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EDITORIAL

Notes, correspondence, and
communications

The research section of ES&T is devoted to the publica-
tion of critically reviewed Articles, Notes, and Corre-
spondence. Articles, or full research papers, form the
bulk of the research section; Notes are defined as short
research reports describing preliminary results of unu-
sual significance or studies of small scope; and Corre-
spondence is significant comment on work published in
the research section, with the original author given the
opportunity for rebuttal.

Currently, the Notes section is not given special edi-
torial treatment for more expeditious publication. Re-
view proceeds on the same time scale as full research
papers. As a result, Notes usually serve only one pur-
pose: to report studies of small scope. Many Notes are
originally submitted in the form of full papers and, as a
consequence of review, the authors are encouraged to
shorten the paper and resubmit it as a Note. In a few
cases authors intend for their paper to be considered as
a Note and construct it accordingly.

ES&T does not yet have a mechanism for facilitating
rapid publication of articles “of unusual significance.”
From time to time, authors request rapid review of
their manuscript, but few Notes are submitted with
rapid publication specifically in mind. It is not clear if
this is because there is little need for rapid publication
in the field of environmental science and technology, or
because our editorial policy has discouraged such at-
tempts.

At the annual meeting of the ES&T Editorial Advi-
sory Board in March, the Board discussed this issue
and decided to pursue a course thatwill lead to a rapid
communications section of ES&T. The consensus of the
Board was that such a section is needed and that

0013-936X/88/0922-0475801.50/0 © 1988 American Chemical Society

it would be enthusiastically received by our constitu-
ency. A second proposal discussed by the board was
discontinuation of the Notes section because Notes, al-
though somewhat shorter, are often similar to the full
papers.

In addition, I discussed with the Board the prospect
of discontinuing the Correspondence section. My view
is that the practice of printing comments and rebuttals,
although sometimes enlightening, often does not
present a comprehensive argument of the issues and
seldom serves to reconcile differences. Moreover, the
Correspondence section creates editorial problems,
such as ensuring adequate, but not excessive, response
time for the original authors’ rebuttal. In general, I feel
that the refereed literature is the place for such debates;
that is, good science eventually will prevail. Some
members of the Board expressed support for continu-
ing the Correspondence section in some form. One
method for handling debates of broad interest might be
to publish point-counterpoint articles in the Views sec-
tion in the front of the journal.

The editors and the Board have made no firm deci-
sions on these matters, but we plan to do so within the
next few months. I would be pleased to hear your views
on these proposals.

(AR 2V
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INTERNATIONAL

Acid rain can harm aquatic ecosys-
tems severely in about 46% of
Canada’s land area (about 4 million
km?) according to the report “Acid
Rain: A National Sensitivity Assess-
ment” by Environment Canada. The
most sensitive areas are found where
granitic bedrock of the Canadian
Shield is exposed and where shallow,
coarse-textured soils are prevalent.
Such rocks and soils are found in
parts of British Columbia, the North-
west Territories, Ontario, and Yukon,
but especially in Newfoundland,
Nova Scotia, and Quebec. These
areas contain much water in which
the potential to combat and reduce
acidity is generally low. An addi-
tional 1.8 million km? in British
Columbia, New Brunswick, Ontario,
and Quebec are classified as “moder-
ately sensitive” to acid rain.

FEDERAL

The Senate ratified a treaty that
requires its signatories to cut by
50% their consumption of chloro-
fluorocarbons (CFCs) by 1999. The
March 14 vote was 83 to 0. Used as
refrigerants, spray can propellants,
and solvents, CFCs have been
blamed for damaging the strato-
spheric ozone layer that shields Earth
from harmful solar ultraviolet light.
If 11 countries, representing two-
thirds of the world’s CFC consumers,
ratify the treaty this year, it will take
effect Jan. 1, 1989; otherwise, imple-
mentation must begin April 1, 1989.
The treaty had been signed last Sep-
tember by 30 nations that met in
Montreal.

It could cost the Department of
Defense (DOD) and the Depart-
ment of Energy (DOE) $100 billion
to clean up their radioactive- and
hazardous-waste sites, Energy
Undersecretary Joseph Salgado told a
House subcommittee March 10.
Salient examples of highly contami-
nated DOD and DOE sites are the
Rocky Mountain Arsenal (Colo.) and
nuclear weapons production plants
near Richland, Wash., Aiken, S.C.,
and Oak Ridge, Tenn. For instance,
groundwater contamination near Oak
Ridge by hazardous solvents could
exceed drinking-water standards by
as much as 1000 times, and radionu-
clide contamination of groundwater

EoXT

CURRENTS

at the South Carolina and Washington
sites may exceed drinking-water
standards by 400 times. Forcing
DOD, DOE, or any other federal
agency to clean up a hazardous-waste
site is difficult because one executive
branch agency may not sue or issue
orders to another agency.

Thomas: No FIFRA change this year

EPA Administrator Lee Thomas
does not expect Congress to reau-
thorize the Federal Insecticide, Fun-
gicide, and Rodenticide Act (FIFRA)
in 1988. He told the National Associ-
ation of State Departments of Agri-
culture March 8 that one major im-
pediment to reauthorization is the
exemption of farmers from liability
for damage from pesticides that are
applied according to label instruc-
tions; another obstacle involves the
right of states to set pesticide residue
levels that are more stringent than
federally mandated levels. Two
reauthorization bills have been intro-
duced—one by Sens. Patrick Leahy
(D-Vt.) and Richard Lugar (R-Ind.)
and the other by Sens. Howell Heflin
(D-Ala.) and Jesse Helms (R-N.C.).

The General Accounting Office
(GAO) notes that no federal pro-
gram for establishing groundwater
contaminant standards currently
exists. In a report to Sen. Max
Baucus (D-Mont.) (GAO/PEMD-
88-6, March 1988), GAO says many
states have developed their own
standards; however, state officials
often had less information than
needed and had to duplicate efforts to
develop their standards. The GAO
report says state officials need more
information on subjects such as the
analytical chemistry of contaminants,
human exposure, fate of substances,
and the technological feasibility of
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control. GAO also recommends that
EPA establish a criteria document for
groundwater contaminants, with
emphasis on those that pose the
greatest risks.

An EPA report describes the steps
toward a nonpoint source water
pollution control strategy that the
agency and states have taken. The
March 2 report to Congress explains
that EPA plans to issue guidance to
the states clarifying nonpoint source
control requirements of the Clean
Water Act amendments of 1987.
Funds are being distributed to 31
states for the preparation of assess-
ment reports and the development of
management programs. The report
also sets forth the current status of
state programs and major issues to be
dealt with during the next year. Cop-
ies of the report, “A Report to Con-
gress, Activities and Programs Im-
plemented under Section 319 of the
Clean Water Act as Amended by the
Water Quality Act of 1987, Decem-
ber 1987,” can be obtained from the
Nonpoint Sources Branch, Office of
Water Regulations and Standards,
U.S. EPA, Washington, D.C. 20460.

EPA may sharply tighten standards
for lead in drinking water, possibly
as early as January 1989, according
to preliminary proposals the agency
has drafted. The maximum contami-
nant level (MCL) could be reduced
from 50 ppb to as little as 5 ppb.
How this new standard would be
enforced is problematic. For ex-
ample, if the lead originates in pipes
in a private home, the agency has no
power to require the homeowner to
treat the water or replace the pipes.
Thus the current focus is on improv-
ing treatment techniques that the
supplier must use. EPA also will
encourage states to mandate the re-
placement of service lines in cases in
which anticorrosion methods have
not reduced lead contamination to
acceptable levels (average 10 ppb,
maximum 20 ppb). EPA also is con-
sidering an alternative MCL of 8 ppb
and an MCL of 10 ppb enforceable
at the tap.

STATES

The attorneys general of Maine

and Ohio have called upon Con-
gress to force federal agencies to
comply with hazardous-waste laws
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by enacting new legislation. Under
current law, the doctrine of sovereign
immunity severely limits actions
states can take to force these clean-
ups. One bill now before Congress
(H.R. 3781) would expand the
waiver of sovereign immunity under
the Resource Conservation and Re-
covery Act to allow states to issue
administrative orders and sanctions
and to impose fines and prison terms
for violations of hazardous-waste
laws at federal installations. Other
bills, not as controversial, would
establish a special environmental
counsel to pressure federal agencies
to clean up, create separate federal
agency funds, or give EPA the power
to enforce hazardous-waste laws at
federal facilities.

Saguaros: Threat from air pollution?

Are Arizona’s saguaro cacti declin-
ing partly because of air pollution?
Scientists from Los Alamos National
Laboratory and the National Park
Service are studying the effects
caused by emissions from copper
smelters and the “brown haze” from
the Tucson metropolitan area. They
observe that the older plants are
losing spines, turning brown, and
dying and that the young cacti are
few in number. The researchers are
collecting samples from both healthy
and unhealthy saguaros in the Sa-
guaro National Monument near Tuc-
son. They also are sampling the soil
to ascertain whether pollutants are
making nutrients such as nitrogen
and potassium less available to the
cacti. In addition, the scientists are
analyzing the cores of trees in the
area to determine what air pollution
may have existed during the past
century.

California’s sweeping Proposition
65, which requires businesses to
warn the public of any exposure to
certain chemicals above a defined
level, is now being enforced. Propo-
sition 65 had been opposed by Cali-
fornia Gov. George Deukmejian, but
after the proposition was voted into
law by referendum with a 2-to-1
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margin, Deukmejian said he would
enforce its provisions. The portion of
Proposition 65 that requires the
warnings of possible exposure to any
of the 31 listed substances went into
effect Feb. 27. Another provision,
which takes effect in October, forbids
the discharge of chemicals on the
Proposition 65 list into drinking-
water sources. The food, drug, and
cosmetic industries have been
granted a temporary exemption from
the new law.

Partly because of Florida’s system
of environmental regulations, envi-
ronmental engineering graduates
have few problems finding jobs in
that state, says Warren Viessman,
chairman of the Department of Envi-
ronmental Engineering Sciences at
the University of Florida. Viessman
adds that they normally can expect
salaries of $20,000-$30,000 to start
and that specialists in groundwater
contamination are much in demand
(these jobs usually require a master’s
degree). The training of environmen-
tal technicians also is a rapidly ex-
panding field in Florida. In 1987, for
example, the university’s Center for
Training Research and Education for
Environmental Occupations
(TREEO) offered 72 courses and
trained 2700 professionals. This year
TREEQO is offering 100 courses and
expects an enrollment of 4000.

The Groundwater Education in
Michigan (GEM) Program has
been launched at Michigan State
University (MSU) under the spon-
sorship of the W. K. Kellogg Founda-
tion (Battle Creek, Mich.). The
Foundation is working with MSU’s
Institute of Water Research, which
will provide the technical expertise
necessary to help combat ground-
water contamination in the state.
Foundation funding will be used to
foster individual and community
action. Among projects under consid-
eration are improved septic-system
maintenance, proper handling of
household and agricultural wastes,
and training of local officials and
community leaders.

AWARDS

Robert M. White received the
Kenneth Andrew Roe Award of the
American Association of Engineer-
ing Societies April 6. The award is
one of several given each year for
advancing the knowledge, under-
standing, and practice of engineering
in the public interest. White has been
president of the National Academy of
Engineering since 1983. From 1970

to 1977, he was administrator of the
National Oceanic and Atmospheric
Administration (NOAA) of the De-
partment of Commerce, and he
served as administrator of NOAA's
predecessor, the Environmental Sci-
ence Services Administration, be-
tween 1965 and 1970.

SCIENCE

Stratospheric ozone levels over
urban areas of North America and
Europe have decreased by as much
as 3%, according to results of an
international study by scientists from
U.S. and U.N. agencies. Moreover,
stratospheric ozone levels over
Alaska and Scandinavia have been
observed to drop by more than 6%
during the winter months. Robert
Watson of NASA says the scientists
believe that the decrease in ozone
levels “is wholly or in large part due
to man-made chlorine [from chloro-
fluorocarbons].” The 3% drop, cal-
culated on a year-round basis, has
been observed between latitudes

40° N and 53° N, comprising some
of the world’s most populated areas.
The observed ozone decline in winter
in these latitudes has been as high
as4.7%.

No increase in human birth defects
resulted from exposure to 2,3,7,8-
tetrachlorodibenzo-p-dioxin
(TCDD) following the July 1976
accident in and around Seveso, Italy.
According to the Journal of the
American Medical Association
(March 1988), researchers at Catho-
lic University in Rome have found
that children born in the contami-
nated area after the accident showed
no abnormalities attributable to
TCDD. Their study of more than
15,000 children—especially those
born during the first three months of
1977—found no more malformations
than in control populations. More-
over, the scientists report that not one
baby born in the contaminated zone
had a major malformation. Also,
EPA has provisionally put its esti-
mate of the carcinogenicity of TCDD
at 6.2% of the previous figure.

The atmosphere can carry hazard-
ous wastes long distances—even
thousands of miles, says Steve
Eisenreich of the University of Min-
nesota. He and other scientists esti-
mate that as much as 90% of the
polychlorinated biphenyls (PCBs), as
well as much of the lead and ben-
zo[a]pyrene found in Lake Superior,
fell from the air. More confirmation
of the air’s ability to carry contami-
nants has been found in samples of



fish taken from Siskiwit Lake, a lake
in the middle of the uninhabited Isle
Royale in Lake Superior. No industry
is nearby, gasoline engines are for-
bidden on the island, and aircraft
may not fly over it. Nevertheless,
fish taken from Siskiwit Lake con-
tained PCBs, leading scientists to the
conclusion that atmospheric transport
is the only possible source of the
contaminants.

A groundwater and soil data base
that can store data for an unlim-
ited number of wells and chemical
parameters has been developed to
provide data input and validation,
tracking and reporting of well instal-
lations, field monitoring, and labora-
tory results. The program, known as
EnviroBase III, is designed to man-
age environmental data for engineer-
ing consulting firms and for genera-
tors of hazardous waste. It is written
in dBase III+ language, is compiled
in Clipper, and can be used on IBM
and compatible computers. The pro-
gram requires a minimum of 640 kB
of memory and a hard disk. Intro-
duced by EnviroBase Systems Inc.
(Englewood, Colo.), the program
can do statistical analysis and plotting
together with other software and
currently is being used by a large
chemical company to handle soil and
groundwater data.
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The control of particulate matter
from coal combustion “is a mature
technology,” according to a report
published in February by IEA Coal
Research (London). Nevertheless, “a
wide range of work is under way to
improve the applicability, perform-
ance, and cost-effectiveness of partic-
ulate control equipment.” The report,
“Particulate Control for Coal Com-

bustion,” covers existing technolo-
gies and ongoing advances in me-
chanical collectors, electrostatic
precipitators, fabric filters, and wet
scrubbers. It also discusses particu-
late control for new coal utilization
technologies and the interaction be-
tween particulate removal and sulfur
control. The new technologies cov-
ered include coal-liquid mixtures,
fluidized-bed combustion, gasifica-
tion, and combined-cycle systems.

Three approaches to removing
radon from community water sup-
plies are being tested by Nancy
Kinner of the University of New
Hampshire. One technique involves
the use of granular activated carbon
(GAC). This method creates a prob-
lem, however, because removal rates
with GAC decrease with time and
radon emitters concentrated in the
filter—such as uranium and radium—
emit enough radiation to qualify the
used carbon as a hazardous waste.
Another approach involves packed
tower and diffused bubble aeration,
by which 98-99% of the radon emit-
ters are removed. Radon-containing
air, however, must be vented out, and
other contaminants may accumulate
on the packing material. The third
approach uses “low-tech”™ systems
such as spray nozzles and bubble
aeration systems. Kinner currently
believes that aeration systems show
the most promise.

Electric utilities can assess expo-
sure levels associated with chemical
spills by means of the POSSM (PCB
on-site spill model) developed by
CH2M Hill under contract to the
Electric Power Research Institute
(EPRI, Palo Alto, Calif.). Although
the model was designed to evaluate
exposure levels and alternative
cleanup strategies for polychlorinated
biphenyls (PCBs), it is applicable to
other contaminants. The model also
may be used to address the extent of
exposure from chemical residues at
old spill sites and the effectiveness of
cleanup and containment alternatives.
Software for POSSM is available for
use with IBM personal computers
and compatible devices, according to
EPRI spokesmen.

Gladys Berchtold, chairman of
Standard Laboratories (Charles-
ton, W. Va.) called for the estab-
lishment of a single government
laboratory accreditation board. Testi-
fying for the American Council of
Independent Laboratories, Berchtold
told a House subcommittee that this

board would “resolve difficulties that
have arisen because of the prolifera-
tion of accrediting practices through-
out the country.” She proposed that
the board be authorized to examine
accreditation systems and “withhold
approval from inadequate or margin-
ally adequate systems.” She added
that the board should assign areas of
accreditation and carry out those
functions needed to produce “a com-
prehensive, technically competent
system for laboratory accreditation.”
Berchtold said that “Congress needs
to recognize the serious problem that
exists because the country is without
a national accreditation program.”

Pollution control expenditures
could increase by at least $32 bil-
lion a year and as many as 600,000
jobs could be lost if proposed amend-
ments to the Clean Air Act (S. 1894)
become law, warns the Business
Roundtable (New York). The total
annual environmental control cost to
industry would exceed $100 billion,
or about 2.5% of the Gross National
Product, says David Roderick, chair-
man of USX and of the Business
Roundtable’s Environmental Task
Force. He notes that S. 1894, intro-
duced by Sen. George Mitchell (D-
Me.) contains provisions addressing
acid rain, mobile-source emissions,
and the failure of many cities to meet
ozone standards. Roderick notes that
the $32 billion cost estimate covers
only 21 of the 43 provisions because
estimates for the remaining ones are
not yet available.

The Fertilizer Institute (FI) has
blasted the U.S. Department of
Agriculture for seeking ways to
replace synthetic chemical fertil-
izers and pesticides. Orville Bentley,
assistant secretary for science and
education, explained that the depart-
ment is seeking “‘more harmless
[farming] methods™ in an effort to
reduce human health hazards and
water contamination associated with
the “excessive use of these sub-
stances.” The increased moves to-
ward “low-input” farming, however,
are reducing the revenues of agricul-
tural chemical manufacturers. For
example, the fertilizer industry en-
joyed annual revenues of $10 billion
during the early 1980s, but last year
these revenues decreased to $7 bil-
lion because of reduced planting and
costs of chemicals and environmental
concerns. FI president Gary Myers
charged that Bentley's statements
were based on “no facts™ and that
the department “is advocating one
farming system at the expense of
another.”
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FIGURE 1
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posed on-site or very near such
operations. Because the material record
of the human past—the archacological
record—currently exists on or below
the surface of the earth, it includes
chemical residues of past human activ-
ity. Although wholly new compounds
have been produced during the last four
decades that are not specifically analo-
gous to chemicals produced in the past,
it is possible that the study of chemical
residues at archaeological sites could
provide useful information for the fu-
ture.

Archaeological investigation coupled
with the chemical analysis of selected
metal species has relevance for the dep-
osition of hazardous materials, both in
the surrounding soil and in the artifact
(i.e., bone, metal, storage pit, or
mound). Such investigations can yield
data on long-term transport and fate of
hazardous substances. Anthropogenic
organic compounds, like metal species,
are deposited in soil, but they are less
likely to be preserved in appreciable
quantities over long periods of time.
Organic decomposition in most envi-
ronmental settings is more rapid than
inorganic transformation. The only ex-
ceptions to this statement are organics
deposited in anaerobic environments or
buried in contact with metals such as
copper. The association of a metal with
an organic reduces the probability of
microbial activity.

The object of this paper is to show
how the profile of metal concentration
in the soil near bone from archaeologi-
cal sites can be used, along with the
appropriate mathematical model, to ex-
tract transport parameters. These pa-
rameters can then be used to predict
long-term migration rates of chemical
species associated with the burial of
hazardous wastes in similar environ-
mental settings.

Metal concentration profiles in soil

Although a number of archaeological
studies have considered the question of
elemental movement into and away

from bone, only a few studies have
considered the interactions between soil
and bone (/-7). Fewer still have col-
lected large soil samples and reported
their results in a way that could be ana-
lyzed for information on chemical
transport. We have located two such
studies that meet the latter criterion.
One involves human remains, re-
ferred to as the Illinois Femurs (8), of
the Middle Woodland Period in west-
central Illinois (100 B.C.-400 A.D.).
The study of four burials at the Illinois
site demonstrated that, under certain
environmental conditions, some metals
(e.g., Ca and Mg) can be leached from
bone, whereas others (e.g., Fe, Al, and
K) adsorb into the bone. Unfortunately,
certain anomalies in the chemical pro-
files required that we exclude these data
from our analysis. The second study of
a fifth-century Anglo-Saxon burial
from Mucking, Essex, U.K. proved
most useful for our purposes and be-
came the basis of our analysis (9).

