformly 14C labeled), purchased from ICN
Pharmaceuticals, Inc., had a radiochemical purity of >99%
and specific activity of 35 mCi mmol-I. The [l4C]DCB was
dissolved in absolute ethanol and stored in the dark at 0
°C until used.

A Rubicon sand (93.5% sand, 2.5% organic matter, pH
7.7, and cation-exchange capacity of 66 mmol kg-I) was
moistened to 37% field capacity with deionized H20
containing unlabeled DCB and HC-labeled DCB. Final
DCB concentrations were 5 !J.g of DCB and 21.3 nCi of
[l4C]DCB (g of air-dried soil)-'. The amended soil was
incubated at room temperature in closed amber glass jars.
Samples (10 g) were taken in triplicate at 0, 1,2,3,7,10,
and 14 days and stored frozen. After sampling on day 14,
the soil was divided into 200-g (air-dried basis) portions
for the following treatments: no reagent addition; ferulic
acid; H20 2; peroxidase and H20 2; peroxidase, H20 2, and
ferulic acid; deactivated (boiled for 1 h) peroxidase, H20 2,

and ferulic acid; vanillic acid; vanillic acid and H20 2;

peroxidase, H20 2, and vanillic acid; glucose; glucose and
H20 2• Peroxidase [from horseradish, Sigma type III, 155
purpurogallin units (mg of solid)"'] and H20 2 were added
as aqueous solutions at levels of 100 units of peroxidase
and 77.5 !J.mol of H20 2 (g of air-dried soil)"l A total of 10
mL of H20 was added to each 200-g portion of soil. Ferulic
acid (or vanillic acid or glucose; data not shown) was added
as a solid at the level of 15 !J.mol (g of air-dried soilt1. An
additional treatment was included in which peroxidase,
H20 2, and ferulic acid were added at concentrations la-fold
less than those given above (data not shown). Order of
addition was always ferulic acid, then peroxidase, and then
H20 2• Soil samples (10 g) were withdrawn in triplicate on
days 15-17 and 21 and stored frozen. The entire experi­
ment was duplicated. Soil samples were placed in 125-mL
Erlenmeyer flasks and extracted with 40 mL of 3:2 (v/v)
ethyl acetate-methanol for 12 h on a swivel shaker. The
solid and liquid phases were separated by centrifugation,
and the liquid phase was assayed for HC by liquid scin­
tillation counting.

Results and Discussion

In order to demonstrate our ability to manipulate DCB
binding, we first allowed DCB to establish its normal un­
altered binding curve during a 14-day time period (Figure
1) .. After a 14-day incubation of ['4CjDCB in soil, per­
OXidase [from horseradish (HRP»), hydrogen peroxide
(H20 2), ferulic acid, vanillic acid, and glucose were added
alone and in various combinations in an attempt to en-
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analogy, we propose that the addition of ferulic acid and
H20 2 to soil provides indigenous peroxidase enzymes with
highly reactive substrates. The net effect is to raise the
overall level of oxidative coupling in soil which leads to the
enhanced incorporation of DCB. To test this hypothesis,
vanillic acid and H20 2 were added to DCB-amended soil
in the same fashion as ferulic acid. The observation that
vanillic acid did not elicit the increased binding observed
for ferulic acid substantiated our interpretation. Glucose
was also added as a control, and no effect was observed.
The specificity of the reaction for ferulic acid argues
strongly for the involvement of indigenous peroxidase
enzymes.

Previous investigators have alluded to the use of enzyme
additions to enhance the binding of recalcitrant pollutants
in soil (4). In fact, this technology has recently been de­
veloped for the treatment of aqueous wastes from coal­
conversion processes (16). Our results are significant be­
cause they demonstrate that, in soil, indigenous enzyme
activity can be raised through the addition of highly re­
active substrates, i.e., ferulic acid and H20 2• Whereas
enzyme addition to soils or aqueous wastes may be eco­
nomically prohibitive, addition of these inexpensive,
naturally occurring reagents is feasible from an economical
standpoint. Thus, this method of soil detoxification, ac­
complished by the stimulation of indigenous oxidative
coupling enzymes, offers great promise as an effective and
economical means for the containment of certain hazard­
ous contaminants in soils.