The Mucking silhouette

Bone preservation in archaeological
sites varies considerably according to
soil conditions. In general, bone is pre-
served well in soils of neutral or
slightly alkaline pH and poorly in
acidic soils. In certain circumstances
the bone itself may nearly disappear,
leaving a dark stain, or “silhouette,” in
the ground. The following is a sum-
mary of the findings on metal mobility
around the Mucking silhouette (9).

Dedication

This feature article is dedicated to the
memory of Professor Bob J. Miller, a
coauthor on this paper, who died sud-
denly during an operation for an aneu-
rysm. A recognized authority on soil
acidity, Miller was an active force be-
hind curriculum changes at LSU and
had been nominated as Outstanding
Professor in the LSU College of Agri-
culture.

A single grave was chosen for de-
tailed analysis. It contained a fifth-cen-
tury Saxon burial without grave goods
at a depth of 60 cm (after removal of
the topsoil). The grave was located in
the gravel subsoil. All that remained of
the body was a soil silhouette and some
disintegrated bone. Part of the left leg
below the knee was present, as were
parts of the skull, jaw, and some teeth.
Samples were taken systematically
throughout the excavation of the grave
at intervals of 5 cm vertically and in
three positions horizontally to a depth
of 50 cm, below which samples were
taken at 2.5-cm intervals for an addi-
tional 7.5 cm. At 60-cm depth, samples
were taken from the silhouette. Three
more samples were taken 2.5 cm below
the silhouette. Samples were analyzed
by atomic adsorption spectrophotome-
try for elements of particular interest.
Phosphorus was determined colorimet-
rically. Samples analyzed for Mn, Cu,
and P from the leg region are shown in
the form of histograms in Figure 1.

Concentrations of phosphorus, man-
ganese, and copper were found to be
higher in the body silhouette than in the
surrounding soil; phosphorus levels
were particularly high where bone sur-
vived. Manganese concentrations in
samples from the silhouette were con-
siderably higher than those normally
found in bone, whereas copper concen-
trations were slightly lower. Keeley
et al. noted that there was no evidence
for Cu accumulation in the silhouette;
however, Mn showed considerable ac-
cumulation in the silhouette (9). Rela-
tively low Mn concentrations were
found in soil immediately above and
below the silhouette, suggesting that
Mn had withdrawn from these areas. It
was concluded that the body silhouette
in the grave at Mucking was character-
ized by accumulation of Mn in the skel-
etal area and that P and Cu do not show
this enhancement.

We are not in total agreement with
the above conclusions of Keeley and
co-workers. Based on the concentration
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profiles of Mn and Cu immediately
above the silhouette, we are of the
opinion that these two metals are mi-
grating from the soil toward the bone.
This tentative conclusion is based on
the position and shapes of the depleted
zones immediately above the silhouette
plane and the fact that Cu tends to sorb
in bone. The concentration profile of P
is nearly constant above the bone and,
based on these concentration profiles,
no mobility direction can be inferred.

The original investigators based their
conclusions about Cu on average con-
centrations in the bone and soil. If Cu is
highly sorbed in the surface layers of
the bone, averaging will mask the sorp-
tion and mobility potential. Keeley and
co-workers are not to be faulted, how-
ever, because evidence that bone sorbs
Cu in the outer layers was found only
recently (/0). In the following section
we propose a fairly complex historic
scenario for the creation of the Cu and
Mn profiles shown in Figure 1.

Modeling of silhouette data

A chemodynamic model was used to
interpret the Mucking silhouette data.
The Mucking data set has several char-
acteristics that make it particularly
well-suited for consistent, qualitative
interpretation and quantitative model-
ing of long-term metal transport in
soils. The Mucking silhouette consti-
tutes a simple geometric plane; its soil
zone is thin and contains decayed bone
remains. Samples were obtained verti-
cally from the center of the body near
the leg region. The perpendicular ori-
entation of the sampling axis with re-
spect to the body plane allowed for the
use of a one-dimensional model with a
high degree of confidence.

From the histograms of depth vs.
concentration for Cu and Mn (Figure 1)
the following observations may be
made. In the case of Mn, the concentra-
tions decrease uniformly from 10 cm
below the soil surface to 50 cm. For
Cu, the concentrations decrease uni-
formly between 10 cm and 45 cm. This
indicates a concentration gradient that
favors transport of the elements toward
and into the bone. However, from the
plane of the silhouette upward 5 cm for
Mn and upward 15 cm for Cu, the con-
centration gradients are reversed, indi-
cating transport of the metals away
from the bone. These two directions of
transport may represent two different
diagenetic processes. Consider the fol-
lowing hypothesis of soil and bone
processes during the period from burial
to soil sampling.

Attime ¢ = 0, the body is placed in a
grave and soil cover is provided. The
process of excavating and filling the pit
mixes the soil column somewhat. It can
therefore be assumed that a fairly uni-
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form metal concentration profile exists
in the soil at this point (Figure 2a).
During the course of decades, the or-
ganic portions of the body decay and
other products move from the site. A
drop in pH would accompany the
anaerobic decomposition of organic
matter, and this drop would likely in-
crease the mobility of most metals in

the surrounding soil and bone. The ex-
posed, intact bone becomes a sink for
the metals in the surrounding soil. For a
period of time ¢, (thousands of years),
the bone is in the adsorption phase and
the concentration profile shown in Fig-
ure 2b develops. The metal concentra-
tions are low near the bone and increase
with distance upward from the bone.

FIGURE 2

Chemodynamic model for the Mucking data
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During this adsorption phase the bones
are substantially intact, although still
decomposing, and provide a highly ad-
sorptive plane for the metals.

Commencing about time ¢,, the bone
begins to undergo substantial decompo-
sition. This may result as the bone loses
a substantial amount of the structural
component hydroxyapatite, which
tends to neutralize the acidic effects of
adjacent soil. The loss of neutralizing
capacity of the bone would create a
drop in pH at the bone surface, which
would result in metals release and in-
creased mobility from the silhouette
back to the soil. Because metals are
sorbed onto the outer surface of the
bone, a decay process coming from the
outside would result in fairly instanta-
neous release for the metals.

For the time period from the onset of
decomposition (z,) to the sampling time
(%), the metals are assumed to be con-
tinuously released to the soil and to mi-
grate away from the bone. Figure 2c
illustrates the effects of the desorption
phase (dashed line), which is equivalent
to the concentration histogram at the
time of sampling (solid line) only for
the region above the silhouette. Presum-
ably a mirror image profile exists below
the plane of the silhouette, but there are
insufficient data to confirm this.

Although the above hypothesized de-
scription for the histograms of Cu and
Mn contains several assumptions and
three separate diagenetic processes in-
volving bone, soil, and the silhouette, a
simple hindered-diffusion transport
model containing™~one adjustable pa-
rameter is sufficient to reproduce the
data. The following section is a mathe-
matical description of the chemo-
dynamic model interpretation of the
Mucking silhouette.

A transport model

A hindered-diffusion transport model
is available for transport of metals in
soils. The mathematical description for
the soil region above the plane of the
burial should be the simplest model
with the minimum number of adjusta-
ble parameters sufficient to reproduce
the data. The following assumptions
produce the simplest hindered-diffusion
transport model: one-dimensional
transport; no metal movement by
groundwater or other advective effects;
transport by diffusion in the soil pore
spaces; and equilibrium between the
metal on the soil, in the solids, and in
the adjoining pore water.

Combining simplified forms of the
continuity equation for the metal spe-
cies on the soil and in the pore water
yields:

S0/t = D(62w/8y?) I

when Fick’s first law is used for clo-
sure.

In Equation 1, w is the concentration
of the metal on the soil (mg/kg), ¢ is
time (s), y is the distance from the plane
of the body (cm), and D is the effective
diffusion coefficient for the metal
(cm?/s).

The model is Fick’s second law. The
effective diffusion coefficient consists
of both transport and equilibrium pa-
rameters:

D = Du/[r(Kep/e + 1)] @

where Dy, is the molecular diffusivity of
the metal species in water (cm?/s), 7 is
the tortuosity factor of the porous me-
dia, and Kjo/e + 1 is the retardation
factor. This factor contains the partition
coefficient, Ky, for the metal between
soil and water (L/kg), the bulk soil den-
sity, p (kg/L), and the effective soil po-
rosity, € (L/L).

The model is a version of the classi-
cal transport model for hindered diffu-
sion of chemical species in ground-
water. Metal concentration in soil,
rather than in pore water, is used. The
two are related linearly by Ky. This
transformation makes the model com-
patible with the existing data. Formica
and Thibodeaux used this approach in
interpreting the effective diffusivity of a
polychlorinated biphenyl in lake bottom
sediments (/7).

Diffusion coefficients

Effective diffusion coefficients were
found for the adsorption phase. The ge-
ometric orientation and the depth of
burial of the Mucking silhouette are
ideal for invoking the semi-infinite slab
solution to Fick’s second law. That
solution is:

w® —w
=1 —erf (y/NV4Dt)) (3)

w® — w*

where erf is the error function. Use of
Equation 3 requires that the back-
ground concentration, w° (ppm), of
metal in the soil far removed from the
plane of the silhouette be uniform at the
time of burial and remain constant. In
addition, the plane of the burial (i.e.,
bones at y = 0) must provide condi-
tions that maintain the metal at a con-
stant concentration, w* (ppm), that is
less than w°, and the histogram data
must be w vs. y at ¢ for the adsorption
phase.

The process of burial, as was noted
earlier, mixes the soil above the body;
therefore, uniform initial metal concen-
trations are likely achieved. In the case
of the Mucking silhouette, the depth of
burial, 60 cm, appears to provide a suf-
ficient distance between the plane of the
bone and the soil surface so that w° is
effectively constant at y = oo. An in-
spection of the histogram data for both

Mn and Cu (Figure 1) shows that the
metal concentrations in the top 10 cm
are not constant but decrease toward
the surface. This may be an indication
of an active leaching zone or biological
uptake, both of which depend on
ground cover and soil type. This is
somewhat worrisome but, as mathe-
matical analysis will show, apparently
has little effect on model utility. It ap-
pears that the depletion of the metal
zone near the soil surface either oc-
curred shortly before the sampling time
or was not severe enough to have an
apparent effect on the results.

Bones apparently provide a highly
sorptive medium for both Cu and Mn.
This is evident from the high concen-
tration gradients displayed in the histo-
grams of Figure 1, in the soil data on
other metals gathered by Lambert and
co-workers, and in the studies that
show high concentrations of Cu in bone
adjacent to soil that has low Cu concen-
trations (/0). In the absence of mea-
sured partition coefficients for Cu and
Mn between bone and damp soil, but
based on the above evidence, we as-
sume the concentration gradient to be
very large. This being the case, we can
make the value for w* very small. We
chose w* = 0 for both Cu and Mn at
the plane of the bones.

The data applicable to the adsorption
phase need to be chosen carefully for
two reasons. The concentration data
near the soil surface must not be used.
As discussed above, the data repre-
sented surface-related processes or
other recent environmental occurrences
that rendered the gradients wholly un-
related to the adsorption process at the
plane of the body. The concentration
data associated with the metal desorp-
tion phase (i.e., with bone decay and
concomitant metal release) also must
not be used; these data will be used
with the model later in a desorption
mode as an independent verification. In
summary, only the data for depths be-
tween 12.5 cm and 42.5 ¢cm for Cu, and
between 12.5 cm and 57.25 cm for Mn,
are applicable to the bone adsorption
phase. The plane of the silhouette was
placed at a depth of 56.25 cm.

Interpretation of the model

If the Mucking silhouette is a fifth-
century Saxon burial, then the time of
burial (or sampling), f;, is approxi-
mately 1400 years, plus or minus a few
hundred years. Assuming : = 1400
years (4.42 x 10'° s), the concentra-
tions (w) and distances above the sil-
houette (y) can be used in Equation 3 to
extract numerical values of the effective
diffusion coefficient. The basic data and
calculated D values for Cu and Mn
were reported by Thomas (/2). Be-
cause of uncertainties as to the actual
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value of the background metal concen-
trations, w°, as reflected in a depleted
metal zone near the soil surface, a
mathematical optimization process was
used to arrive at the effective w® value.
This technique involves a one-dimen-
sional search over a reasonable ex-
pected range of w° values, minimizing
the coefficient of variation (COV) of the
D values. This mathematical technique
has been used successfully in another
study (/3). In both cases minimum
values of COV were found.

The effective diffusion coefficient is
7.9 x 107° cm?/s for Cuand 1.0 x 10”7
cm?/s for Mn. It appears that Mn
moves approximately 100 times more
rapidly than Cu. The effective back-
ground concentrations were 14 ppm for
Cu and 1200 ppm for Mn. The copper
value is in the range of the measured
values, but that of Mn exceeds the mea-
sured value by a factor of 2.5. This
occurrence with Mn suggests that the
background concentration could not
have remained constant; therefore, the
semi-infinite boundary conditions were
not met. Because of this, the effective
diffusion coefficient for Mn is only a
rough approximation. It should be
noted also that the absolute value of
COV for Mn is approximately twice
that of Cu value. This indicates further
suspicion of the D value for Mn.

From the goodness-of-fit of the
model to the data using only the diffu-
sion coefficient, it appears that a two-
parameter model involving advection is
not necessary in this case. Thus the
simple hindered-diffusion transport
model can be used to estimate key pa-
rameters related to the long-term mo-
bility of metals in soils.

Bone decay time and desorption

As illustrated in Figure 2c of the in-
terpretative model, the adsorption
phase profile is essentially above the
horizontal line P—P. This model as-
sumes that the bone effectively decays
at some time #, before the sampling
time #,. Over time, f, — t,, the metals
are free to move again. The desorption
portion of the profile is shown below
the P—P line of Figure 2c. If this new
period of movement is characterized by
the same numerical value of the effec-
tive diffusivity found in the adsorption
phase but with gradients in the opposite
direction, then the use of another ver-
sion of the semi-infinite slab model
equation is appropriate:

= erf [yN4D(, — 1,)] (4)

w — w*
wo_w*

The general limitations applied to
Equation 3 also apply to Equation 4.
The following conditions reverse the
gradients: w* is now the high metal

484 Environ. Sci. Technol., Vol. 22, No. 5, 1988

1
FIGURE 3 |
Estimating bone decay time
50._
D = 7.87 x 10° cm%s
w* (adsorption) = 14 ppm
" (desorption) = 18 ppm
40—
3
e
[)]
=
$ so-
o
=
D 1200y = ¢,
o t, = 1300y = Adsorption phase
% 1100y = &
g
k7]
o
=
20—
10+~
Desorption phase
ts - t = 100y = 200y
Plane of silhouette
0 1 1 | 1y 1 )
2 4 6 8 10 12 14 16 18 20
Copper concentration (ppm)

concentration at the plane of the de-
cayed bone, and «° is the effective
metal concentration that surrounds the
bone and was depleted during the ad-
sorption phase. The value for w° is
taken as zero. Under the above condi-
tions, Equation 4 becomes:

wi =1-erf [yN4aD@, — 1] (5)

*

This now can be used for the desorption
phase.

An estimate of the time of bone de-
cay is needed. Because the desorption
profile is very near the plane of the sil-
houette, as is the point of minimum

concentration, #, — ¢, is likely a short
period of time compared to #. The
maximum concentrations at the plane
of the silhouette in the field data will be
used for estimating w*. From Figure 1,
w* = 18 ppm for Cu, and w* = 1500
ppm for Mn. Figure 3 shows the results
of the separate calculations for Cu dur-
ing the adsorption and desorption proc-
esses, respectively, with 7, values of
1300, 1200, and 1100 years, and ¢, — ¢,
values of 100, 200, and 300 years.
When the model calculations are com-
pared with the data indicated, the effec-
tive time of adsorption is relatively in-
sensitive to 100-year intervals;
desorption is more sensitive. Based on



desorption alone, the effective time of
bone decay was tentatively estimated at
200 years prior to the sampling time.
The decay time was based on Cu data
only. The desorption data for Mn are
limited, with only one data point clearly
identified.

Adsorption-desorption phases

It is a property of linear partial differ-
ential equations that the solutions of
two simultaneous processes are the sum
of each, so an independent test of the
model is to add the results of the ad-
sorption phase to the results of the de-
sorption phase at depths. Quantita-
tively, the concentrations of w values
from Equations 3 and 5 are added to-
gether. The success of this particularly
severe test of a simple model is illus-
trated in Figure 4, which contains the
field data and the model-calculated con-
centrations for Cu and Mn. In the cal-
culations for Cu, t,= 1300 years; #, —
t, = 100 years; D = 7.87 X 10-° cm?/
s; and w* = 0 and w° = 14 ppm for the
adsorption phase, w* = 18 ppm and
w® = 0 for the desorption phase. The
combined model refines the #, — ¢,
value to 100 years. The tentative esti-
mate of ¢, — #,, calculated using the de-
sorption model alone, was 200 years.
In summary, it appears that the bone

decay-Cu release process occurred
1300 years after burial and 100 years
before sampling. Although the data set
for Mn desorption is limited to a single
value, the summed model component
value and the data are shown in Figure
4. The data were calculated using ¢, —
t, = 100 years, which is the value de-
termined for Cu. These calculated val-
ues closely agree with the data.

The degree of correlation between
calculated values and the data is a nec-
essary test for a model. Another test of
the model and the associated hypothesis
concerns the range of numerical values
for the particular adjustable param-
eters. The key parameter in this case is
the effective diffusion coefficient, de-
fined by Equation 2. This equation pro-
vides an independent means of estimat-
ing D. Reported ranges of K, for Cu in
streams and lakes with low sediment
(i.e., soil) concentrations are from
2.5 X 10*to 2 x 10* L/kg and from 8.6
X 10°to 5 x 10%, respectively (/4). For
Cu?* in aqueous solution at 18 °C and
25 °C, tracer diffusion coefficients have
been determined as 3.41 X 107°,
5.88 x 1075, and 7.33 X 10® cm?/s
(15). A soil bulk density of 1.5 kg/L
and 50% porosity with the diffusivity
data at 18 °C yields D values of 5.5 X
10'°t02.8 X 107!! cm?/s for a tortuos-

ity of V2. Although the Ky values
used were for low sediment concentra-
tions and the expected K for the Muck-
ing soil likely is lower, the range of D
values is in general agreement with the
silhouette data for Cu. Because similar
independent data were not available for
Mn, comparisons were not possible.

In summary, then, the basic hypothe-
sis is valid: A one-parameter, hindered-
diffusion, metal-transport model with-
out an advection term is sufficient to
account for adsorption and desorption
phases in the diagenetic processes of
buried bone.

Migration of hazardous substances

Archaeological data can be used as
evidence for the long-term migration of
hazardous substances in the soil. As
demonstrated by our analysis, investi-
gations of archaeological deposits are
appropriate for problems of elemental
movement for two reasons: They con-
tain chemical concentrations that vary
with depth and they can incorporate
long time scales. Consequently, with
appropriate transport models these data
can be used to extract key parameters
regarding elemental movement that are
unobtainable by any other investigative
means. In the Mucking case, for in-
stance, data collected for purposes
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other than the problem of migration of
hazardous substances in soils were ade-
quate for demonstrating adsorption and
desorption and for extracting diffusion
coefficients. Because of this success, it
seems worthwhile to pursue the prob-
lem of elemental mobility, transforma-
tion, or loss in archaeological contexts
with a research strategy specifically de-
signed to obtain appropriate data. Such
research must be interdisciplinary and
incorporate both field and laboratory
phases (/5). The remainder of this pa-
per outlines how such research might
be undertaken and what we might ex-
pect in return.

Scope of research activity

Research activity in the future should
include field work at the site, retrieval
of historic information, and specific
laboratory studies. The field work
should commence with known sites.
There seems to be a sufficient number
of open and partially excavated archae-
ological sites; therefore, a search for
new sites is not necessary at this time.
Existing sites will likely contain the
needed information. The planning and
execution of sampling protocols is
easier at existing archaeological sites
because the types, positions, and extent
of artifacts can be predicted somewhat.
The field work will involve the collec-
tion of appropriate samples from on
and off the site. The extent of sampling
should reflect the type of study in-
volved. Samples should be collected
from the artifacts, from the soil that
surrounds the artifacts, and from pore
water. Samples for classifying the soil
and stratigraphic mapping of soil hori-
zons also need to be taken.

Some laboratory research such as
tests or simulations involving the arti-
fact or its soil environment will likely
need accompany the field investiga-
tions. For example, laboratory investi-
gations may study the leachability and
adsorptivity of elements from the arti-
fact to water and the soil matrix. In the
case where bone provides the sink or
source for metal transport, the respec-
tive partition coefficients between bone
and pore water need to be measured.
Some specific laboratory investigations
should explore the fate hypothesis de-
veloped from inspection and study of
the chemical record within or surround-
ing the artifacts.

Historic information about the haz-
ardous-waste site is also necessary to
establish the time of entry of the artifact
or the incidence of chemical perturba-
tion and subsequent activities that may
have affected the archaeological re-
cord. Time can be established by
radiocarbon, thermoluminescence, or
other dating techniques. Climatological
information can be obtained from re-
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corded history or inferred from tree
rings, pollen, or plant macrofossils. In
the case of prehistoric sites, the archae-
ological record of human inhabitation
may be the only source of information.

Information derived and its uses

The information derived from such a
research activity is a product of the ba-
sic data and the models, scenarios, and
the hypotheses employed in interpret-
ing the data. The basic data consist of
chemical concentrations, time, envi-
ronmental setting, and type of human
activity. The interpretation of this evi-
dence will involve many of the same
general procedures used in forensic
chemistry to reconstruct prior events.
This particular manuscript illustrates
how a mathematical transport model
can be used as an interpretative tool.

Depending upon the methods used,
information can be obtained on element
or substance migration distances and
rates over time; effective transport and
transformation rate parameters; field
verification, in both space and time, of
laboratory experiment and theoretical
models; soil types and conditions that
retard or enhance element or substances
migration; and the correlations of cli-
mate, terrain, and other environment
factors to species movement.

There are many specific uses that can
be made of the information. The fol-
lowing is a list of uses specific to haz-
ardous-waste fixation, disposal, and
containment: the prediction of distances
and times for hazardous substances
traveling from abandoned dump sites to
sensitive targets; the design of contain-
ment barriers for landfills and other so-
called long-term disposal facilities; cal-
culation of the relative mobility and fate
of metals and organics in sediment over
long time periods; estimates of the sig-
nificance of catastrophic environmental
events (e.g., acid rain or flooding) on
containment and disposal strategies; the
formulation of waste into soil-like ma-
trices and the maintenance of certain
environmental conditions to minimize
migration rates; and establishment of
siting requirements based on soil prop-
erties for disposal and containment fa-
cilities.

Problems and uncertainties

Although the results of this prelimi-
nary study are encouraging, the exploi-
tation of the archaeological record for
purposes of hazardous-waste disposal is
not without its problems. It is appropri-
ate to consider some of these.

Because mobility of elements in sedi-
ment is influenced by environmental
conditions, it is important to select test-
ing locations in which climatic condi-
tions can be assumed to be relatively
constant. In the Americas, such an as-

sumption can be made for the archaeo-
logical record of the Holocene—the
past 10,000 years. Comparable use of
an area by previous human populations
is a potential difficulty. Archaeological
chemistry is in its infancy and there are
few documented patterns of or predic-
tions about the behavior of elements in
previous human contexts.

Although controlling for general cli-
matic conditions is possible, recent cli-
matic changes such as the observed in-
crease in acid precipitation may have
immediate and perhaps significant ef-
fects on elemental content of the soil.
Long-term effects are uncertain, but
initial stimulation by increased acidity
may give way to deficiencies of ele-
ments such as Ca, K, Mg, and P that
are leached more rapidly. Magnesium
and other elements are mobilized at low
pH and leached from the soil. Metal
toxicants and nutrients, because of the
influence of hydrogen ions upon cation
exchange and weathering, causes mobi-
lization (16).

Because the archaeological record is
time transgressive, questions should
arise in the minds of researchers as to
what elements have been lost, un-
known, or changed and how these
processes will affect accurate interpre-
tation of data. Uncertainties are mini-
mized if work ;igl)ne at existing sites
that are fully developed to the extent
that the archaeological and historic re-
cord indicates a consistency of site con-
ditions.
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Modeling ozone concentrations

Urban- and regional-scale models are needed to develop
emission control policies that reduce ozone levels

Kenneth L. Schere
Environmental Protection Agency
Research Triangle Park, N.C. 27711

Efforts to model ambient ozone (Os)
concentrations within urban areas have
been under way for more than 15 years
(I-3). Recorded events of O3 and oxi-
dant damage to materials and plants as
well as its irritating effects on human
tissues have been noted for an even
longer period in areas affected by high
ozone levels. During this time the real-
ization arose that the urban O; problem
often was a subcomponent of a larger,
regional-scale (= 1000 km) O, episode.
The long-range transport of ozone be-
tween urban areas has become increas-
ingly evident (4-8). As a result, model
development programs to address the
regional-scale O; issue began about 10
years ago and continue today.

Ozone not only affects health and
welfare adversely in urban areas; it is
becoming clear that O; damages crops
and forest lands outside cities as well.
Recent estimates of direct crop losses,
based on the limited data available,
suggest that about $3 billion would be
lost annually if the United States expe-
rienced a seasonal daylight mean O;
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concentration of 60 ppb for seven hours
each day (9). This value is within the
range of frequently occurring daylight
ozone concentrations in many agricul-
tural areas of the United States.

The current primary National Ambi-
ent Air Quality Standard (NAAQS) for
ozone, 120 ppb for one hour, is de-
signed to protect human health. EPA is
considering the issuance of a secondary
standard to protect the nation’s crops
and forests from ozone damage. This
standard is likely to specify a longer
time period for estimating average
ozone concentration, such as the 7-h
seasonal daylight level. The cost of

Meeting ozone reduction goals

Tropospheric ozone has been regu-
lated since 1970, and nationwide lev-
els have declined by about 10% be-
tween 1983 and 1984. Nevertheless,
in the summer of 1986, EPA Adminis-
trator Lee Thomas announced that at
least 28 metropolitan areas will have
failed to meet the ozone concentration
deadlines set for Dec. 31, 1987. By the
end of 1987, this number turned out to
exceed 50.

controlling pollution sources in order to
bring areas that currently violate the
ozone NAAQS into compliance is esti-
mated to be in the billions of dollars.
No estimates have yet been made of the
control costs associated with a second-
ary ozone standard.

Only regional-scale air quality
models for ozone can simulate concen-
trations over a sufficiently long time
and wide area in a manner that is com-
patible with a secondary NAAQS
standard. Such models are necessary
components in the cost-benefit analysis
that must be performed to assess the
economic and social results of the emis-
sions controls required to reduce ozone
levels.

Technical issues

Determining wind flow patterns.
Several technical problems, which are
of minor significance in small-scale
ozone models, must be considered for
regional-scale ozone models. Foremost
among them is the uncertainty in deter-
mining the correct wind flow pattern to
use in the transport component of the
model. The wind flow field may be ob-
tained either by inference from mete-
orological observations or from the
predictions of a meteorological model.
The former method is more commonly
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used to determine wind flows for air
quality models.

The construction of a wind flow field
often is a problem for urban-scale
models as well as for regional models.
In urban areas there typically is an in-
adequate number of meteorological
monitors to determine a well-resolved
wind field. Special studies, on occa-
sion, have been conducted in urban ar-
eas in which the regular monitoring
network is enhanced by additional me-
teorological monitors. The resulting
network is useful for constructing a
wind field. On the regional scale, how-
ever, the spatial extent of the modeling
domain is too large to augment the
monitoring network in the same man-
ner.

Two types of wind measurements are
needed to form a wind flow field for an
air quality model: measurements made
near the surface and measurements
made aloft. Both are necessary to deter-
mine the characteristics of three-dimen-
sional transport for the air quality
model. In most regions of North Amer-
ica, the density of surface wind moni-
tors is relatively high. Surface wind
measurements, however, are affected
greatly by their immediate environ-

ment, so their ability to represent air
flow patterns in a model is limited in
spatial extent. Upper air wind measure-
ments are more difficult to obtain than
wind measurements at the surface, but
they are applicable over a larger spatial
area because the highly localized fric-
tional effects of the earth’s surface no
longer are significant. Upper air wind
measurements are made twice a day at
the network of monitoring stations
shown in Figure 1.

Upper air monitoring stations typi-
cally are located 300-500 km apart.
The number of these stations used in a
wind field calculation for a regional
(= 1000 km) model domain therefore
would vary between 4 and 12. Conse-
quently, one upper air measurement sta-
tion would determine the wind pattern
over a square horizontal area 300 km
on a side under the best circumstances,
and 500 km on a side under the worst.
Calculations based on measurements
made at these stations assume an even
spacing between them. By comparison,
the typical spatial resolution required in
a regional air quality model varies from
20 to 100 km..

In any attempt to determine a spa-
tially gridded wind field pattern from

upper air observations, an inherent un-
certainty resulting from the 300-500-
km distances between stations is un-
avoidable. The uncertainty in the
trajectory of an air parcel, determined
from this wind field, may grow with
time as its distance from the origination
point increases. In this context, it be-
comes clear that the accuracy of air
quality predictions from a regional
model is greatest at receptor locations
that are near both meteorological sta-
tions and major sources of pollutant
emissions. This predictability decreases
with increasing distance from either the
sources or the meteorological stations.
In other words, the ability to attribute
pollutant levels in remote regions to
specific sources is inherently limited
9.
Lamb and Hati propose a method for
generating an ensemble of possible
wind fields that are applicable for use in
regional-scale air quality models from a
set of meteorological observations (10).
This concept explicitly addresses the
uncertainty inherent in the specification
of atmospheric states. The application
of this concept for regional air quality
models takes them from a deterministic
prediction mode to a probabilistic mode
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in which the prediction of the pollutant
concentration at a receptor is in the
form of an expected probability distri-
bution. Lamb plans to test these ideas
with the EPA Regional Oxidant Model
(ROM) in the future (/1-13).

Cloud venting. Another issue of
continuing interest in the regional-scale
modeling of ozone is the process of
cloud “venting,” or the vertical trans-
port of mixed-layer material aloft into
the free troposphere by cumulus clouds
formed by convection (/4). This issue
is not as relevant to smaller scale
models in which material lost through
the top of the mixed layer does not be-
come reentrained into the model do-
main during the simulation. In a re-
gional-scale model, however, material
that is vented above the mixed layer can
be transported considerable distances
downwind by the faster-moving air
flow in the free troposphere. This mate-
rial then can be reentrained into the
mixed layer far downwind from the
original source area the following day
as the growing mixed layer incorpo-
rates the air aloft. This process occurs
well within the time and space scales of
a regional model simulation.

The mechanism of cloud venting is
described conceptually by Ching (14).
The scenario begins in the morning
when the growing layer of well-mixed
air above the surface becomes photo-
chemically active and its concentrations
of O; increase rapidly relative to ozone
concentrations found aloft. This mixed
layer of air quickly deepens, and cumu-
lus clouds begin to appear when the
layer rises to a height equal to or
greater than the convective condensa-
tion level. The cloud material is derived
primarily from the mixed layer, and the
developing cloud layer adjusts for this
mass input of mixed-layer air by an ap-
propriate amount of subsidence.

The mixed-layer ozone is carried
aloft in the convective cells, and a net
upward transport is possible when the
mixed layer contains higher ozone con-
centrations than the cloud layer above.
The significance of cloud venting for
ozone therefore should increase with
time during the afternoon. It also is
possible that other atmospheric constit-
uents are lifted through the cloud vent-
ing process. Of these, formaldehyde
might be of particular significance be-
cause of its reactive potential and its
higher concentrations during the after-
noon. Occasional episodes of tall-stack
emissions entrained directly into a
strong convective cell also provide a
means of injecting reactive species di-
rectly into the cloud layer.

Recent field experience has provided
evidence that confirms the existence of
the cloud-venting process and the re-
turn flow from cloud layer to mixed
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layer. In one experiment, a mass of
nontoxic fluorescent dye particles was
released below and above cumulus
clouds while an airborne lidar moni-
tored their transport and dispersion.
Observations showed that the dye re-
leased below a cloud was vented up-
ward into the cloud; the dye released at
or above the top of a cloud rapidly de-
scended into the mixed layer (I/5). In
another experiment, airborne lidar
measurements of O; and aerosols
showed that deep convection can pro-
duce pollutant-rich elevated ‘“reser-
voir” layers, which are transported
over long distances without surface in-
teractions (/6). The experimental
results suggest that approximately 30%
of the maximum concentration of ozone
measured at the surface in Norfolk,
Va., on July 31, 1981, was caused by
reactions of precursors that originated
from external sources more than
500 km upwind.

Biogenic vs. anthropogenic emis-
sions. With respect to source emis-
sions, there still is substantial uncer-
tainty about the effect of naturally
occurring (biogenic) organic emissions
on rural ozone concentrations. This is-
sue needs to be explored further with
regional-scale photochemical air qual-
ity models. Biogenic organic species,
mostly isoprene and several monoter-
penes, are emitted by many types of
forest trees and cultivated plants. A
number of techniques are available to
determine the flux of these chemical
species from individual plants or forest
groves (17, 18), although there is sub-
stantial variation among measurements.

The emissions of isoprene generally
increase with increases in ambient tem-
perature and light intensity, and the
emissions of monoterpenes increase
with temperature. Altshuller summa-
rizes the experimental results that ex-
plore the effects of temperature and
light intensity on these emissions (/9).
There obviously are seasonal and geo-
graphical differences between the bio-
genic organics emission rates; maxi-
mum emission rates are observed
during the warmer summer months in
the heavily forested eastern and south-
ern sections of the United States.

Biogenic emissions that are signifi-
cant as compared with anthropogenic
organic emissions in a particular local-
ized area would be most likely to occur
in rural areas of the Southeast during
the summer. When the rates of these
emissions are integrated over a large
regional area (=1000 X 1000 km),
however, the biogenic component can
easily be the larger. In a recent analysis
that used a biogenic emissions inven-
tory compiled for the northeastern
United States EPA-ROM application, it
was found that the integrated anthropo-

genic organic emissions rate over the
modeling domain was 1.7 X 107 kg/
day; the total biogenic organic emis-
sions rate was 2.6 X 107 kg/day for a
mid-summer day with clear skies (20).
These figures encompass an emissions
area of approximately 1 million km?,
and they include nonreactive as well as
reactive compounds. If the nonreactive
compounds are excluded, the ratio of
biogenic emissions to anthropogenic
emissions drops to 1.2:1.

Individual field programs designed to
measure ambient concentrations of bio-
genic organic species have shown that
isoprene and «-pinene are the species
most often identified (/9). Outside for-
est canopies, the average concentra-
tions of these species usually are less
than 10 parts per billion of carbon
(ppbC), although maximum isoprene
concentrations of 30—40 ppbC were re-
ported in several studies.

Measured concentrations of biogenic
organic species often are lower than
those expected from the estimates
based on biogenic emission inventories.
One explanation for this discrepancy
may be the highly reactive nature of
isoprene and the monoterpenes. Iso-
prene can contribute as much as 50% of
the overall reactivity of rural air, even
though its concentration is as low as
6% of the ambicnt hydrocarbon level
(21). These species are rapidly oxidized
into a number of intermediate carbon-
containing species, such as methyl vi-
nyl ketone, methylglyoxal, and formal-
dehyde, which also are highly reactive.

Altshuller notes that when the con-
centration ratios of isoprene to propene
in forested areas are compared with re-
gional average emission ratios, propene
measurements are higher than expected
(19). Propene, however, is a reactive
hydrocarbon of anthropogenic origin
and should form reactive products al-
most as fast as the isoprene. In addi-
tion, the average transport distance of
the propene to a sampling point in a
forested area must be substantially
larger than that for isoprene. Regional
oxidant models should be capable of
helping resolve the apparent contradic-
tions in the measurements and emission
inventories of reactive biogenic spe-
cies.

Several chemical kinetic mechanisms
for the atmospheric reactions of iso-
prene recently have been postulated
(21, 22). They are available for inclu-
sion in photochemical air quality simu-
lation models for applications in which
an isoprene emissions inventory exists.

In an urban-scale modeling study,
Lurmann et al. have applied a photo-
chemical trajectory model to the
Tampa-St. Petersburg, Fla., area to as-
sess the role of biogenic organic emis-
sions on urban O; formation (23). Al-
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though the biogenic and anthropogenic
organic emission rates are estimated to
be of comparable magnitude, the
results of the study indicate that bio-
genic emissions contribute only 2-9%
of the predicted maximum O; concen-
trations. The study also shows that this
relatively small contribution is attribut-
able to fast ozone-biogenic organic re-
actions that scavenge almost as much
ozone as is produced by the biogepic
organics in the urban environment.

On a regional scale, preliminary
results from simulations of ozone trans-
port in the northeastern United States
with EPA’s ROM model show notice-
able impacts from biogenic emissions
on ozone formation downwind of iso-
lated major sources of nitrogen oxides
(NO,) in otherwise hydrocarbon-lim-
ited environments. The effect of bio-
genic emissions on ozone formation
within most of the urban-source plumes
in the ROM simulation were relatively
small. Further studies of the effects of
biogenic species in regional-scale appli-
cations are needed.

Major uncertainties also exist in the
anthropogenic emission inventories
used in regional models. Lamb explains
that discrepancies between two recent
emission inventories for the northeast-
ern United States vary by a factor as
large as 100 for emissions of NO, in a
given grid cell (24). Discrepancies be-
tween volatile organic carbon (VOC)
emissions also are large. This noise in
the emissions data can be larger than
the changes in emissions that control
strategies would cause.

This is a potential problem for regu-
lators who use modeling scenarios as a
partial basis for their decisions on emis-
sions control measures, because the re-
sponse of ozone concentrations to

changes in VOC and NO, emissions is a
function of base emission levels.
Therefore, if the estimated base emis-
sions are erroneous, the simulated re-
sponse of ozone concentrations to emis-
sion controls also will be erroneous.
EPA and other groups responsible for
compiling source emission inventories
are working actively to reconcile dis-
crepancies in the inventories and are
producing more refined estimates of the
true source strengths with each new
generation of emission inventory.

The influence of stratospheric
ozone. The intrusion of stratospheric
ozone and its influence on concentra-
tions of near-surface ozone is a fre-
quently discussed issue that is beyond
the range of investigation with regional
air quality models. Generally, the upper
boundary of the model domain is speci-
fied at a height varying from the top of
the boundary layer (1-2 km above
ground) to the mid-troposphere. Ozone
concentrations above this level are
specified as an upper boundary condi-
tion on the model and are determined
by direct measurement (aircraft-based
observations) or are inferred from
ground observations.

Actually, large direct impacts of stra-
tospheric ozone intrusions at ground
level are unlikely. Analysis of the few
published observations of high O lev-
els in stratospheric intrusions and of
anomalously high O; at ground level
attributed to stratospheric intrusions
suggests that direct ground-level im-
pacts may occur less than 1% of the
time and usually are associated with
ozone concentrations of 100 ppb or less
(25). Regional models therefore will
not conclusively quantify the near-sur-
face impacts of stratospheric O;.

Providing adequate spatial resolu-

tion. The final issue of regional ozone
modeling encompasses the approxima-
tions made in solving the finite-differ-
ence analogs to the actual differential
equations that describe over time the
rates of changes in concentration of
species that participate in chemical in-
teractions in the model. This issue is
important for most numerical air qual-
ity simulation models but has some spe-
cial significance for regional-scale grid
models. Modeling on this scale re-
quires the model domain to cover a
large horizontal area while holding the
number of grid cells down to insure
reasonable computation costs. This cri-
terion is one factor that determines the
spatial resolution achieved by the
model; larger grid cells will provide
coarse resolution and smaller cells will
provide finer resolution.

Urban-scale ozone grid models typi-
cally use grid cells in a size range of 2—-
8 km to a side. This size generally is
too small for regional models because
an excessive number of grid cells
would result. The problem, then, is to
choose a grid cell size that will limit the
overall number of cells and provide ad-
equate spatial resolution.

How do we define adequate resolu-
tion in a regional ozone air quality
model? We must be able to resolve the
significant sources of emissions of
ozone-forming species; otherwise, we
risk diluting them into a large volume
in which the model is likely to diminish
their significance and underpredict the
resulting O; concentrations.

Using the National Acid Precipita-
tion Assessment Program emissions in-
ventory (24, 26), Lamb has studied the
issue of “scale length” of significant
nationwide sources of VOC and NO,
emissions, the primary precursors of
ozone in the northeastern United
States. Following his analysis, let us
rank the counties with the strongest
emission fluxes (mol km? day~') in the
study area from highest (No. 1) to low-
est. Now let us define a cumulative
emissions function, Q, that represents
the area-weighted average of the indi-
vidual county emissions from the great-
est down to and including county No. N
from our list:

N N
0- L 0046)/ L 4G)

i=1 i=1

where A(i) is the area of county i. A
plot of the cumulative emissions func-
tion, Q, vs. the cumulative area is
shown in Figure 2 for both VOC and
NO,. The left edge of the upper curve
corresponds to the highest VOC emis-
sions source county, Qvoc = 53,457
mol km2 day! and A = 58.1 km?. In
order to define this strongest source,

Environ. Sci. Technol., Vol. 22, No. 5, 1988 491



we would need a model grid size of
A2, or 7.6 km. In other words, a
model with grid size of 7.6 km would
define 100% of the peak source
strength.

If we follow the curves, we see that a
grid size of 20 km would determine
about 80% of the peak VOC and NO,
source strengths, provided that the
strongest VOC and NO, sources fall
within the same grid cells. Likewise, a
grid size of 50 km would resolve
slightly less than 50% of the peak
source strength. A model with grid
cells of 500 km is essentially no better
than one in which the entire domain is
treated as a single cell. When a model
is unable to resolve the strengths of the
actual sources, errors will occur in the
simulated concentrations of photo-
chemical species. Recent applications

of regional O; air quality models have
used grid sizes from 18 to 100 km.