Registry No. DCB, 91-94-1; H20" 7722-84-1; femlic acid,
1135-24-6; vanillic acid, 121-34-6; glucose, 50-99-7.
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Figure 1. Solvent-extractable radioactivity from ["CIDCB-amended
soil. After a 14-day incubation. soil was divided for the following
treatments: control. no reagent add~ion (curve 1); peroxidase and H,O,
(curve 2); peroxidase, H,O,. and ferulic acid (curve 3); deactivated
peroxidase. H,O,. and ferulic acid (curve 4).

hance DCB binding, Binding of DCB was monitored by
measuring solvent-extractable radioactivity. Previous re­
sults have shown that, in soil, the levels of solvent-ex­
tractable DCB mirrored solvent-extractable radioactivity
(12). Similar results were obtained by Voorman and
Penner for 4,4'-methylenebis(2-chloroaniline), a compound
that is structurally similar to DCB (14).

The addition of HRP and H20 2 to DCB-amended soil
(curve 2) resulted in no significant alteration in the amount
of solvent-extractable radioactivity. In contrast, relative
to the control (i,e., no reagent addition, curve 1) a dramatic
65 % decrease in the amount of solvent-extractable ra­
dioactivity was observed which resulted from the addition
of ferulic acid, H 20 2, and either active HRP (curve 3) or
inactive HRP (curve 4). These data demonstrated that
peroxidase emyme additions were not required to enhance
DCB binding. Addition of these reagents at 10-fold lower
levels resulted in a 38% decrease. When we added either
ferulic acid or H20 2 alone, we observed no enhancement
effect. However, a single addition of ferulic and H20 2 to
DCB-contaminated soil significantly decreased extractable
radioactivity and thus dramatically decreased the level of
free DCB in soil.

Although the mechanism by which the enhancement
process occurs is still not well-defined, we can present a
plausible explanation based on our previous studies (15)
concerning the peroxidase-mediated cross-coupling of an­
ilines to model humic acids. In that study it was demon­
strated that phenolic compounds containing the three-C
acrylic group (e.g., ferulic acid) were highly reactive with
HRP, in contrast to other naturally occurring polyphenols
that did not contain the acrylic group (e.g., vanillic acid).
Furthermore, the rate at which chloroaniline became
coupled to the model humic acids during oxidative cou­
pling was directly dependent on the reactivity of the po­
Iyphenol toward HRP. Thus, ferulic acid greatly enhanced
the incorporation of chloroaniline into model humic acids
whereas vanillic acid produced a much smaller effect. By
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A Theory for Critical Flow through Hypodermic Needles

Thomas J. Overcamp

Department of Environmental Systems Engineering, Clemson University, Clemson, South Carolina 29634-0919

to the constant cross-sectional area needle, and subscript
2 refers to the conditions at the exit of the needle. The
theory is based on the classical theory of one-dimensional,
compressible flow with friction (6).

The Mach number M, which is the ratio of the gas ve­
locity v to the local speed of sound, is defined as

• The classical theory of isothermal, compressible flow
through a long tube is applied to predict the critical flow
through hypodermic needles which are frequently used in
air sampling for flow regulation. Agreement between the
predictions and published data is generally good. The
model predicts the variations of the critical flow rate with
the needle length and with the upstream pressure that are
shown by the data.

M= __v_

V"yRT
(2)

Introduction

Critical flow devices are frequently used in air sampling
since they provide a constant flow rate if the pressure
downstream of the device is less than a critical fraction of
the upstream pressure. This fraction is approximately 0.5
for plate orifices and 0.4 for hypodermic needles. Com­
mercial hypodermic needles are used extensively due to
their low cost and wide availability.

Corn and Bell (1), Lodge et al. (2), and Urone and Ross
(3) reported data on critical flow rates through hypodermic
tubing or hypodermic needles. Lodge et al. (2) gave
practical information on the use of hypodermic needles in
air sampling including the protection of the needle to
prevent plugging and the effects of storage and reuse on
the flow rate. DiNardi and Sacco (4) described a simple
holder for a hypodermic needle that can be assembled from
commercially available fittings.

Past investigators have compared the measured critical
flow rate for hypodermic needles to Fliegner's formula (5,
6) which is a semiempirical equation for the critical mass
flow rate:

W
max

= 0.0404 CDApo

Fa
(1)

in which "y is the ratio of the heat capacity of the gas at
constant pressure to the heat capacity at constant volume,
R is the specific gas constant, and T is the gas temperature.
The Reynolds number of the flow is

pvD
Re = - (3)

!J.

in which p is the mass density, D is the diameter, and !J.

is absolute viscosity. The ideal gas law is

P = pRT (4)

where p is the absolute pressure.
If the flow in the short converging section is assumed

to be frictionless and adiabatic, the temperature and
pressure at the entrance to constant area needle are given
by

(5)

and

PI = Po[1 + ("y - I)M/ j21(Y-l)fy (6)

In the constant area portion of the needle, frictional
effects cannot be ignored. -On the basis of the results of
incompressible flow, the Fanning friction factor for laminar
flow is

For turbulent flow in smooth tubes, the Fanning friction
factor is given by the Blasius formula (7):

f = 0.0791jRe l / 4 (8)

For the Reynolds numbers less than 2000, the flow will be
laminar. For the Reynolds numbers greater than around
3000, the flow is generally turbulent. In the intermediate
region, there is a transition between laminar and turbulent
flow, and the friction factor falls between the values com­
puted with eq 7 and 8. Since little information is available
on flow transition in hypodermic needles, it is assumed that
eq 7 is valid if the Reynolds number is less than 2000 and
that eq 8 is valid if the Reynolds number exceeds 2000.
This assumption results in a discontinuity in the friction
factor at a Reynolds number of 2000.

Due to the small flow rates, the high thermal conduc­
tivity of the needles, and the viscous dissipation of the high
speed flow, it is assumed that the flow in the constant area
section of the needle is isothermal. This implies that the
Reynolds number is constant in this section of the needle.

If the flow is isothermal, the relationship between the
friction factor, the length-to-diameter ratio, and M[ at
critical flow is given by

4fL 1 - "yM 1
2

I (M 2)Ii =-M2 + n "Y I (9)
"Y I

in which Wmax is the critical mass flow rate (kg/s), CD is
the empirical discharge coefficient, A is the cross-sectional
area of the needle (m2), Po is the upstream total pressure
(Pa), and To is the upstream temperature (K). Corn and
Bell (1) found that the discharge coefficient varied from
0.30 to 0.66 for the needles that they tested. On the basis
of Fliegner's formula, they predicted that the critical mass
flow rate should vary directly with the upstream pressure.
This implies that the actual volumetric flow rate is inde­
pendent of upstream pressure. Urone and Ross (3) showed
that the volumetric flow rate actually decreased with de­
creasing upstream pressure. They proposed an empirical
correction factor, based on incompressible flow of gases
through an orifice, to account for this decrease.

In this paper, the classical theory of isothermal, com­
pressible flow of gases through a long duct (6) is used to
predict the critical flow of air through hypodermic needles.
These predictions are compared to available data.

Theory
A hypodermic needle has a smooth, converging inlet that

leads into the smooth needle of constant cross section.
Conventional needles have a sharp, beveled tip. For sim­
plicity, the needles are assumed to be tubes whose length
L is the nominal length of the needle and whose tip is
square cut. Subscript 0 refers to upstream reservoir con­
ditions, subscript 1 refers to the conditions at the entrance

f = 16jRe (7)
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Figure 1. Predicted critical flow rate vs. measured critical flow rate.
The solid line is the line of perfect agreement. and the dashed lines
indicate ,1,20 % error bands.

The actual volumetric flow rate based on upstream
conditions is

(10)

FIg..e 2. Critical flow rate vs. length. The open symbols are the data
of Urone and Ross, and the darkened symbols are the data of lodge
et al. The solid lines are the tlJ'buleot flow predictions, and the dashed
lines are the laminar flow predictions.

Data

Corn and Bell (1) constructed critical flow elements from
hypodermic tubing without the converging section. The
pieces of tubing were approximately 25 mm long and were
embedded in wooden dowel holders. They gave mean flow
rates for three to nine needles each of five different gauge
tubes ranging from Stubs gauge number 30 to 15.

Lodge et al. (2) tested 42 combinations of needle gauge
and needle length. The gauges ranged from Stubs gauge
number 25 to 13. The nominal needle lengths ranged from
12.7 (1/2 in.) to 89 mm (31/ 2 in.). Their data are the means
of the critical flow rates through 12 different needles of
each size for an upstream pressure of 630 mmHg. The
relative standard deviations for their measurements ranged
from 1% to 15% with a mean relative standard deviation
of about 4%.

Urone and Ross (3) gave data on the critical flow rates
for five different needles for various upstream pressures.
The needle gauges ranged from Stubs gauge number 27
to 18. The nominal length of the needle ranged from 12.7
mm e/2 in.) for the 27-gauge needle to 38 mm (1 1

/ 2 in.)
for the 18-gauge needle.