The method of numerical solution of
chemical kinetics equations is another
area in which approximations made to
achieve a faster solution may produce
errors in the model results. The kinetics
modules of a photochemical air quality
model typically consume 75-90% of
the total model execution time and thus
are prime candidates for efforts to
achieve greater solution efficiency.
Problems associated with solving the
chemical equations arise because the
time scales of the various reactions
composing the kinetic mechanism span
a range of several orders of magnitude.
This makes it difficult to choose an op-
timum time increment for the solution.
Such a set of reactions is characterized
as “stiff.”

tion limit is 1 ppb.

measurement may be 10-30%.

0Ozone measurement methods in current use

Several techniques for measuring ozone concentration have gained wide ac-
ceptance. EPA’s standard reference method is the ozone-ethylene chemi-
luminescence method, by which a sample of ambient air that contains ozone is
mixed with pure ethylene that flows at a slow, controlled rate. One product of the
resulting reaction is formaldehyde in an excited state, which can be detected by
a photomultiplier tube. This technique is ozone-specific and has a minimum
detection limit of about 5 ppb and a response time of less than 30s. A number of
commercially available instruments use this method.

A related technique, less commonly used, also is based on the chemilumines-
cence principle. With this method, ozone reacts with solid rhodamine B. Al-
though this technique has a slightly longer response time, its minimum detec-

Another technique is based on ultraviolet (UV) photometry. The degree of
UV absorption is detected within a particular wavelength band in which
ozone is absorbed. This technique is ozone-specific and has a response time
of about 30 s and a minimum detection limit of about 5 ppb. It is used by
some commercially available instruments and often serves as a calibration
reference for chemiluminescence instruments.

Continuous ozone-monitoring instruments in current use are quite reliable.
Performance specifications for the instruments show precision values within
10 ppb. In continuous field operation, the expected variability or error in a

Most of the O data available in the United States today from regular continu-
ous-monitoring stations have been collected at urban or suburban sites; a
typical urban area contains one to five monitors. Some of the larger metropolitan
urban areas contain more monitoring sites. These data are compatible with the
urban model simulation studies in which the measured O3 concentrations are
used to define initial or boundary conditions and to evaluate the models.

Although it is sufficient for most urban model application studies, the existing
O, data base is far from ideal in terms of the number and spatial distribution of
monitors in metropolitan areas. For regional-scale modeling, the existing net-
work is clearly insufficient because only a few monitoring stations are located in
rural and “‘regionally representative’” locations away from the influence of urban
emission sources. Ozone monitors sometimes are located in rural areas for a
limited amount of time during special field studies in a given region.

Because of concerns about Oz damage to crops and forests, additional
monitors are being installed in rural and remote areas on a permanent basis.
Even in the most optimistic of futures, however, it would be unrealistic to expect
a dense network of O3 monitors on a regional (= 1000 km) scale. Nevertheless,
an increase in the number of monitors and a better spatial distribution of these
monitors in the ambient O, data base will make the use of these data in regional-
scale modeling applications easier and more meaningful.
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Accurate numerical solvers based on
the Gear method (27) usually are suc-
cessful for stiff systems but consume
large amounts of computer time and
memory. This makes them inappro-
priate for use in large grid models of air
quality simulation, although they may
be tractable in trajectory or box
models. The more common method of
solution in grid models uses a more ap-
proximate method based on steady-
state chemistry or ‘‘quasi-steady-
states’ that compares well with
Gear-type solutions when all empirical
parameters, such as the solution time
increment, are optimally adjusted for
accurate solutions over the range of ex-
pected ambient species concentrations
(28). Outside the range of the optimally
adjusted parameters, however, the solu-
tions can degrade quickly.

Regional models for ozone

The air quality simulation model at-
tempts to provide a mathematical solu-
tion to the atmospheric diffusion equa-
tion for all species of interest.
Generally, analytic solutions for the set
of model equations are not available.
Iterative numerical solutions to the fi-
nite-difference analogs of the original
differential equations therefore are
used. The terms in the model equations
include those for three-dimensional
transport and diffusion, pollutant
sources and sinks, and chemical trans-
formations. The framework of the
model in which these equations are
solved can vary from a three-dimen-
sional Eulerian grid model to a moving
trajectory model to the relatively sim-
ple box model. Hybrid formulations
between the three types of models also
are possible. In our discussion of re-
gional ozone modeling, we limit our-
selves to the grid models. Most of its
concepts apply to the other model
types, however, since their formula-
tions essentially are subsets of the grid
model formulation.

All grid models include representa-
tions of the advective transport terms.
The transport considers the movement
of mass as governed by the mean wind
velocity. (In regional-scale O; models,
mean quantities generally are averaged
over a period of 1-3 h.) Models vary in
the methods by which the gridded
three-dimensional wind field is speci-
fied. The most common device is the
use of an objective analysis technique
to interpolate between observations of
wind speed and direction (29). The in-
terpolation technique sometimes is en-
hanced by mass-conservation principles
to improve the results in areas of com-
plex flow such as those with sea breeze
circulations or mountain-valley sys-
tems (30).

In the most rigorous approach, a dy-



namic wind field model calculates the
gridded winds based on a numerical so-
lution of the equations of mass, mo-
mentum, energy, and moisture (37).
Once the wind field is determined, vari-
ous numerical solution techniques may
be used to solve the advective transport
equation (32). Each technique has its
own behavioral characteristics; some
prevent negative concentrations from
being calculated and others preserve
the peak concentration areas better. The
magnitude of the gradients in the spatial
patterns of predicted concentrations is
determined, in part, by the choice of
transport solution technique.

Turbulent diffusion is the process
whereby mass is spread out and diluted
based on the perturbations of the wind
field from the mean flow. This part of
the flow field is not resolved on the time
or space scales of the model. Typically
this component is modeled empirically
by the K-theory, or gradient transfer
theory approach. This theory assumes
that the local concentration of mass will
change with time as a function of the
mean wind speed, the local concentra-
tion gradient in space, and a stability-
dependent empirical diffusivity coeffi-
cient. This approach also is convenient
for numerically solving the diffusion
component along with the transport.

Other methods of treating turbulent
diffusion in regional models are possi-
ble, including a more rigorous ap-
proach to specifying the turbulent fluc-
tuations themselves. If this approach is
used, it usually is confined to the verti-
cal direction, where the diffusive ef-
fects are closer in scale to the mean
transport and thus have a greater rela-
tive impact than in the horizontal direc-
tion.

Modeling the kinetics of the relevant
atmospheric photochemistry is an inte-
gral part of all regional-scale ozone
models. It is difficult to condense the
hundreds of tropospheric photochemi-
cal reactions that involve NO,, oxygen
(0,), and hydrocarbon (HC) species
into a set that can be simulated effi-
ciently within an air quality model. The
techniques for accomplishing this are
varied and continue to evolve.

Currently, there are three generally
accepted techniques:

e the surrogate species technique, in
which the reactions of a few hydro-
carbon species represent the entire at-
mospheric mixture of hydrocarbons
(for example, the Dodge mechanism
[33D;

e the lumped molecule technique, in
which one hydrocarbon species,
sometimes a generalized species,
serves as a surrogate for a group of
similarly reacting species (for exam-
ple, the Carter-Atkinson-Lurmann-
Lloyd (CALL) mechanism [34]); and

e the lumped structure, or carbon-bond
method, in which hydrocarbon
groupings are based on structural
units (for example, the CBM-IV
mechanism [35]).

Chemical mechanisms applicable to
regional O; modeling must include the
slower reacting compounds because of
the multiday nature of the model simu-
lations and certain reactive biogenic hy-
drocarbon species that may become im-
portant in rural areas. These chemical
aspects have been ignored in urban-
scale ozone models because their scope
is more limited in time and space.

Our understanding of atmospheric
chemistry of the O;-NO,-HC cycle has
improved greatly during the past 20
years. Uncertainties still exist, how-

ever, and are reflected in all of the con-
temporary literature on chemical mech-
anisms. First of all, some of the
reaction rate constants are highly spec-
ulative. Also, for regional-scale model-
ing, the more significant uncertainties
include those associated with nighttime
NO, chemistry, the fate of many
slower-reacting organic species, and
numerous heterogeneous processes in-
volving aerosols that generally are ne-
glected in the examination of chemical
mechanisms for the production of
ozone. The degree of error introduced
into mechanism predictions from these
uncertainties has not been quantified
adequately.

Most ozone predictions based on cur-
rent knowledge of the applicable mech-

Regional Transport Model
(RTM-III)

Regional ozone

Systems Applications, Inc., San
Rafael, Calif. (Mei-Kao Liu
and Ralph Morris)

36, 37

Variable, 10-80-km grid cells
(1800 x 2000-km model
domain in eastern U.S.
application)

Three layers extending to
2000-6000 m above ground
level and one diagnostic
surface layer

1-3 hours

Gaussian-type point source
module with O;~NO,
photostationary chemistry at
receptor points or, optionally,
reactive plume module for
point sources

Winds interpolated from
observations or generated by
dynamic wind model.
Numerical advection by Flux-
Corrected Transport method
(SHASTA or multidimensional
FCT)

Carbon-bond IV (28 species, 70
reactions). Solution
procedure uses local steady-
state approximations.
Fourteen species advected

Dry deposition parameterized
with aerodynamic resistance
of the laminar layer and
surface resistance

Cloud mass flux
parameterization planned for
the future

Eastern United States (SURE
region); Midwest-Southeast
United States; California
Central Valley; western
Europe (PHOXA)

TABLE 1
Comparison of two regional air quality simulation models?
Regional Oxidant Model
(ROM)
Model type Regional ozone
Developers EPA Atmospheric Sciences
Research Laboratory,
Research Triangle Park, N.C.
(Robert Lamb)
References 11-13
Horizontal grid 18.5-km grid cells (780 x 1100-
resolution km model domain)
Vertical grid Three layers extending to
resolution height of tops of cumulus
clouds and one diagnostic
surface layer
Temporal 1 hour
resolution
Subgrid-scale Parameterized estimate of
features near-surface concentration
variance of NO, NO,, and O3
within a grid cell, based on
heterogeneous emissions
distribution
Horizontal Winds interpolated from
transport observations, except
nighttime jet-layer winds,
which are derived from
hydrostatic model.
“Probabilistic” generation of
wind fields. Numerical
advection by biquintic®
polynomial scheme
Chemical Carbon-bond IV (28 species, 70
kinetics reactions). No steady-state
approximations made. All
species advected
Deposition Dry deposition parameterized
by empirical relationship with
friction velocity, Obukhov
length®, and surface
resistance
Cloud Direct cumulus cloud mass flux
processes from surface layer to cloud
layer
Applications Northeastern United States
(NEROS region);
southeastern United States
a3-dimensional grid type.
52-dimensional, fifth order.
°Obukhov length is a characteristic scale length based on stability of the lower
atmosphere.
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anisms are quite similar for the same
set of operating conditions. Fractional
changes of some key parameters, how-
ever, may cause dissimilar responses
among these mechanisms. This aspect
disturbs policy-makers, who base their
decisions, in part, on the response of
ozone production mechanisms to frac-
tional changes in concentrations of pre-
cursor species. Further development
and understanding of these mechanisms
and of all important chemical processes
are needed before these differences can
be reconciled.

Sources and sinks of pollutants are
another essential aspect of regional
models. Mass is removed either chemi-
cally (through the chemical kinetic
mechanism), by rainout and washout
(usually not considered in models for
O3, but important factors in acid depo-
sition models), or by deposition to the
surface. The latter process usually is
characterized by a “deposition veloc-
ity” for a chemical species that is em-
pirically linked to the resistance of the
atmosphere as well as the resistance of
the underlying surface to the downward
movement of the species near the sur-
face.

Pollutants typically include NO,,
HC, and carbon monoxide (CO) spe-
cies from distributed-area and large
point sources. The area sources are
specified as emission fluxes averaged
over the cross-sectional area of each
grid cell. Point source emissions are
added to the appropriate grid cell after
any buoyant plume rise is accounted
for. Some models attempt to treat the
point source plume separately while it
is of a subgrid scale size. Treating the
subgrid scale effects, in one form or
another, is a common issue in regional
models, where a single source or an
urban area occupies only a portion of a
single grid cell.

Table 1 compares the characteristics
of two currently used grid models for
regional-scale air pollution. They are
designed exclusively for the prediction
of ozone concentrations as well as for
those of the other constituent species of
photochemical smog. Three other re-
gional models have been designed for
the simulation of the acid deposition
phenomenon—the Sulfur Transport
Eulerian Model (38-40), the Regional
Acid Deposition Model (47-43), and
the Acid Deposition and Oxidant
Model (44). All of the models are oper-
ational, although development con-
tinues on each.

Models for the rigorous treatment of
acid deposition must include all of the
physical processes that affect photo-
chemical smog as well as many others
that uniquely affect acid deposition,
such as in-cloud physical processes,
rainout, washout, wet deposition, aque-
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ous-phase chemistry, and others. Be-
cause Os, the hydroxyl radical (OH),
and hydrogen peroxide (H,0,) repre-
sent important oxidizing pathways in
the chemistry of acid deposition (45),
these models must simulate their con-
centrations accurately and include the
primary precursor species in their
emission inventories. Thus regional
ozone concentrations are derived, albeit
as a by-product, from regional-scale
models of acid deposition.

Certain factors, such as spatial
scales, separate the two model types.
The overall domains and grid sizes of
acid deposition models tend to be larger
than those for regional ozone and may
be too coarse for proper resolution of
high-concentration areas. On the other
hand, acid deposition models have
more vertical resolution than ozone
models to account for the physical
processes in clouds properly.

Applications of the regional air pollu-
tion models so far have centered on the
eastern parts of the United States and
North America where multiday, multi-
city pollution episodes are most com-
mon and for which comprehensive data
bases have been collected. Other areas
of application, however, are being

planned or are in progress. Particular
interest in regional models exists in Eu-
rope because of the large-scale pollu-
tion episodes that can develop there and
cross political boundaries. The govern-
ments of West Germany and the Neth-
erlands are sponsoring development
and application projects using the Re-
gional Transport Model (RTM-III) and
the Acid Deposition and Oxidant
Model (ADOM).

Figure 3 illustrates one of the pri-
mary benefits of the use of regional oxi-
dant models: defining individual urban
plumes within the model domain. In a
test application of the first generation
ROM, maximum predicted O; concen-
trations were contoured over an area
downwind of the Detroit-Windsor met-
ropolitan plume during the second day
of simulation of a pollution episode in
August 1979. (Only a limited portion of
the ROM grid is shown.) Although the
principal axis of the plume extended
out over Lake Erie, predicted ozone
concentrations agreed fairly well with
the pattern of surface measurements
shown. The shaded region in the figure
corresponds to an area of aircraft moni-
toring on Aug. 4, 1979, when the O;
measurements aloft (within the well-

FIGURE 3
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mixed layer) were observed to be as
high as 150 ppb close to the area in
which a concentration of 160 ppb had
been predicted (46).

Issues to be resolved

There is considerable interest in re-
gional-scale air quality modeling for
O3, other photochemical oxidants, and
acid deposition. This interest is fueled
by members of the scientific commu-
nity and by policy-makers who now
recognize that large-scale episodes of
air pollution can span many days and
cross many political boundaries. Coor-
dinated planning of optimum emission
control strategies to reduce the pollu-
tant burden must be organized around a
comprehensive approach to the prob-
lem. Part of the process includes the
use of both regional-scale and urban-
scale air quality models. Urban-scale
models alone cannot provide the link
between source areas as effectively as
regional models.

The challenge to air quality regula-
tors is to integrate the use of regional
O; models with the urban models in a
way that allows interaction between the
different spatial scales and makes best
use of the data provided by each type of
model. The coarser resolution of re-
gional models helps define the broad
spatial patterns of ozone and the direc-
tional movement of these patterns over
time; the finer scale of the urban
models better locates areas of high con-
centration within an airshed. Nesting an
urban model within the structure of a
regional model for particular cities is
one way to provide a dynamic interac-
tion between the spatial scales. Another
approach would be to maintain the sep-
arate integrity of the models, but to al-
low the regional model to provide
boundary conditions to the smaller
scale model, using the models in an it-
erative manner to provide the link be-
tween the scales.

We have described the structural
components of the more rigorous grid-
type regional O; models and have dis-
cussed some of the issues that have yet
to be resolved to achieve credible re-
gional-scale simulations. Chief among
these issues are the questions of the
magnitude and photochemical effects of
regional-scale biogenic organic emis-
sions, the mass transfer from the lower
to upper boundary layer by cloud
fluxes, the lack of determinism in re-
gional-scale wind fields, and perhaps
most critically, the proper description
of the subgrid-scale chemical and phys-
ical processes within the enormous vol-
ume of a regional grid cell. Further the-
oretical research and field experiments
will help provide the knowledge neces-
sary to resolve these outstanding issues
of regional-scale air quality modeling.
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Kenneth L. Schere is a research meteorolo-
gist at the Meteorology Division of EPA’s
Atmospheric Sciences Research Laboratory.
During the last 10 years, his work has in-
cluded the development and application of
photochemical air quality simulation
models. Schere received his undergraduate
degree from Cornell University and his grad-
uate degree from the Pennsylvania State Uni-
versity.
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€€ The book is rich in content and well written. It is
difficult to resist the temptation of reading it all. 99 u r ce

Dr. Evgeny Shustorovich

Bastman Kodak Company SCiepti S'I"s
Guide to
Organometallic
Chemistry

66 This book does an excellent job of systematizing available data in the
surface science and organometallic literature in an understandable and
readable manner. 99

Professor Cynthia Friend
Harvard University

(14 This is the most useful volume for those of us who work
in the field of structural surface chemistry. More and more it
appears that the cluster bonding is best to describe the nature
of the surface chemical bond. ﬁris book describes the various
cluster bonding possibilities starting with good sound organo-

metallic chemical prim:?ples. The book is well written . . .
fo those surface chemists who are

road, and most useful
interested in bonding and applications of bondin% fo a variety
ithin the field of surface science of macroscopic surface phenomena. | am delighted to have
! this book on my book shelf.
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important as a means of understanding
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RECIUILATORY FOCUS

FY '89 budget request

Richard M. Dowd

The EPA budget submitted to Congress
in February is effectively President
Reagan’s last budget. For that reason, it
is timely to examine the administra-
tion’s budgets and identify trends on en-
vironmental issues. Such a review re-
veals a dramatic shift in priorities from
traditional pollution control programs
and research to the Superfund program.

Before comparing budgets, however,
a brief synopsis of the Fiscal Year (FY)
1989 budget is in order. The EPA
budget totals $4.8 billion, which is a
$650 million decline from 1988. The
budget includes $1.6 billion for operat-
ing programs (air, water, drinking wa-
ter, pesticides, solid and hazardous
waste, toxics, radiation, and research
and development); $1.7 billion for Su-
perfund; and $1.5 billion for grants for
sewage treatment plants.

Superfund continues its rapid growth
in spending (up 13%), becoming the
equivalent of the 800-pound gorilla at
the EPA dinner table who can sit any-
where he wants. In FY 89, EPA in-
tends to initiate design work at 75 sites
and construction work at 50 sites.
EPA’s operational programs are also in-
creased, but not as much (about 3%).

EPA plans to phase the construction
grant program into state revolving
funds by 1991. For FY ’89 the program
is to be reduced from $2.3 billion to
$1.5 billion, with half going to a state
revolving fund.

The agency’s research and develop-
ment program shows a 6% increase to
$375 million. In addition, this year
EPA has proposed a long-needed capi-

0013-936X/88/0922-0497801.50/0

tal budget of about $19 million for re-
furbishing laboratories. There has been
a considerable shift in priorities in the
agency’s budgets since FY '81.

Are priorities in order?

In particular, the growing impact of
Superfund activities has been over-
whelming. Superfund activities have
grown from 5% of nongrant funds in
FY ’81 to about 50% in FY '89; this is
an increase from $75 million in FY ‘81
to $1.7 billion in FY ’89. Personnel has
increased from 70 people to more than
2800.

Congress and the administration have
expanded Superfund at the expense of
pollution control programs. During the
same period, the effort expended on the
program areas of air and water pollu-
tion has been reduced; the amount of
money spent on these programs is
about 35% lower than for FY ‘81 (in
constant 1981 dollars). Personnel has
been reduced by about 12%.

This shift between air and water pro-
grams and Superfund raises questions
about priorities. The reduction in air
and water program budgets prevents
the agency from keeping pace with the
resistant character of air and water is-
sues. Air and water pollution has not
been eliminated (witness the debate
over the revisions of the Clean Air
Act). The tasks assigned to the air and
water programs have grown more com-
plicated because of increasing concern
about toxic air and water pollution. At
the same time, arguably, a dispropor-
tionate share of funds is being spent on
Superfund—the increase this year of
$200 million for initiation of work on a
fraction of the 2000 Superfund sites is
almost as large as the amount budgeted
for the entire air program ($255 mil-
lion).