Results and Discussion

Equations 2-10 were solved by iterative techniques for
the needle dimensions and upstream conditions for each
case in the three data sets. For 6 of the 81 cases, the
successive iterations alternated between a laminar flow
solution with a Reynolds number slightly less than 2000
and a turbulent flow solution with a Reynolds number
slightly greater than 2000. This failure to converge is a
result of the discontinuity in the friction factor curve given
by eq 7 and 8. Although the flow rates for the laminar and
turbulent solutions differed by less than 10%, and were
in fair agreement with the data, predictions for these cases
are not given.

The computed values of M 1 ranged from 0.19 to 0.55.
The computed values of Rei ranged from 400 to 15000.

Figure 1 shows predicted flow rates vs. measured flow
rates for the 75 cases in the three data sets for which a
unique solution was obtained. The solid line is the line
of perfect agreement. The two dashed lines give ,1,20%
error bands. Except for three points having measured
flows greater than 8 L/min, most data points fall within
the dashed lines. One of these three points is a case from
the data of Corn and Bell with a length-to-diameter ratio
of 18 for which the theory based on flow in a long tube may
not be appropriate. The other two points, which are from
Lodge et aI., had length-to-diameter ratios of 49 and 65
which are more typical of the rest of the data. The com­
mon factors among these three cases are the larger diam­
eter of the needles (Stubs gauge numbers 17 to 13) and
computed Reynolds numbers on the order of 104• Since
the model overpredicts the measured flow for these cases,
this suggests that the friction factor predicted by using the
Blasius formula, eq 7, is too low. It is plausible that a slight
surface roughness affects the friction factor at these higher
Reynolds numbers.

Figure 2 shows measured values of flow rate vs. needle
length. The data of Lodge et a!. (2) are indicated by the
darkened symbols. The four data points indicated by open
symbols are observations taken from Urone and Ross (3)
that had upstream pressures ranging from 626 to 637
mmHg. The solid lines are the predictions using the
turbulent flow model, and the dashed lines are the pre­
dictions using the laminar flow model. For needle gauges
21 through 18, the computed Reynolds numbers are 2700
or above which should be in the turbulent range. There
is good agreement between the predicted and measured
values. For the needle gauge 25 data, the computed
Reynolds numbers are 1700 or less which is in the laminar
range. This case also has good agreement between the
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a1. (2) that had the same needle gauge and length as the
Urone and Ross data. The turbulent flow predictions for
the 20 and 18 gauge needles are in very good agreement
with the data. The laminar flow predictions for the 27­
gauge needle are in good agreement with measured values
at higher pressures and slightly overpredict flow rates at
lower pressures. The predictions for the 24- and 22-gauge
needles indicate that a transition from laminar to turbulent
flow occurs as upstream pressure increases. Again the
agreement between predicted and measured values is not
quite as satisfactory as for the cases in which flow tran­
sition was not a factor.

The modeling results and the data indicate that Flieg­
ner's formula, which was developed for critical flow
through nozzles and orifices, should not be used to predict
critical flow rates through hypodermic needles.

The good agreement between the model and the data
of Urone and Ross (3) indicates that the model can be used
to correct flow rates for variations in the upstream pressure
as long as the model does not predict that the flow un­
dergoes a transition from laminar to turbulent flow or vice
versa.
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predicted and measured values. For the 22, 23, and 24
needle gauge data, the computed Reynolds numbers in­
dicate a transition from turbulent to laminar flow as the
length increases. The laminar and turbulent predictions
of the model are shown for their appropriate ranges of
validity. The gap in the predictions for the 22-, 23-, and
24-gauge needles is a result of the discontinuity in the
friction factor. The agreement between predicted and
measured values is not quite as satisfactory as for the cases
in which flow transition was not a factor.

Figure 3 shows measured values of flow rate vs. upstream
pressure. The data indicated by the open symbols are
those of Urone and Ross (3). The four data points indi­
cated by darkened symbols are cases taken from Lodge et

400 600 800

Upstream Pressure, mm Hg

Figure 3. Critical flow rate vs. upstream pressure. The open symbols
are the data of Urone and Ross, and the darkened symbols are the
data of Lodge et al. The solid lines are the turbulent flow predictions,
and the dashed lines are the laminar flow predictions.
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