Other decreases

Research budgets also have suffered
a substantial reduction in the support
and priority given. EPA will spend
25% less on research in constant dol-

€ 1988 American Chemical Society

lars than was budgeted in FY ‘81. If
new initiatives under investigation are
subtracted, the reduction is closer to
50%. For example, only $170 million
(in 1981 dollars) is available in 1989 to
investigate those issues for which $358
million was appropriated in FY '81. In
addition, EPA has a smaller core of sci-
entists in R&D (down 15%), and R&D
has lost ground with respect to other
EPA programs. Fewer than 1 of every 8
nongrant dollars is spent on research
today, compared with 1 out of 4 in FY
'81.

The relative share of monies spent on
various areas of research also reflects
the shifting priorities on programs dis-
cussed above. In the first four years of
the Reagan Administration, research on
air and water averaged almost 40% of
the research funds, with toxics and haz-
ardous waste making up about 25%. In
1989 these percentages will be nearly
reversed, with air and water slightly
more than 25% of a relatively smaller
effort.

The shift of priorities to Superfund
has had a debilitating effect on re-
search. The Superfund program has not
supported the research base necessary
for effective action. Superfund spends a
ludicrously small amount on research
(only 3% of the Superfund budgets dur-
ing the last eight years, compared with
20% for air and water in the same per-
iod). Thus Superfund is pouring huge
amounts of money into on-site cleanup
in lieu of funding research that might
mitigate those costs and ameliorate the
problems.

The importance of the decline in re-
search should not be underestimated. In
my view, the fate of the research pro-
gram is critical to the success EPA will
have in meeting the challenges of the
1990s.

Richard M. Dowd, Ph.D., is president
of R. M. Dowd & Company, scientific
and environmental policy consultants in
Washington, D.C.
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Sources and Fates of Aquatic Pollu-
tants. Ronald A. Hites and Steven J.
Eisenreich, Eds. American Chemical
Society, 1155 16th St., N.W., Washing-
ton, D.C. 20036. 1987. xiii + 558
pages. $99.95, cloth.

Reviewed by John W. Farrington, Uni-
versity of Massachusetts—Boston, Bos-
ton, Mass. 02125-3393.

Sources and Fates of Aquatic Pollutants
is a useful collection of papers selected
from a symposium sponsored by the
American Chemical Society in Septem-
ber 1985. Its index is excellent and the
format of its figures, tables, and type
make the book easy to read.

The book’s first three sections em-
phasize air and water processes, water
column processes, and water sediment
processes. A fourth section presents
case studies.

Most of the chapters are reviews or
extensive summaries and overviews
that tie several published works to-
gether. The first chapter, “Methods of
Estimating Solubilities of Hydrophobic
Organic Compounds—Environmental
Modeling Efforts,”” by Andren,
Doucette, and Dickut, provides an eas-
ily readable synopsis of the state of the
art. It is recommended for beginning
graduate students and advanced under-
graduate students and also is a useful
refresher for those who have been pon-
dering this issue for several years. My
only difficulty with this chapter is that
the influence of ionic strength and sa-
linity on solubility is not discussed.

In Chapter 2, Bidleman and Foreman
provide theoretical and pragmatic dis-
cussions on the vapor-particle parti-
tioning of semivolatile organic com-
pounds. They address polycyclic
aromatic hydrocarbons (PAHs), poly-
chlorinated biphenyls (PCBs), and
chlorinated pesticides and provide ex-
amples from studies of urban and rural
environments. This chapter would have
been enhanced, however, by a deeper
discussion of the value of studies in-
volving individual congeners of PCBs,
chlorinated boranes, and camphenes.

The chapters by Astle, et al. cover
records of pollution in lake sediments.
They do not, however, include benthic
microfauna and irrigation processes in
their models; this is a notable omission
with regard to the study of many
aquatic ecosystems.
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Clouds and fog introduce numerous
complications into the atmospheric
chemistry of man-made pollutants.
Waldeman and Hoffman discuss these
complexities using nitrogen and sulfur
species as examples. The combined
theoretical treatment and field observa-
tions make this an excellent chapter on
the subject.

The chapter by Arimoto and Duce
provides an overview of the results of
the Sea-Air Exchange (SEAREX) pro-
gram that studied the transfer of trace
elements. The data from remote and
presumably more pristine areas furnish
a basis for evaluating man-made inputs
of trace elements to lakes via atmo-
spheric transport. Moreover, the im-
portance of these studies to past and
present oceanic geochemical cycles is
discussed briefly. The thorny problem
of estimating dry deposition is treated
in a reasonable, up-front manner.

In the section on water column proc-
esses, Murray lucidly presents a review
of mechanisms controlling the distribu-
tion of trace elements in oceans and
lakes. The comparison of first-order
processes active in oceans and lakes is
instructive, especially the discussions
on the differences between advective
and eddy-diffusive scales and the simi-
larities between lakes and estuaries in
terms of the importance of fluxes from
sediments to water.

In the chapter on metal speciation in
natural waters, Campbell and Tessier
delve into the importance of pH and the
ionic composition of water in the con-
trol of metal speciation. Their review
documents the issue of metal-organic
interactions in natural waters that still
beclouds the full understanding of
metal speciation.

Two chapters address acid deposi-
tion, an issue of great concern to the
aquatic chemistry community as well as
to the public. The chapter on ion
budgets, by Lin, Schnoor, and Glass,
focuses on a lake in Wisconsin. It is
interesting because it illustrates the im-
portance of coupling hydrologic
models with chemically and micro-
bially mediated element budgets. The
chapter also reminds the reader of the
difficulty in obtaining reliable estimates
of seemingly simple data such as the
volume of precipitation. The next chap-
ter, by Brezonik, Baker, and Perry, of-
fers a tutorial on the processes of in-
lake alkalinity generation.

Elzerman and Coates open the sec-

tion on water sediment processes with a
superb chapter that reviews hydropho-
bic organic compounds on sediments. I
was especially pleased to see the exten-
sive credit given to the pioneering re-
search of Sam Karickhoff in this area of
aquatic chemistry.

In the next chapter, Eadie and Rob-
bins present compelling information on
the insights gained when measurements
of hydrophobic organic contaminants
are combined with measurements of
radionuclides (e.g., from nuclear
weapons tests). They may take pride in
this chapter, which summarizes several
years of painstaking work and is a sub-
stantial contribution to the type of
aquatic research necessary to mitigate
environmental quality damage.

Charles and Hites review methods
for studying sediments to reconstruct
the history of certain pollutants intro-
duced into the environment. They dis-
cuss the general principles governing
the usefulness of these methods and cite
several studies on lead. mercury,
PAHs, PCBs, and DDT.

Eisenreich begins the section on case
studies with a chapter on PCBs in Lake
Superior. In the three chapters that fol-
low, Oliver discusses the fate of some
chlorobenzenes in Lake Ontario; Arm-
strong and co-workers provide infor-
mation on the cycles of hydrophobic
organic compounds and nutrient ele-
ments in Crystal Lake; and Homond
and colleagues discuss element cycling
in wetlands.

Unfortunately, Sources and Fates of
Aquatic Pollutants lacks a summary
and an overview of the presentations in
the book—an omission that detracts
from the book’s value. In addition, the
book lacks chapters on two critical top-
ics: the uptake, fate, and release of
aquatic pollutants by biota and the
routes of pollutants in aquatic ecosys-
tems back to man.

These shortcomings aside, I find
Sources and Fates of Aquatic Pollutants
to be a valuable addition to the litera-
ture in environmental sciences. Several
of the chapters are teaching-quality, pri-
mary references for graduate and un-
dergraduate courses. I highly recom-
mend the book to graduate students and
to students entering aquatic chemistry
from other disciplines in chemistry. It
should be on the shelves of libraries at
universities, industry and government
laboratories, and especially consulting
companies.
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CLASSIFIED SECTION

Opportunities in

The L y of Knoxville an-
nounces a newly formed fully endowed chair in
the Department of Civil Engineering. The holder
of the Henry Goodrich Chair of Excellence in En-
vironmental Engineering must be a person of
demonstrated national prominence to comple-
ment the existing strengths within the department
and the university. As wide a consideration of po-
tential candidates as possible will be made, con-
sidering not only the present reputation and areas
of scholarly inquiry, but also the likelihood of
continued national prominence within the field.
The individual must have an earned doctorate in
engineering in a field relevant to environmental
engineering; must have senior academic experi-
ence and, preferably, also industrial experience;
must have an outstanding professional reputation
as evidenced by refereed publications, external
research grants, honors, and awards. The holder
of the Chair must have the vision and commit-
ment to increase the quality of the research and
curricular programs of the department. While any
area of waste management may be selected,
preference will be given to those applicants with
expertise related to biological and/or chemical
treatment technologies and/or transport model-
ing. Individuals wishing to apply should send a
detailed resume and references to:

Dr. Gregory D. Reed, Chairman

Chair of Excellence Search Committee

Department of Civil Engineering

University of Tennessee

Knoxville, TN 37996-2010

(615) 974-2503
Review of applications will begin on June 1, 1988
and the search will remain open until the position
is filled. UTK is an EEO/AA/Title IX/Section 504
Employer.

San Antonio

ENVIRONMENTAL CHEMIST

Conestoga-Rovers & Associates, a progressive
environmental consulting firm with offices in Ni-
agara Falls, N.Y. and St. Paul, Mn., has an open-
ing in their analytical/monitoring department for
an environmental chemist. The successful can-
didate must have a minimum of two years of
professional experience related to general envi-
ronmental water chemistry, organic analysis,
potable water treatment systems and standard
QA/QC procedures with respect to analyses of
environmental matrices.

The position will include responsibility for
review of analytical data for technical quality
and general support of the company’s analytical
department.

Salary will be commensurate with experience.
Interested, qualified individuals are requested to
send a complete resume to:

Conestoga-Rovers & Associates
7703 Niagara Falls Boulevard
R Niagara Falls, New York 14304

Re: Environmental Chemist

Diversity, expertise, technology, and an environment for profes-
sional success. These are the hallmarks of The MITRE Corpora-
tion. For over 25 years, MITRE has specialized in the design,
development and delivery of superior C*l and civilian systems
engineering solutions to meet the most technically demanding
requirements of our U.S. Government clients. MITRE has imme-
diate openings at its San Antonio facility that provide the
dynamic atmosphere of a small company supported by the
resources of a major, 5,000-employee corporation.

Analytical Chemists/
Quality Assurance

We have 2 positions open for highly qualified individuals to
help us develop and monitor quality assurance activitiesin a
major environmental sampling and analysis program. Indi-
viduals will be responsible for developing QA/QC require-
ments and evaluating commercial testing laboratories’ per-
formance in meeting those requirements. Evaluations will be
based on a review of data and documentation and on-site
inspections of laboratory operations. Both positions require
expertise in analytical chemistry, a working knowledge of
QA/QC principles and practices, and hands-on experience
with the instrumentation and methods used in environmental
testing (e.g., AA, ICP, GC, GC/MS). Experience with EPA test
methods is highly desirable. The first position requires an
advanced degree in Analytical Chemistry, 10 years of analyti-
cal laboratory or quality assurance experience, and at least
one year of experience in environmental laboratory supervi-
sion. The second position requires a BS in Chemistry with
emphasis on analytical procedures plus at least 5 years of
experience in the quantitative analysis of environmental sam-
ples under a comprehensive QA/QC program. Individuals
must be willing to travel 10 to 12 weeks a year.

For consideration, pl submit your resume to

J.V. Goudarzi, The MITRE Corporation, 7525 Colshire
Drive, McLean, VA 22102. U.S. Citizenship required.
An Equal Opportunity/Affirmative Action Employer.

MITRE ———

ENVIRONMENTAL AND WATER RESOURCES
ENGINEERING ASSISTANTSHIPS

(Graduate assistantships and scholarships for M.S. and Ph.D. students are
available in the ENVIRONMENTAL & WATER RESOURCES ENGINEERING
PROGRAM at TEXAS ASM UNIVERSITY to support research and teaching
activities related to hazardous waste, air and water quality, estuary and

hydrology, hydraulics and other areas. For further infor-
mation, contact Dr. Bill Batchelor, Group Head, EWRE, Civil Engineer-
Ing Dept., Texas A&M Unlversity, College Station, TX 77843,

CLASSIFIED
ADVERTISING
RATES

Rate based on number of inser-
tions used within 12 months
from date of first insertion and
not on the number of inches
used. Space in classified adver-
tising cannot be combined for
frequency with ROP advertis-
ing. Classified advertising ac-
cepted in inch multiples only.

Unit 1-T 3T 6T 12T 24-T
1inch $100 $95 $90 $85 $80

(Check Classified Advertising
Department for rates if adver-
tisement is larger than 10”.)
SHIPPING INSTRUCTIONS:
Send all material to

Environmental Science & Technology
Classified Advertising Department
500 Post Road East
P.0. Box 231
Westport, CT 06881
(203) 226-7131
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Environmental experience relevant to consulting required. M.S. with 1 to 3 years’

experience in:

@ Civil/Environmental Engineering
® Environmental Chemistry

Work is in the areas of:

® Computerized environmental databases
® Chemical data interpretation at hazardous waste sites

Strong quantitative as well as verbal skills and a thorough knowledge of com-
puters are mandatory. Knowledge of CERCLA, RCRA or resource recovery issues

is desirable.

Gradient Corporation specializes in chemical fateftransport studies, chemical data
management/interpretation, human exposure studies and health risk
assessments. Our clients are nationwide and represent a balance of public and

private sectors.
Please send resumes to:

Gadient Corporation

44 Brattle Street, Cambridge, MA 02138

Buried Waste
Specialist

handle, process and store this waste.

itizes and funds for the project.

Employer M/F/H/V.

ENVIRONMENTAL
ENGINEER

Selected applicant will assume a pro-
ject management role for investiga-
tion of hazardous waste sites and for
research programs to assess and develop
engineering technology for management
of hazardous chemical wastes. Position
will require marketing skills to develop
new programs and supervisory skills to
manage junior staff. Engineering studies
will be coordinated with a large on-
going chemical analytical program.
Ph.D., Chemical Engineering, Environ-
mental Engineering. Minimum of three
years experience in investigation and
remedial action of hazardous waste sites.
Experience with research for new engi-
neering technology for clean-up of haz-
ardous wastes desirable.

Southwest Research Institute is a non-
profit research and development organi-
zation with competitive salaries and a
comprehensive benefit program, which
includes health, dental, life and disabil-
ity insurance; 100% tuition reimburse-
ment; paid vacations and holidays, and
pension plan.

Resumes should be forwarded to: C. J.
Luna, Sr. Personnel Specialist, South-
west Research Institute, Personnel
Department, #262, P.O. Drawer 28510,
6220 Culebra, San Antonio, TX 78284.

Equal Opportunity Employer M/F

Southwest Research Institute
San Antonio

EG&G Idaho, Inc., prime operating contractor for the Depart-
mentof Energy's Idaho National Engineering Laboratory, has
an immediate opening for a Buried Waste Specialist. The
successful candidate will have recognized experience in
conducting and managing research and development pro-
jects in the area of environmental restoration; detailed
knowledge of environmental acts, rules and regulations
which include EPA Region 10 regulations; knowledge of low
level radiological waste regulations and methods used to

The Buried Waste Specialist will have a PhD. in the area of
environmental science with a MS and undergraduate degree
in related fields such as chemistry, geology, etc. The position
involves conducting research into advanced state-of-the-art
concepts in the area of environmental restoration; attending
technical society meetings, writing and presenting papers;
participating on national boards and panels that address
environmental issues and being a panel member that prior-

Idaho Fallsis located in the heart of the country's most scenic

ENVIRONMENTAL ENGINEERS AND SCIEN-
TISTS—At E.C. Jordan, a subsidiary of C-E
Environmental, Inc., we've built a national repu-
tation in environmental engineering and hazard-
ous waste management. With a unique multidis-
ciplinary approach, our engineers and scientists
provide total environmental management ser-
vices to industrial, commercial and governmen-
tal clients. Our continued expansion has created
a variety of opportunities at our Portland, ME
headquarters and at our regional offices in
Wakefield, MA; Tallahassee, FL; Washington,
DC; Farmington Hills, MI; and Oakridge, TN for:

« ENVIRONMENTAL/SOLID WASTE ENGINEERS

« CHEMICAL ENGINEERS

« GEOHYDROLOGISTS/HYDROGEOLOGISTS

« FATE & TRANSPORT SPECIALISTS

« FIELD GC OPERATORS/SCIENTISTS.

The professionals we seek should have hazard-
ous waste experience with particular emphasis
on site contamination, and remedial action eval-
uation and design. We offer a competitive salary
and an outstanding benefits package. For imme-
diate consideration, send your resume with geo-
graphic preference and salary requirements, to:
Human Resources Department, E.C. Jordan,
261 Commercial Street, P.0. Box 7050 DTS,
Portland, ME 04112. EOE.

recreational areas. If interested and qualified please submit
resume, with salary history and references, in confidence to:
Employment Services, (Code TBD-44), EG&G Idaho, Inc.,
P.O. Box 1625, Idaho Falls, Idaho 83415. Equal Opportunity

¢n§ EBe 1dano, Inc.
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ANNOUNCEMENT OF POSITION
Diractor for the Institute for Water Sciences

Western Michigan University invites applications for the di-
rectorship of its newly established Institute for Water Sci-
ences. The Institute was created to coordinate research,
instruction and public service programs in ground water and
water sciences. The Director will administer the Institute
and Water Quality Laboratory, facilitate interdisciplinary re-
search, develop curricula and promote public service. The
ability to relate to industry, government and the general pub-
lic, and to work with departments currently engaged in water
related activities is essential. The Institute is expected to be
self-supporting within three to five years, thus, the ability to
attract outside funding to support the Institute's research,
training and public service activities is seen as a primary
requisite for a successful director.

Applicants are expected to have previous experience in the
water sciences and a successful record of acquiring grants.
Ph.D. preferred. Salary competitive.

Closing date for receipt of application is May 31, 1988.
Please send letters of application with resumes and/or inquiry
to: Dr. Donald E. Thompson, Assistant Vice President for
Academic Affairs and Chief Research Officer, Research
and Sponsored Programs, A-223 Ellsworth Hall, Western
Michigan Unlversity, Kalamazoo, Michigan 49008-5162.
Phone: (616) 383-1632 Western Michigan University is an
equal opportunity/affirmative action employer.

COMPUTER ANALYST

Design, implement, construct micro-processor
based intelligent computer subsystems using 803X,
805X, 8751, and 8086/8088 micro-processors for
use in chemical analytical instruments (both hard-
ware and software) to monitor environmental con-
tamination. Development of analog and digital elec-
tronic sensors for field and laboratory use. Consult
with scientists about their needs for certain instru-
ments and evaluate performance of existing instru-
ments with a view towards solving their problems.
Development of software for chemical oriented ap-
plications on personal computers. Requirements
are a M.S. in Electrical Engineering or equivalent.
40 Hrs. per week, 8 am to 5 pm, $27,000/year.
Contact Loulsl Office of Employ y

1991 Wooddale Bivd., Baton Rouge, Louisiana
70896. Job Order 656392.

~professional consu

LABORATORY ENVIRONMENTALIST

Mobil Research and Development Corporation has an immediate opening for an
Environmentalist at its Paulsboro Research Laboratory located in Paulsboro,

New Jersey.

Position requires a B.S. in Engineering or Science, preferably Environmental
Engineering or Environmental Science. A Master’s Degree in either of these latter
two disciplines is desired. Applicants should have 3-5 years of industrial environ-
mental compliance experience and a working knowledge of all environmental laws.

The successful candidate will be primarily responsible to insure that the Paulsboro
Research Laboratory operates in compliance with all environmental laws. Regular
assigned duties include audits, inspections, advising management and working
with Laboratory personnel to solve environmental problems. This position reports

to the Laboratory’s Supervisor of Environmental Matters.
Qualified applicants are requested to forward their resume, including salary

requirements, to:

Mobil Research and Development
Corporation

Paulsboro Research Laboratory
Billingsport Road
Paulsboro, NJ 08066
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B Methods are presented for estimation of V; (intrinsic
molar volume), 7*, and 3 of polychlorinated biphenyls and
polycyclic aromatic hydrocarbons. Taken with the equa-
tion

log K, = 0.45 + 5.15V/100 — 1.29(x* - 0.405) — 3.608

reported recently by Leahy, these parameter estimation
rules allow prediction of log K, with a precision that is
better than the usual reproducibility of the measurements
between laboratories.

Introduction

The environmental fates of organic chemicals are largely
determined by their partitioning tendencies between at-
mospheric, aqueous, and organic phases. These latter
phases include natural organic matter present in soils and
bottom sediments and dispersed in suspended sediments,
as well as in living tissues. Lipid tissues, for example, in
fish, are of particular concern since they are important
dietary components. The most commonly used descriptor
of aqueous/organic partitioning is the octanol/water
partition coefficient K. It has been linearly related to
fish bioconcentration factors, to soil organic carbon par-
tition coefficients, and to toxicities to a wide variety of
aquatic and mammalian species. Indeed, an entire new
field of quantitative structure/activity relationships
(QSARs) in pharmacology and toxicology has been founded
on Hansch-type correlations with log K.

0013-936X/88/0922-0503$01.50/0 © 1988 American Chemical Society

Of particular concern in this context are hydrocarbons
(aliphatic, aromatic, and polyaromatic) and their halo-
genated derivatives. These chemicals are often persistent
and toxic and display appreciable partitioning into organic
media as a result of their low solubility, or correspondingly
their large K, values. In view of the large number of
possible chemical species, and the difficulty of experi-
mental measurements, there is an incentive to develop a
methodology for prediction of log K, values based only
on a knowledge of chemical structures. Further, with the
growth of computer-based data compilations and estima-
tion procedures necessary to treat the large number of
existing and new chemicals, there is a need for reliable
correlation procedures for estimation of K, solubility, and
other properties. Further, and more important, a method
that allows estimation of log K, in terms of fundamental
physicochemical properties of the solutes, should also allow
direct estimation of the types of toxicological properties
usually correlated with log K, in terms of those same
solute properties.

Lyman et al. (I) have summarized the methods that are
commonly used for the estimation of K. The foremost
method in use is that of Hansch and Leo (2), who have
developed a computerized fragment additivity method that
is very accurate for many classes of compounds but is
known to overestimate seriously K., for compounds with
log K, greater than about 6 (1). Although this method
and other fragment additivity methods for estimating
solubilities (3) have the advantage of requiring only the
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molecular structure as input, they do not reflect the rel-
ative magnitudes of the contribution of various types of
solvent-solute interactions to K.

A more recent contribution from Kaiser (4) provided
equations of the form of eq 1 that can be used to estimate
log K, for chlorosubstituted aromatic compounds in a
series from the partition coefficient of the unsubstituted
parent compound. This method is a substantial im-
provement over the fragment additivity method of Hansch
and Leo for polychlorobiphenyls, polychloropolycyclic
aromatic hydrocarbons, and many chlorinated heterocy-
cles. Kaiser acknowledges the difficulty in obtaining good
interlaboratory correlations for compounds of these types,
which have large values of log K., and restricts his cor-
relations to data from a single laboratory for any given
series of compounds. He also shows that the exponent b
is a function of log K’

log K, = (n + 1)® log K., 1)

where n = number of chlorine atoms, and log K,,,* = log
K, of the parent compound.

The main restrictions on Kaiser’s method are that it
requires a measured or accurately estimated value of log
K, for the parent compound and is limited to families of
chlorinated aromatic compounds. For those families to
which it is applicable, it gives very good estimates of log

ow*

In this paper we present a set of parameter estimation
rules that, in combination with an equation recently re-
ported by Leahy (5), allow facile and accurate estimation
of octanol/water partition coefficients of large numbers
of polychlorobenzenes, polychlorinated biphenyls, and
polycyclic aromatic hydrocarbons of environmental in-
terest.

In earlier papers of this series and in a number of recent
review articles (6—11), we have shown that large numbers
of properties (XYZ) that depend on solute-solvent in-
teractions, including aqueous solubilities (12-14), octa-
nol/water partition coefficients (15, 16), and toxicities to
Photobacterium phosphoreum (17) and the golden orfe
fish (18), are well correlated in terms of a generalized linear
solvation energy relationship (LSER) of simple and con-
ceptually explicit form. This LSER includes terms that
measure the endoergic cavity-forming process (mV/100),
the usually exoergic balance between solute—solvent and
solute-solute dipolarity/polarizability interactions [s(7*
+ db)], and exoergic effects of hydrogen-bonding interac-
tions involving the solute as donor and the solvent as ac-
ceptor (aa), or the solvent as donor and the solute as ac-
ceptor (bB). Accordingly, the general LSER that involves
solute properties is given by eq 2.

XYZ = XYZ, + mV;/100 + s(x* + do) + aa + b8 (2)

The V term in eq 2 is a measure of solute volume and
has been either the liquid molar volume, V, taken as the
molecular weight divided by the solute liquid density, or
the computer calculated (5) intrinsic molar volume, V. We
now prefer V; as the measure of the cavity term, as it allows
the routine inclusion of solid solutes in the correlations.
We use V;/100 so that the parameters in eq 2 should cover
roughly the same range, which makes easier the evaluation
of the contributions of the various solute-solvent inter-
actions to the XYZ property studied. The 7*, o, and
terms in eq 2 are the solvatochromic parameters that
measure solute dipolarity/polarizability, hydrogen bond
donor (HBD) acidity, and hydrogen-bond acceptor (HBA)
basicity. The dé term in eq 2 allows for variable dipo-
lurity/polarizability blends in the solute-solvent interac-
tions studied; 6 = 0.00 for nonpolychlorinated aliphatic
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solutes, 0.50 for polychlorinated aliphatics, and 1.00 for
aromatic solutes; d = near zero where polarizability con-
tributions to the property studied are maximal and near
-0.40 where polarizability contributions are minimal.

Measures of statistical goodness of fit to eq 2 have been
better than has usually been the case for other type solu-
bility, partition, and toxicological correlations involving
solutes or toxicants of such widely diverse sorts. Thus, for
correlation of aqueous solubilities of 105 liquid aliphatic
non-HB, HBA, and weak HBD solutes in terms of V, 7*,
and (3, we have reported (13) n = 105, r = 0.9954, and SD
= 0.137. The corresponding correlation, using V7 in place
of V for 115 solutes gave r = 0.9944 and SD = 0.153 (14).
For 70 liquid and solid aromatic solutes, including PAHs
with up to three fused rings, we obtained (14) r = 0.9917
and SD = 0.216. We shall show in a future paper that,
through the use of the parameter estimation rules pres-
ented here, the latter correlation, which includes a term
(mp —25) to convert “supercooled liquid” to solid solu-
bilities (following Yalkowsky) (19), can be extended to
include PAHs with up to six fused rings without deterio-
ration in r (albeit with a somewhat larger SD).

Our correlation of octanol/water partition coefficients
of liquid aliphatic and aromatic non-HB, HBA, and weak
HBD solutes in terms of V, (7* — 0.405), and B was given
by eq 3 (16). We took d to be —0.40 on the assumption

log K,,, = 0.20 + 2.74V/100 — 0.92(«* — 0.408) — 3.398
(3)

n =102, r = 0.989, SD = 0.17

that polarizability effects canceled out between phases.
More recently, for essentially the same data set, and using
Vi in lieu of V, Leahy (5) reported eq 4, which shows

log K,,, = 0.45 + 5.15V;/100 — 1.29(x* - 0.408) — 3.608
(4)

n =103, r = 0.9915, SD = 0.16

slightly better statistical goodness of fit and, we believe,
a somewhat “cleaner” dissection of log K, into the various
solute-solvent interactions involved.

The major disadvantage of using the solvatochromic
parameters to estimate any of these solubility-related
properties is that the parameters are not universally
available or predictable. Although they can be estimated
fairly accurately for a large number of important com-
pounds, there are gaps.

In the next section, we present simple methods for es-
timation of Vi, 7*, and 3, which, in combination with eq
4, allow significantly more accurate prediction of octa-
nol/water partition coefficients for PCBs, PAHs, and other
compounds of environmental interest than has hitherto
been possible.

Results and Discussion

Estimation of V. For large numbers of compounds,
including many that are frequently encountered in envi-
ronmental studies, simple group additivity methods allow
estimation of V| values that correspond quite closely to
computer-calculated values reported by Leahy (5) and
Pearlman (20) (Pearlman’s molecular volumes need to be
multiplied by Avogadro’s number to obtain V;). These
group additivity methods are summarized as follows:

(a) For replacement of aromatic H by CHj, or for in-
troduction of CH, in side chain, add 9.8 to V;.

(b) For replacement of aromatic H by Cl, add 9.0 to V;.

(c) For replacement of aromatic H by Br, add 13.3 to
\%%



Table I. Prediction of Octanol/Water Partition Coefficients of Polychlorobenzenes

no. compound V1/100 m™*-04 g log K.o* caled by eq 4 diff
1 CeH,CI 0.581 0.30 0.07 2.98 2.80 -0.18
2 1,2-CeH,Cl, 0.671 0.40 0.03 3.38 3.28 -0.10
3 1,3-C4H,Cl, 0.671 0.35 0.03 348 3.35 -0.13
4 1,4-CgH,Cl, 0.671 0.25 0.03 3.38 3.48 +0.10
5 1,2,3-CgH3Cly 0.761 0.45 0 4.04 3.79 -0.25
6 1,2,4-C¢H,Cly 0.761 0.35 0 3.98 3.92 -0.06
7 1,3,5-CgH,Cl, 0.761 0.30 0 4.02 3.98 -0.04
8 1,2,3,4-C¢H,Cl, 0.851 0.40 0 4.55 4.32 -0.23
9 1,2,3,5-CeH,Cl, 0.851 0.40 0 465 4.32 -0.33
10 1,2,4,5-C¢H,Cl, 0.851 0.30 0 4.51 4.44 -0.07
11 CgHCl; 0.941 0.35 0 5.03 4.84 -0.19
12 CiCle 1.031 0.30 0 5.47 5.37 -0.10
@ Ref 26. )
(d) For replacement of aromatic H by NO,, add 14.0 to
I-
(e) For addition of fused aromatic ring, add 6.55 per 8l 1
additional CH, e.g., add 26.2 for benzene to naphthalene,
add 39.3 for naphthalene to pyrene. L L .
(f) For addition of ring CHj to already rigid system (i.e., % o O
naphthalene to acenapthene, but not biphenyl to fluorene), z o !
add 8.15 per CH,, e.g., add 16.3 for naphthalene to ace- 36 A
napthene. 3 P &
(g) Use V; value of 92.0 rather than Pearlman’s 93.4 or X sk B rvoomsmmes
Leahy’s 89.5 for biphenyl. Use V| = 96.0 for fluorene 2 /
(which involves a smaller CH, increment relative to bi- o,% A EBLICINONSATER Farcn.»
phenyl than simple additivity would indicate). ‘% %o © POLYCYCLC AROMATICS
Although the frequent user will find Leahy’s or Pearl- oﬂx/ e e SRR
man’s computer methods more convenient, these additivity 3bx RESULTS
methods are completely adequate for those who need to : ; 5 g ; L

make only the occasional estimate. Uncertainties in the
m* and B estimates will most frequently lead to larger
errors than the uncertainties in these V| estimates.

Polychlorobenzenes. The following parameter esti-
mation rules agree well with published values of 7* and
B (11): 8= 0.10 for benzene, 0.07 for chlorobenzene, 0.03
for all dichlorobenzenes, and 0.00 for trichloro and higher
chlorinated benzenes; 7* = 0.59 for benzene, 0.70 for
chlorobenzene, and 0.80 for 1,2-dichlorobenzene. For other
polychlorobenzenes, add 0.05 to =* if addition of chlorine
atom leads to higher dipole moment; subtract 0.05 if it
leads to a lower dipole moment. Thus, we have the fol-
lowing 7* values:

1,3-dichlorobenzene 0.75
1,4-dichlorobenzene 0.65
1,2,3-trichlorobenzene 0.85
1,2,4-trichlorobenzene 0.75
1,3,5-trichlorobenzene 0.70
1,2,3,4-tetrachlorobenzene 0.80
1,2,3,5-tetrachlorobenzene 0.80
1,2,4,5-tetrachlorobenzene 0.70
pentachlorobenzene 0.75
hexachlorobenzene 0.70

Using these parameter estimation rules and eq 4, we
have calculated log K, values for all the polychloro-
benzenes. These are compared in Table I with experi-
mental results reported by Miller et al. (21). It is seen that
agreement is quite good; the largest difference between
experimental and calculated values is 0.33 log unit; the
average difference is + 0.15 log unit. Experimental log K_,,,
values are also compared with values calculated by eq 4
in the plot in Figure 1.

If one fits the data from Table I to an equation of the
form of eq 1, one obtains values of 0.5143 for b and 1.984
for log K,,". These values give calculated log K, values
for the compounds in Table I that agree better with ex-
perimental data than those calculated by eq 4. The

0.45 + 5.15V,/100 - 1.29(7* 0.403 ) - 3603

" Figure 1. Comparison of experimental and calculated octanol/water

partition coefficients.

standard deviation for the fit of Kaiser’s equation to these
data is 0.08, compared to 0.18 for those calculated by eq
4. The better fit may be due to the fact that the param-
eters b and log K,,,” were derived specifically for this class
of compounds. However, because this is strictly an em-
pirical relationship between log K, and the number of
chlorine atoms in the molecule, the values are applicable
only to the members of the class of chlorinated benzenes.

Polychlorinated Biphenyls (PCBs). We have found
that the log K, values of the PCBs are reasonably closely
predicted if the 7* and § values are calculated separately
for each ring and the summations of (#* — 0.40) and 8
values are used (i.e., subtract 0.80 from } 7*). A sample
calculation for 2,2',4,5-tetrachlorobiphenyl (compound 8
of Table II) is as follows: for the monosubstituted ring,
7* = 0.70 and 8 = 0.07; for the trisubstituted ring, =* =
0.75 and 8 = 0.00. Hence, > 7* — 0.80 = 0.65 and }_8 =
0.07.

Values of log K,,, calculated by eq 4 are compared in
Table II and Figure 1 with “selected” experimental results
reported by Shiu and Mackay (22) for biphenyl and 16
PCBs. It is seen that our calculations agree quite well with
the experimental determinations for biphenyl and its
mono- through hexachlorinated derivatives (compounds
1-13 of Table II); the average difference for these 13
compounds being £0.14 log unit (which compares well with
the SD of eq 4). For the higher PCBs, compounds 14, 16,
and 17 of Table II, however, our calculated values are
higher than the experimental values by 0.64-1.02 log units.

We think it significant that the reported experimental
log K, values are essentially the same (6.9 % 0.2) for the
Cl;, Cl;, and Clg derivatives and then increase by more than
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Table II. Prediction of Octanol/Water Partition Coefficients of Some Polychlorinated Biphenyls®

I

no. compound V1/100 -0.80
1 biphenyl 0.920 0.38
2 2-Cl 1.010 0.49
3 2,5-Cl, 1.100 0.44
4 2,6-Cl, 1.100 0.54
5 2,4,5-Cl, 1.190 0.54
6 2,4,6-Cly 1.190 0.49
7 2,3,4,5-Cly 1.280 0.59
8 2,2',4,5-Cly 1.280 0.65
9 2,3,4,5,6-Cl;, 1.370 0.54
10 2,2/,4,5,5'-Cl; 1.370 0.60
1 2,2',3,3,6,6'-Clg 1.460 0.70
12 2,2/,3,3,4,4/-Clg 1.460 0.90
13 2,2/,4,4',6,6'-Clg 1.460 0.60
14 2,2/,3,3'4,4,6-Cl, 1.550 0.85
15 2,2/,3,3,5,5',6,6"-Clg 1.640 0.60
16 2,2/,3,3',4,5,5,6,6"-Cly 1.730 0.65
17 Cli 1.820 0.70

av, compounds 1-13
av, all compounds

=B

0.20
0.17
0.13
0.1

0.10
0.10
0.10
0.07
0.10
0.03

(=Rl

fragment
log Kow additivity®
exptl eq 4 diff caled diff
3.90 3.98 +0.08 3.99 +0.09
4.30 4.46 +0.16 4.70 +0.40
5.10 5.08 -0.02 5.30 +0.20
5.00 4.95 -0.05 5.31 +0.31
5.60 5.52 -0.08 6.15 +0.55
5.50 5.59 +0.09
5.91 5.92 +0.01 6.74 +0.73
5.73 5.95 +0.22
6.30 6.45 +0.15 7.49 +1.19
6.40 6.62 +0.22 7.24 +0.84
6.70 7.09 +0.37 6.51 -0.19
7.00 6.81 -0.19 797 +0.97
7.00 7.20 +0.20 8.18 +1.18
6.70 7.34 +0.64
7.10 8.12 +1.02 9.73 +1.63
8.16 8.52 +0.36 10.44 +2.26
8.26 8.92 +0.66 11.20 +2.94
+0.14 +0.60
+0.27 +0.96

2Data are from ref 21 and 22 and are usually the selected values of Shiu and Mackay (22). Data are included only for compounds that
appear in both references. ®These are average calculated values from ref 22. The calculations are usually by the fragment additivity method

of Recker (24) or Hansch and Leo (2).

1 log unit between Clg and Cl;. We believe that nature
provides no reason for such discontinuities in simple
partition properties and that they must therefore reflect
experimental inaccuracies. We further believe that we
have reached the “level of exhaustive fit”, where the re-
liability of log K, predictions for the higher PCBs exceeds
that of the measurements. [According to a definition by
Wold and Sjostrom (23), the “level of exhaustive fit” is
reached when the standard deviation of the calculation is
better than the usual reproducibility of the experimental
measurements between data sources.]

We have also included in Table II values of log K,
calculated by the fragment additivity methods of Rekker
(24) and Hansch and Leo (2). It is seen that there is a
systematic trend wherein the latter values grow increas-
ingly higher compared with our calculations and the ex-
perimental results as the sizes of the PCBs increase. It
may also be noted that our standard deviations are about
one-quarter as large as those for the fragment additivity
calculations.

Application of eq 1 to the data for the polychlorinated
biphenyls in Table II yields values of 0.3246 for b and 3.587
for log K,,,°. For the first 13 compounds in Table II, eq
1 and 4 are equally good at estimating log K,,,. However
Kaiser’s method fits the data for the higher members of
the series better than eq 4, which systematically overes-
timates log K, for the Cl; through Cl, chlorinated bi-
phenyls, although not as severely as the fragment addi-
tivity method (24). This may be due to a breakdown in
the estimation of V; for larger species. The fact that the
exponent b is less than 1 for the polychlorinated benzenes
and polychlorinated biphenyls indicates that the increment
in log K, decreases with increasing number of chlorine
atoms. A strictly additive method, such as that of
McGowan and Abraham (25) used here, cannot take this
into account. Although the correlation between the
characteristic volume calculated by the method of
McGowan (see Appendix) and computed intrinsic volumes
has been shown to apply to compounds with large char-
acteristic volumes (25), all of the compounds that are given
as examples of the good correlation contain large numbers
of hydrogen atoms (e.g., 1-octanol, pentamethylbenzene)
and none contain chlorine. Of the 40 compounds used in
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deriving the relationship between characteristic volumes
and intrinsic volumes, none had more than four chlorine
atoms. Since the coefficient of V| in eq 4 is the largest of
all those in the equation, it is likely that an overestimation
of Vyis responsible for the deviations at large log K, for
polychlorinated compounds.

Polycyclic Aromatic Hydrocarbons (PAHs). Pa-
rameter estimation methods, which again are in accord
with previously published solvatochromic parameters (11)
and informed chemical intuition, are as follows. The es-
timation methods for 8 have already been used in the
prediction of aqueous solubilities of PAHs with up to three
fused rings (14) and will be shown in a future paper to be
effective in predicting aqueous solubilities of PAHs with
up to six fused rings.

(a) For naphthalene, 7* = 0.70 and 8 = 0.15. For each
additional fused aromatic ring, add 0.10 to =* and 0.05 to
B, e.g., for naphthalene to dibenzanthracene, Ar* = 0.30
and AB = 0.15.

(b) For chloro PAH derivatives, use same increments
and decrements as for the corresponding benzene deriva-
tives.

(c) For alkyl PAH derivatives, also use same increments
and decrements as for corresponding benzenes.

(d) For HBA substituents on PAH, start with corre-
spondingly substituted benzene; add nothing to 7* or 8
for first fused ring; add 0.10 to 7* and 0.05 to 8 for ad-
ditional fused rings. Thus, for nitrobenzene and nitro-
naphthalene, 7* = 1.01 and 8 = 0.30; for 1-nitroanthracene,
m* = 1.11 and 8 = 0.35.

In Table III and Figure 1 we have compared log K,
values calculated from the above parameter estimation
rules and eq 4 with experimental and calculated values
reported by Miller and co-workers (21). Agreement with
the 17 experimental values determined by the latter
workers and four additional results from other sources is
seen to be quite good; the average difference between the
experimental and calculated results is £0.12 log unit, and
the greatest difference is 0.33 log unit. those knowledge-
able about measurements of octanol/water partition
coefficients above 4.0 would probably agree that such
agreement is remarkable and probably fortuitous. They
would also most likely agree that we are at the “level of



Table II1. Prediction of Octanol/Water Partition Coefficients of Polycyclic Aromatic Hydrocarbons

no. compound V1/100
1 naphthalene 0.753
2 1-methylnaphthalene 0.851
3 2-methylnaphthalene 0.851
4 1,3-dimethylnaphthalene 0.949
5 1,4-dimethylnaphthalene 0.949
6 1,5-dimethylnaphthalene 0.949
7 2,3-dimethylnaphthalene 0.949
8 2,6-dimethylnaphthalene 0.949
9 1-ethylnaphthalene 0.949
10 1,4,5-trimethylnaphthalene 1.047
11 fluorene 0.960
12 acenaphthene 0.916
13 phenanthrene 1.015
14 anthracene 1.015
15 1-methylfluorene 1.058
16 pyrene 1.156
17 3,4-benzopyrene 1.418
18 2-chlorophenanthrene 1.105
19 benz[a]anthracene 1.277
20 2-methylphenanthrene 1.113
21 1-nitronaphthalene 0.893
22 9-methylanthracene 1.113
23 9,10-dimethylanthracene 1.211
24 1,2,5,6-dibenzanthracene 1.539
25 2,3-benzanthracene 1.277
26 benzo[ghi]perylene 1.547

caled
m* - 0.4 B log K,° by eq 4 diff
0.30 0.15 3.35 3.40 +0.05
0.26 0.16 3.87 3.92 +0.05
0.26 0.16 3.86 3.92 +0.06
0.22 0.17 4.42 4.44 +0.02
0.22 0.17 4.37 4.44 +0.07
0.22 0.17 4.38 4.44 +0.06
0.22 0.17 4.40 444 +0.04
0.22 0.17 4.31 4.44 +0.13
0.24 0.17 4.39 4.42 +0.03
0.20 0.18 4.90 4.94 +0.04
0.38% 0.22 4.18 4.11 -0.07
0.26 0.17 3.92 4.22 +0.30
0.40 0.20 4.57 4.44 -0.13
0.40 0.20 4.54 4.44 -0.10
0.34 0.23 4.97 4.63 -0.34
0.50 0.25 5.18 4.85 -0.33
0.60 0.30 5.98 5.89 -0.09
0.51 0.16 5.16° 491 -0.25
0.50 0.25 5.61° 5.48 -0.13
0.36 0.21 4.86° 4.96 -0.10
0.61 0.30 3.19¢ 3.18 -0.01
0.36 0.21 (5.07)° 4.96 (-0.11)
0.32 0.22 (5.25)° 5.48 (+0.23)
0.60 0.30 (7.19)° 6.52 (-0.67)
0.50 0.25 (5.90)¢ 5.48 (-0.42)
0.70 0.35 (7.19)¢ 6.25 (-0.84)

2From ref 21 unless otherwise indicated. ®Yx* — 0.8 and 8. °Ref 31. 9Ref 2. ¢These are calculated values reported by Miller and

co-workers (21).

exhaustive fit” with the log K, calculations for the higher
PAHs.

The results for compounds 22-26 of Table III provide
a comparison of our linear solvation energy relationship
with calculations by fragment additivity. As with the
PCBs, the latter predict increasingly higher log K, value
than our calculations as the sizes of the PAHs increase.

Correlations of HPLC Data. In addition to predic-
tions of octanol/water partition coefficients and aqueous
solubilities, these new parameters estimation methods
allow correlations by eq 2 of large numbers of other type
solubility properties, as well as toxicological QSARs. As
an example, Sarna et al. (26) have reported HPLC reten-
tion times for a data set that included many poly-
chlorinated benzenes and biphenyls. The mobile phase
was 85/15 methanol/water at a flow rate of 1.0 mL/min;
stationary phases included uBondapak C,3 (Waters Sci-
entific) and LiChrosorb RP-18 (BDH/Merck). The data
are assembled in Table IV; the correlations are given by
eq 5 and 6. The signs and relative magnitudes of the

pBondapak Cg

log ty’ = —(0.165 % 0.054) + (1.166 = 0.066) V;/100 —
(0.326 = 0.065)r* — (0.869 + 0.189)8 (5)

n =23, r = 0.986, SD = 0.070
LiChrosorb RP-18

log ti’ = —(0.141 % 0.064) + (1.522 % 0.076) V; /100 —
(0.471 % 0.075)7* — (0.705 £ 0.224)3 (6)

n =23, r = 0.987, SD = 0.083

coefficients of the independent variables are similar to
those we have reported in other correlations of HPLC data
with the solvatochromic parameters.

Another example involves an HPLC data set reported
by Jinno and Kawasaki (27, 28) that contained a large
number of PAHs. The column material was Jasco FineSIL
C-18 (10 pm), and the mobile phases were 65/35 aceto-

nitrile/water and 75/25 methanol/water. The correlations
are given by eq 7 and 8. Experimental log capacity factors
are compared with calculated values in Table V.

65/35 CH3;CN/H,0

log kB’ = —(0.49 % 0.03) + (1.207 % 0.026)V;/100 —
(0.110 + 0.038)7* — (0.764 £ 0.085)8 (7)

n =32, r = 0.9943, SD = 0.038
75/25 MeOH/H,0

log k= —(0.76 + 0.03) + (1.596 + 0.034)V;/100 —
(0.135 £ 0.051)x* - (0.783 + 0.034)8 (8)

n =32, r = 0.9943, SD = 0.049

There are dozens of HPLC data sets in the literature
that can similarly be correlated by the use of eq 2, earlier
published solvatochromic parameters (1), and the pa-
rameter estimation rules presented here. The precision
of the correlations is usually like that for eq 7 and 8, and
the coefficients of the independent variables always have
the same signs and relative magnitudes as in eq 5-8.

Appendix

Estimation of V| by McGowan’s Method. Another
simple method of estimating Vj is via the characteristic
volumes, V,, of McGowan (29, 30). These are calculated
through an atomic additive scheme as follows, in cm® mol™:
C =16.35H = 8.71, 0 = 12.43, N = 14.39, Cl = 20.95, and
Br = 26.21; subtract 6.56 for each bond, no matter whether
single, double, or triple. Then Vj is obtained through a
correlation established by Abraham and McGowan (25):

Vi = 0.597 + 0.6823V, )
n =209, r = 0.9988, SD = 1.2 ¢cm® mol™

As examples chosen at random, we find the following:
for hexachlorobenzene, V, = 145.1, Vi (caled) = 99.6, and
Vi (Table I) = 103.1; for biphenyl, V, = 132.4, V; (calcd)
= 91.0 and V| (Table II) = 92.0; for decachlorobiphenyl,
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Table IV. Correlation of HPLC Retention Times, Solvent 85/15 Methanol/Water®

log tg’
no. compound V1/100 * B Waters eq b BDH eq 6°
1 benzene 0.491 0.59 0.10 0.18 0.13 0.28 0.26
2 toluene 0.591 0.55 0.11 0.25 0.25 0.39 0.42
3 bromobenzene 0.624 0.79 0.06 0.27 0.25 0.41 0.39
4 ethylbenzene 0.671 0.53 0.12 0.32 0.34 0.47 0.55
5 1,2,3-CgH3(CHy)3 0.769 0.47 0.13 0.40 0.47 0.61 0.72*
6 biphenyl 0.920 1.18 0.20 0.38 0.35 0.59 0.56
7 2-Cl 1.010 1.29 0.17 0.42 0.44 0.61 0.62
8 2,4-Cly 1.100 1.34 0.13 0.58 0.57 0.82 0.81
9 2,4,5-Cly 1.190 1.34 0.10 0.74 0.70 1.03 0.97
10 2,3,4,5-Cl, 1.280 1.39 0.10 0.89 0.79* 1.21 1.08*
11 2,2'4,5,5'-Cls 1.370 1.40 0.03 0.84 0.95% 118 1.26*
12 2,2',4,4',5,5-Clg 1.460 1.50 0.00 1.00 1.05 1.32 1.38
13 2,2,3,3,4,5-Clg 1.460 1.60 0.00 0.96 1.02 1.33 1.33
14 2,2/,3,4,5,5',6-Cl; 1.550 1.45 0.00 1.05 1L17* 1.38 1.54*
15 2,2,3,3,4,4,5,5"-Clg 1.640 1.60 0.00 1.29 1.23 1.66 1.60
16 2,2',3,3,4,4',5,5,6-Cly 1.730 1.45 0.00 1.39 1.38 1.76 1.81
17 Cly 1.820 1.50 0.00 1.57 1.47* 1.99 1.92
18 1-chloronaphthalene 0.843 0.80 0.11 0.42 0.46 0.65 0.69
19 20-methylcholanthrene 1.538 0.80 0.31 1.08 1.10 1.63 1.61
20 1,2,4,5-tetrabromobenzene 1.023 0.80 0.00 0.68 0.77* 1.00 1.04
21 1,2,3,4-tetrachlorobenzene 0.851 0.80 0.00 0.56 0.57 0.81 0.78
22 pentachlorobenzene 0.941 0.75 0.00 0.74 0.69 1.06 0.94*
23 hexachlorobenzene 1.031 0.70 0.00 0.93 0.82 1.24 111%
aRef 26. °* indicates difference by more than one standard deviation.
Table V. Correlation of HPLC log k’ Values on C,; Column®
log k’
65/35 CH;CN/H,0 75/25 MeOH/H,0
no. solute V1/100 ad B exptl eq7® exptl eq 8°
1 benzene 0.491 0.59 0.10 -0.01 —-0.04 -0.09 -0.13
2 toluene 0.591 0.55 0.11 0.09 0.07 0.04 0.03
3 ethylbenzene 0.671 0.53 0.12 0.18 0.17 0.15 0.15
4 o-xylene 0.671 0.51 0.12 0.21 0.17* 0.17 0.15
5 m-xylene 0.671 0.51 0.12 0.20 0.17 0.19 0.15
6 n-propylbenzene 0.768 0.51 0.12 0.30 0.28 0.29 0.30
7 isopropylbenzene 0.768 0.51 0.12 0.27 0.28 0.26 0.30
8 1,2,4-trimethylbenzene 0.768 0.47 0.13 0.30 0.28 0.35 0.30*
9 n-butylbenzene 0.861 0.49 0.12 0.43 0.41 0.44 0.47
10 1,2,4,5-CgH,(CHy), 0.867 0.43 0.14 0.41 0.40 0.48 0.46
11 pentamethylbenzene 0.965 0.39 0.15 0.49 0.51 0.62 0.61
12 hexamethylbenzene 1.063 0.35 0.16 0.58 0.63* 0.75 0.77
13 benzaldehyde 0.606 0.92 0.44 -0.17 -0.20 -0.22 —0.25
14 benzonitrile 0.590 0.90 0.37 -0.13 -0.16 -0.23 -0.22
15 nitrobenzene 0.631 1.01 0.30 -0.08 -0.08 -0.11 -0.13
16 acetophenone 0.690 0.90 0.49 -0.14 -0.13 -0.17 -0.15
17 methyl benzoate 0.736 0.76 0.39 -0.04 0.01* -0.06 0.02*
18 anisole 0.630 0.73 0.32¢ -0.05 -0.06 -0.05 -0.10
19 o-nitrotoluene 0.729 0.97 0.31 0.00 0.04* -0.04 0.03*
20 naphthalene 0.753 0.70 0.15 0.19 0.22 0.19 0.23
21 anthracene 1.015 0.80 0.20 0.47 0.49 0.57 0.59
22 phenanthrene 1.015 0.80 0.20 0.44 0.49* 0.53 0.59*
23 pyrene 1.156 0.90 0.25 0.61 0.61 0.75 0.76
24 naphthacene 1.277 0.90 0.25 0.82 0.75* 1.06 0.95%*
25 chrysene 1.277 0.90 0.25 0.74 0.75 0.94 0.95
26 triphenylene 1.277 0.90 0.25 0.70 0.75* 0.88 0.95%
27 benz[a]anthracene 1.277 0.90 0.25 0.74 0.75 0.96 0.95
28 perylene 1.415 1.00 0.30 0.92 0.87* 1.07 1.12*
29 benzo[a]pyrene 1.418 1.00 0.30 0.96 0.87%* 1.23 1.12%*
30 acenaphthene 0.916 0.66 0.17 0.35 0.42* 0.44 0.49*
31 benzo[b]fluorene 1.224 1.28 0.27 0.66 0.64 0.88 0.81*
32 dibenz[a,c]anthracene 1.539 1.00 0.30 1.02 1.02 1.35 1.32
33 biphenyl 0.920 1.18 0.20 0.29 0.33 0.33 0.39
34 fluorene 0.960 1.18 0.22 0.36 0.36 0.46 0.43

s Data of Jinno and Kawasaki (27, 28). ®* indicates a difference of more than one standard deviation, ** more than two standard devia-

tions. ¢Summation of hydrogen-bonding effects on oxygen and on ring.

V, = 254.8, V; (caled) = 174.5, and V} (Table II) = 182.0;
for triphenylene, V, = 182.3, V (caled) = 125.0, and V;
(Table V) = 127.7. Use of V; (caled) in eq 4-8 instead of
Vi (ref 5) would not lead to significant differences for most
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compounds. However, for compounds such as the deca-
chlorobiphenyl, the difference in the values of V; calculated
by Leahy’s method and Abraham and McGowan’s method
leads to an overestimation of log K, of 5.15%(182.0 —



174.5) /100 = 0.39 log unit, which is more than half the
deviation shown in Table II.

Registry No. CgH;Cl, 108-90-7; 1,2-C¢H,Cl,, 95-50-1; 1,3-
CeH,Cly, 541-73-1; 1,4-CgH Cly, 106-46-T; 1,2,3-CgH,Cly, 87-61-6;
1,2,4-CgH4Cl,, 120-82-1; 1,3,5-CgH,Cl, 108-70-3; 1,2,3,4-CgH,Cly,
634-66-2; 1,2,3,5-CgH,Cl,, 634-90-2; 1,2,4,5-CgH,Cl,, 95-94-3;
CgHClj, 608-93-5; C¢Clg, 118-74-1; HO(CH,),CHj, 111-87-5; H,0,
7732-18-5; CgH;CgH;, 92-52-4; 2-CICgH,CgHs, 2051-60-7; 2,5-
C1,C¢H3C¢H;, 34883-39-1; 2,6-Cl,CgH3CgH;, 33146-45-1; 2,4,5-
Cl3C¢H,CeH;, 15862-07-4; 2,4,6-Cl3C¢H,CgH;, 35693-92-6;
2,3,4,5-C1,C¢HC¢H;, 33284-53-6; 2,2',4,5-ClyCgH,CgH,Cl, 70362-
47-9; 2,3,4,5,6-Cl;C¢CsH;, 18259-05-7; 2,2',4,5,5'-ClyC¢HyCsHCly,
37680-73-2; 2,2/,3,3",6,6’-Cl13C¢H,CcH,Cl;, 38411-22-2;
2,2,3,3",4,4’-Cl3C¢H,C¢H,Cl;, 38380-07-3; 2,2’,4,4",6,6'-
Cl,CeH,CeH,Cly, 33979-03-2; 2,2/,3,3",4,4’,6-C1,CeHCGH,Cl,
52663-71-5; 2,2/,3,3",5,5,6,6-C1,CqHCgHCl,, 2136-99-4;
2,2',3,3',4,5,5,6,6'-Cl;C¢CgHCly, 52663-77-1; CsCl;C¢Cly, 2051-24-3;
CgHg, 71-43-2; CgH;CHj, 108-88-3; C¢H;Br, 108-86-1; CgH;CH,CHj,
100-41-4; 1,2,3-CgHy(CHy),, 526-73-8; 2,4-Cl,CeHaCoHs, 33284-50-3;
2,2’,4,4’,5,5’-Cl3C¢H,C¢H,Cl;, 35065-27-1; 2,27,3,3',4,5-
C1,C¢HCGH,Cl,, 55215-18-4; 2,2/,3,4,5,5,6-Cl;C;CsH,Cly, 52712-
05-7; 2,2/,3,3',4,4,5,5’-C1,C¢gHC4{HCl,, 35694-08-7;
2,2/,3,3'4,4',5,5 ,6-CsClsCgHCly, 40186-72-9; naphthalene, 91-20-3;
1-methylnaphthalene, 90-12-0; 2-methylnaphthalene, 91-57-6;
1,3-dimethylnaphthalene, 575-41-7; 1,4-dimethylnaphthalene,
571-58-4; 1,5-dimethylnaphthalene, 571-61-9; 2,3-dimethyl-
naphthalene, 581-40-8; 2,6-dimethylnaphthalene, 581-42-0; 1-
ethylnaphthalene, 1127-76-0; 1,4,5-trimethylnaphthalene, 2131-
41-1; fluorene, 86-73-7; acenaphthene, 83-32-9; phenanthrene,
85-01-8; anthracene, 120-12-7; 1-methylfluorene, 1730-37-6; pyrene,
129-00-0; 3,4-benzopyrene, 50-32-8; 2-chlorophenanthrene,
24423-11-8; benz[a]anthracene, 56-55-3; 2-methylphenanthrene,
2531-84-2; 1-nitronaphthalene, 86-57-7; 9-methylanthracene,
779-02-2; 9,10-dimethylanthracene, 781-43-1; 1,2,5,6-dibenz-
anthracene, 53-70-3; 2,3-benzanthracene, 92-24-0; benzo[ghi]-
perylene, 191-24-2; 1-chloronaphthalene, 90-13-1; 20-methyl-
cholanthrene, 56-49-5; 1,2,4,5-tetrabromobenzene, 636-28-2; o-
xylene, 95-47-6; m-xylene, 108-38-3; n-propylbenzene, 103-65-1;
isopropylbenzene, 98-82-8; 1,2,4-trimethylbenzene, 95-63-6; n-
butylbenzene, 104-51-8; 1,2,4,5-tetramethylbenzene, 95-93-2;
pentamethylbenzene, 700-12-9; hexamethylbenzene, 87-85-4;
benzaldehyde, 100-52-7; benzonitrile, 100-47-0; nitrobenzene,
98-95-3; acetophenone, 98-86-1; methyl benzoate, 93-58-3; anisole,
100-66-3; o-nitrotoluene, 88-72-2; naphthacene, 92-24-0; chrysene,
218-01-9; triphenylene, 217-59-4; perylene, 198-55-0; benzo[a]-
pyrene, 50-32-8; benzo[b]fluorene, 30777-19-6; dibenz[a,c]-
anthracene, 215-58-7.
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Chernobyl Radionuclides in the Environment: Tracers for the Tight Coupling
of Atmospheric, Terrestrial, and Aquatic Geochemical Processes
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EAWAG, Swiss Federal Institute of Water Resources and Water Pollution Control, CH-8600 Duebendorf, Switzerland

m Observations of the temporal trend in concentrations
of Chernobyl radionuclides in atmospheric, terrestrial, and
aquatic reservoirs near Diibendorf (Zurich) aided in
quantifying fluxes and transfer velocities from one reser-
voir to another. Radionuclide dry and wet deposition rates
and velocities from the atmosphere, washout from the
catchment basins into surface waters, and deposition rates
and mechanisms in lakes were determined. The results
from these studies were compared to those from earlier
observations on the fate of the radionuclides released by
bomb tests, from reactor accidents, and from the pur-
poseful tracer experiments in lakes. The results from our
observations indicate the extent to which the Chernobyl
radionuclides trace the movement of other atmospheric
trace contaminants in the environment.

Introduction

Radioactive fallout from the burning Chernobyl reactor
was measured during May and June 1986 all over the
northern hemisphere, even though, at times, activities were
at extremely low levels. The attention given in each
country to the radioactivity measurements as a basis for
estimating dose rates to man, and the relative ease of
measurement of radionuclides, allowed scientists to follow
the pathways of the radioactive cloud around the world.
The accidental release of radioactivity provided a striking
demonstration of the fact that trace contaminants, ra-
dioactive and nonradioactive, can be transported within
days from one country to another via the atmospheric and
aquatic conveyor belts. The radioactive fallout from the
reactor accident in Chernobyl provided a pulsed release
to the environment; this pulse presented a good opportu-
nity to study transport processes in atmospheric, terres-
trial, and aquatic reservoirs, as pulse inputs of radionu-
clides to the environment can be used to study physical
(e.g., °H) (1), chemical (e.g., **Mn) (2), biological (e.g., 1*C)
(3), and hydrological (e.g., °H) (4, 5) processes operating
in a particular system. Understandably, most of the at-
tention was given to the dose rate aspect of the accident,
i.e., the transfer of Chernobyl radionuclides to man, and
relatively little to the geochemical behavior of the nuclides.

The purpose of this article is threefold: (1) to demon-
strate, by use of selected radionuclides from the Chernobyl
fallout as tracers, the tight coupling by the movement of
water of the atmospheric, terrestrial, and aquatic reservoirs
in the Zirich area; (2) to show which processes influence
the rates of migration of radionuclides in the environment
and transfer to man (Figure 1); (3) to indicate the extent
to which the information on the Chernobyl radionuclide
pulse agrees with what had been learned from previous
studies of bomb fallout nuclides, from releases from pre-
vious reactor accidents, and from purposeful tracer ex-
periments in lakes. While some of the radioactivity
measurements reported here were also made by a number
of other groups, the radionuclide mobility studies in at-

* Address correspondence to this author at the Department of
Marine Sciences, Texas A&M University at Galveston, P.O. Box
1675, Galveston, TX 77553-1675.
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mospheric and aquatic systems reported here are unique.

Methods

The y-ray-emitting Chernobyl radionuclides were de-
termined on solid-state detectors [Ge-(Li) and high-purity
Ge] in samples from surface waters [Rhine River, Glatt
River, Chriesbach (creek), Lake Ziirich; several times a
week during early May], drinking waters and groundwaters
(near Dubendorf, a few times in May), sewage treatment
plants (Zirich, Fallanden), air filters (Diibendorf, daily),
total precipitation (Diibendorf, of every single rain event
as well as the integral over the fallout period from April
29 to May 22), dry fallout (Diibendorf, 3 times during
period April 30 to May 12), water and sedimenting par-
ticles from Lake Ziirich caught in sediment traps (located
at 50- and 130-m depth at the deepest point of the lake,
sampled at 21-day intervals), fish (various lakes), grass
(Dtibendorf), milk (Diibendorf, Volketswil), and vegetables
(northern Switzerland). The locations of the sampling
stations are given in Figure 2. Results from measurements
of milk and grass will not be reported here but can be
found elsewhere (6). Detector geometries were calibrated
with standards of the appropriate radionuclide (NEN,
Amersham Co.) in order to circumvent summation cor-
rections. For the calculations of fluxes, all concentrations
were decay-corrected to May 1, 1986, and corrected for
decay during the time of collection. Furthermore, in se-
lected samples of each kind, B-ray-emitting *Sr and %Sr
activities were determined according to ref 7.

The deposition rate was measured in special collectors
for total precipitation and for dry deposition, either on
consecutive days or as the total over the fallout period. Dry
fallout was collected in pans filled with a thin layer of
distilled water, open to the atmosphere only during times
of no precipitation (8). Because surface water concen-
trations of ¥Cs soon became unmeasurably small with
direct-counting techniques on 1-L samples, 1*’Cs had to
be preconcentrated from 1 to 30 L by ion exchange before
measurement (9).

Chemical Form of the Nuclides in the Environment

The composition of radionuclides found in the radio-
active Chernobyl cloud in Switzerland was determined by
the following factors (Figure 1): (a) the asymmetrical
fission yield of 235U, which favors nuclides with neutron
numbers near the “magic” numbers 50 and 82; (b) the
relative volatility of the elements or their oxides at 1500
°C, the burning temperature of the reactor graphite (10);
(c) fractionation and deposition processes in air.

On the basis of thermodynamic reasoning, the following
chemical forms or oxidation states of selected Chernobyl
radionuclides are likely: Cs*, Ba?*, La(III), Ce(IV), Nb(V),
MoO,%, TcO,, and HTeO,". For I and %*Ru, for which
it is also possible to postulate metastable forms, the fol-
lowing species or oxidation states are possible: Ru(VI) as
RuO,* (11, 12), Ru(IIl) as RuNO?** (11, 12), and iodine as
I, CHgl, I, and 104 (e.g., ref 13). The speciation of the
radionuclides was partially established in the burning re-
actor by chemical and physical conditions which allowed
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Table I. Deposition Rates and Deposition Velocities of Chernobyl Radionuclides in the Dibendorf Area

deposition velocities, Vp, cm/s

total deposition

dry deposition

deposition rate, days with days without
half-life, rp, kBq/m? 30.4.86 30.4.86 to 8.5.86 fog and dew fog and dew
nuclide days (29.4.86 to 22.5.86) (12 h) (9 days) (30.4.86 to 2.5.86) (2.5.86 to 12.5.86)

B0y 7 % 10? 2 3.4 0.5 0.13 0.024
Bigs 1.1 %10* 4 3.4 0.5 0.13 0.024
103Ry 40 4 2.8 0.4 0.10 0.024
181y 8 20 3.0 0.4 0.21 0.080
sze (1321) 3 18
%Mo (**™T¢) 3 5.6
Sr 104 0.03 ~6.07 0.7¢
Ll ls 50 0.63 ~6.5° 0.7¢

@These values were calculated from *¥Sr/'¥'Cs activity ratios in selected air filter and precipitation samples. For further explanations, see

text.
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Figure 1. Release, transport, fractionation, deposition, and dose to
man of Chernobyl radionuclides.

the production of the volatile species I, and RuO,.

The proposed species or oxidation states are consistent
with (1) the observed behavior of the Chernobyl radionu-
clides in extractions by ion-exchange and activated char-
coal columns and by precipitation reactions (14) and (2)
the observed nuclide mobility in the environment: uptake
by and washout from soils and plants and groundwater
infiltration behavior.

Results and Discussion

Washout of the Atmosphere by Rain, Fog, and Dew
as the Determining Factor in the Deposition of the
Chernobyl Radionuclides. The concentrations of se-
lected radionuclides collected in Ditbendorf in air filters
(Figure 3) were similar to those in the rest of Switzerland
(see ref 15), France, and Germany and only a little less
than those measured in Sweden (16). The deposition rates

GERMANY SWITZERLAND

Rhine River

Sampling stations :
o Rain, Aerosols
& Rwer water

O Lake water and
sediment ‘raps

Glatt River

glolketswil

Lake Greifen

Lake Zurich

L

Figure 2. Map of the Ziirich area in northern Switzerland, with locations
of sampling stations.

were, however, very different in different parts of Switz-
erland and in Western Europe. This was mainly caused
by the unequal rainfall during the transit of the radioactive
cloud. Nuclide deposition in Switzerland was particularly
high near Lake Constance and in southern parts of the
Canton of Tessin (e.g., over Lake Lugano). For example,
while *’Cs deposition over central Switzerland was gen-
erally <3 kBq/m? it reached values of 12-20 kBq/m? over
Lake Constance and 20-30 kBq/m? over Lake Lugano (17).
The high efficiency of water droplets in rain and fog in
transfering contaminants in the air to the ground is dem-
onstrated by our measurements.

Table I shows the deposition rates and deposition ve-
locities of selected radionuclides during periods of rainfall,
fog, and dry weather calculated from the respective ac-
tivities in our atmospheric collectors. Deposition rates
evaluated from activities in rain collectors of different
geometries and from maximum activities in grass samples
generally agreed to within 20%. These measurements
demonstrate the high deposition efficiency of rain events.
These events accounted for 70-80% of the total deposition
for 137.134Cg, 103106Ry 131] and 132Te, while the dry fallout,
which was measured separately, only accounted for
20-25%. Furthermore, by calculation of the ratio of the
measured deposition rate (rp) to the time-averaged air
concentration (c,;) during that time interval (At), depos-
ition velocities (Vp) for the different radionuclides could
be calculated:

Vb = rp/caiAt (cm/s)
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Figure 3. Radionuclide activities in air filter samples in Diibendorf
collected with a high-volume sampler at a 960 m® d~' flow rate (NABEL
station).

The calculation of these deposition velocities is partic-
ularly important as they can serve as estimates for the
deposition velocities of other contaminants in the air under
similar atmospheric conditions. These calculations showed
that the rain events of April 30, 1986, which lasted in-
termittently over a period of 12 h, washed out the nuclides
in the air at a velocity of about 3-6 cm/s during the events.
The average deposition velocity during the 9-day time
period, accounting for 90% of the nuclide deposition, was,
however, only 0.4-0.7 cm/s. This is due to the much
smaller deposition velocities produced during dry weather
periods. Nonetheless, during fog periods, deposition ve-
locities increased by about fivefold as compared with those
during dry weather.

The calculated deposition velocities are of the same
order of magnitude as those estimated during the 1950s
for the fission products of bomb fallout (18) and for the
nuclides from the reactor accident of Windscale in England
in 1957 (13). In the latter case, overall deposition velocities
ranged between 0.1 and 0.3 cm/s, depending on the nuclide
(13). The deposition velocities calculated here for Cher-
nobyl radionuclides during different weather conditions
are, however, more detailed than those reported before.

The average scavenging ratio by rain droplets, S (19),
was calculated from

S = pcrain/cair

with p = density of air of 1.2 kg/m?® and c,,;,, (Bq/kg) and
¢,ir (Bq/m®) = the concentrations in rainwater and air,
respectively. The different nuclides scavenged during the
rain event on April 30, 1986, all had an S value of 400 (20).
It is close to the value expected for continental aerosols
of an average diameter of 0.5-1 um (19, 21, 22). Indeed,
the Chernobyl radionuclides were attached to aerosols of
such a size (23, 24). This agreement should allow the
calculation of deposition rates for other atmospheric trace
contaminants which are associated with aerosols of similar
sizes and which can, consequently, be transported over
distances of hundreds to thousands of kilometers.
Radionuclides in Drinking Waters and Ground-
waters in Switzerland. The highest concentration of 13T
measured in rainwater was about 10* Bq/L and that of
137Cs about 500 Bq/L. These concentrations can be com-
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pared to maximum permissible concentrations for con-
tinuous consumption of these radionuclides in drinking
water, of 2 X 10° and 10* Bq/L, respectively. Even though
the highest concentrations measured for samples of cistern
water used as the drinking water supply were of the same
order of magnitude as those in rain samples containing
most of the Chernobyl fallout, their average concentrations
were considerably lower. However, the Chernobyl ra-
dionuclides were generally not measurable in drinking
waters and groundwaters. One known exception is from
the site of infiltration of the Glatt River into groundwater
(25), where the groundwater was sampled very close (i.e.,
a few meters) to the river. Measurable activities of 1%Ru,
131 132Te, and '¥’Cs (one data point only) were reported
for the first 2 weeks after nuclide deposition. Another
exception is from the Karstic region of southern Switzer-
land (26) where total v activities in drinking waters from
spring water were measurable during the month of May
1986, with activity levels of 1-2 Bq/L. Furthermore,
drinking water taken from a 256-40-m depth in Lake Lu-
gano during the month of September 1986 showed ¥"Cs
+ 134Cs activities of 0.3-0.5 Bq/L (26), in agreement with
our lake water profiles (27).

Washout of Soils as Additional Input to Surface
Waters. An important question asked is how much of the
activity deposited onto catchment basins would be quickly
lost via surface runoff. Even though many measurements
were carried out to demonstrate that Chernobyl radionu-
clides were initially lost from grass at rates equivalent to
1-2 weeks of residence time, very few studies exist which
followed the movement of the deposited activity from soils
to surface waters. None have, however, attempted so far
to quantify the rate and extent of this initially rapid
leaching process. In this section such a process is quan-
tified from measurements of radionuclide activities in
surface waters soon after deposition.

Because *’Cs concentrations in surface waters were
relatively constant during that time, nuclide to ¥’Cs ratios
can be taken as indicative of the relative nuclide mobility
with respect to ¥’Cs in soils. The concentrations of *"Cs
in various surface waters of northern Switzerland are
shown in Figure 4a, and the activity ratios of selected
radionuclides, normalized to *’Cs* and corrected for ra-
dioactive decay, are shown in Figure 4b. ¥’Cs* concen-
trations in various rivers remained high during the first
week after the fallout, and only after that they decreased
to small values. Other Chernobyl radionuclides in the
stream Chriesbach, located next to the EAWAG in
Dubendorf, showed very high concentrations only during
the first few days after deposition and quickly decreased
to unmeasurably small values within 1 week during which
B1Cs activities remained approximately constant. Nuclide
(1311, 132Te, and 1%Ru) to 13’Cs ratios in the Chriesbach on
May 1, 1986, were much higher (by a factor of 4-5) than
those in rainwater and air samples (Figure 4c), presumably
because these nuclides were washed out of the catchment
basin, most likely as neutral or anionic species. Due to the
low adsorbability of anionic and neutral low molecular
weight species on many particle surfaces, such species can
be expected to be extremely mobile in the environment.
For example, it is understandable then that anionic species
of 11T and %Ry, e.g., I, 10,7, and RuO,%, were washed
off soils and vegetation, infiltrated into test wells near the
Glatt River (25), and able to penetrate the surfaces of
leaves and pine needles (28). Increased mobility of anionic
Ru nuclides was also observed in groundwater from the
atomic bomb test sites in Nevada (29). However, 1¥"Cs*,
a cation and partially deposited as insoluble particles
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(possibly as fine reactor debris), was much better retained
by the soil.

Panels a and b of Figure 4 show qualitatively that mobile
anionic and neutral species of these nuclides must have
existed only during the first few days after the fallout. The
subsequent very low concentration of these nuclides (i.e.,
1811 132Te and 1°Ru) indicates that they must then have
been immobilized in the soil after a few days to a much
larger degree than was '¥Cs. Assuming a realistic value
of the surface runoff during that time of about 0.2-0.3 cm?®
cm2 day ™ and typical deposition rates as described pre-
viously (Table I), the fraction of the drainage basin of the
stream Chriesbach with a very low retention capacity and
concomitant short nuclide residence times of days to weeks
can be determined. Such areas correspond in general to
terrain covered with concrete such as streets and houses,
but also to rocky grounds and rivers. For *’Cs, this
fraction can be calculated to be on the order of 1% and
for the more mobile nuclides ('3, 132Te, and 1%Ru) to be
about 5-10%. Similar values can be calculated for ¥Cs,
31T and %Ru in the drainage basin of the upper Danube
River in Schafstall in southern Germany from measure-
ments of '¥Cs concentrations in the Danube River (30) and
the published deposition rates of *’Cs in selected places
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Figure 5. Vertical ¥Cs concentration profiles in Lake Ziirich on June
11, 1986, November 13, 1986, and April 3, 1987. Corresponding
inventories in the lake during those times, assuming horizontal homo-
geneity, amounted to 3.8, 0.9, and 0.5 kBq/m?, or about 90%, 25%,
and 12% of the assumed total deposition rate. Note that a significant
fraction of the '*’Cs inventory in 1986 was moved below the position
of the thermocline, which was centered at 7.5 and 15 m on June 11
and November 13, respectively.

in its drainage basin (31). If we, furthermore, assume
1811 /137Cs and %*Ru/'¥Cs ratios in the activity deposited
to the drainage basin of the Danube River to be similar
to those we measured in Diibendorf and a surface runoff
similar to that which we estimated before for northern
Switzerland, we obtain again 1% for ¥’Cs and 4% for *'I
and ®Ru. These results agree also, within the errors, with
those of previous studies using naturally occurring ra-
dionuclides (32) or those from bomb fallout (33). These
latter studies determined this fraction of a catchment basin
to be on the order of 1% for nuclides such as *’Cs* and
"Be?*, which are relatively strongly sorbed onto soil par-
ticles, and about 10% for nuclides such as *Sr?*, which
are sorbed onto soils to a lesser degree. A similar behavior
after deposition to catchment basins can, of course, be
expected for other atmospherically delivered trace con-
taminants. The fraction of these radionuclides left after
the initial rapid washout would, however, be residing in
the soil for a very long time, i.e., about 10° years (32, 33),
without considering radioactive decay.

Direct Deposition of Chernobyl Radionuclides into
Surface Waters. For medium-range and long-term
studies, only *’Cs (half-life of 30 years) and '°%'%Ru
(half-life of 40 and 369 days, respectively) have to be
considered. Because of the long residence time of water
in lakes, which is often 1 year and longer, and the relatively
small contributions from drainage basins to lakes for the
long-lived 1*’Cs, we can assume that lake nuclide inven-
tories reflect the direct atmospheric fallout to the lake area
only. Since horizontal mixing in lakes is fast compared
to vertical mixing, horizontal gradients should be small,
and one profile can be taken as representative for a whole
lake. Vertical concentration profiles can therefore be in-
dicative of mixing and elimination processes within a lake.

The ¥'Cs inventory in Lake Ziirich on June 11, 1986,
calculated from a vertical concentration profile, was 3.8
kBq/m? (Figure 5). This is close to the atmospheric
fallout measured in Diibendorf (Table I). At all depths
sampled, the concentrations of 1*’Cs decreased, however,
by a factor of 5-10 in the following 5-10 months (Figure
5), indicating efficient removal mechanisms for *’Cs.

A Cs profile from Lake Lugano resulted in a ¥'Cs
inventory of 20 kBq/m? on September 9, 1986 (27). Here,
too, this inventory agrees fairly closely with measurements
of its deposition rate in southern Tessin of 21-26 kBq/m?
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(17). In both lakes, however, *’Cs had been mixed below
the actual position of the thermocline at the time of the
measurement.

Accumulation and Elimination Processes in Lakes.
Radionuclides in lakes are taken up by particles freshly
produced in the lake (plankton and CaCO;) and by those
washed into the lake from drainage basins (composed
mostly of clay minerals). Over a time scale of months,
these radionuclides are transported to the sediments by
the downward conveyor belt of particles. For example, the
bioconcentration factor of 1¥’Cs* on sinking plankton de-
bris of Lake Ziirich was about (3-4) X 10* cm®/g dry
weight. This means that the fraction of ¥Cs* in the water,
associated with suspended particles, was only a few per-
cent. An important route for eliminating more soluble
nuclides such as '¥"Cs* is also the direct adsorption onto
surface sediments in shallow parts of a lake (34). One aim
of ongoing studies is to differentiate between these two
pathways.

Longer lived nuclides can be accumulated by fish via
food (plankton, periphyton) and water. The bioconcen-
tration factor for ¥’Cs in selected fish (=activity in
fish/activity in water) of about 2 X 10° cm®/g wet weight
(27) is similar to that of plankton and is mostly gained by
the 1¥'Cs* taken up by fish through intake of plankton (35).
This behavior of ¥’Cs* agrees with that of other radio-
active trace elements released by reactors and through
atomic bomb testing, which are not magnified in the food
chain.

137Cs concentration in water from Lake Ziirich was not
measured before the Chernobyl fallout reached it, but
concentrations must have been similar to those of other
lakes of the 40-50° N latitude belt, i.e., 102-10" Bq/L
(36-38). After the Chernobyl fallout event, ¥’Cs concen-
trations rose over 2 orders of magnitude, with a contri-
bution of *Cs of about 55% of the ¥’Cs value. *Cs did
not exist in the natural environment before the Chernobyl
fallout anymore except from regular discharges of nuclear
reactors, as the 13Cs from atomic bomb tests had decayed
away. %Cs concentrations in sedimenting particles from
Lake Ziirich rose during that time from 3 X 1072 to 5-8
Bq/g.

The pulse-like shape of the *’Cs and ®Ru flux out of
the lake (Figure 6a shows that the largest '¥’Cs and 1*Ru
flux occurred during the first 3 weeks after the fallout)
could indicate that about 10-20% of *’Cs probably
reached the lake in insoluble aerosol particles (possibly as
fine debris from the reactor fuel), in agreement with our
filtration results of rainwater (27). This pattern of de-
creasing '3’Cs fluxes, which was also observed elsewhere
in European waters (39—41), was not produced by de-
creasing sedimentation rates as these rates either increased
during the summer months or remained the same. Figure
6b indicates that the fraction of ¥’Cs which was vertically
transported out of the lake water to the lower laying sed-
iments was 20% of the total inventory during the first 2
months, and only another 5-10% during the following 3
months. Comparison of ¥Cs fluxes in traps from 50- and
130-m depth in Lake Zurich (Figure 6a) allowed the cal-
culation of particle settling velocities of 15 m/day and time
scales for particles advected into the lower traps from the
horizontal boundaries of 1-3 months (42).

During the same time, all other nuclides disappeared
from the lake water, either due to radioactive decay or due
to faster removal rates. For example, 80% of the total
inventory of ®®Ru was vertically transported out of the lake
within the first 2 months, and another 10% during the
following 3 months, stressing the strong particle affinity
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Figure 6. (a) '*Cs and particle fluxes are compared for 50- (trap A)
and 130-m depth (trap B) in Lake Zirich after May 1, 1986. (b)
Cumulative nuclide fluxes at 50-m depth (trap A) show almost complete
removal of 'Ru by sinking particles during that time but incomplete
removal by that pathway for *’Cs (and ™'I). A boundary input of *’Cs
is suggested by the increased importance of the '’Cs flux at 130-m
depth, exceeding that measured at 50 m after 1-2 months. The
presence of anoxic bottom water below 130-m depth during that time
would argue strongly against the resuspension of underlying bottom
sediments.

of Ru in lakes. Plankton in lakes and oceans concentrates
Ru to a much greater extent than Cs; concentration factors
are 2 X 10° (43). Such a behavior contrasts with that of
Ru in soils and surface waters during the first few days
after the fallout and most likely points to a reductive up-
take of Ru (from VI to III or IV) by the plankton. The
speciation in biological systems of trace elements with
multiple oxidation states is characterized by the tendency
of these systems to reduce trace element valence after
adsorption to surfaces (e.g., reviewed in ref 44).
Removal fluxes of radionuclides by vertically settling
particles should be compared to lake inventories calculated
from their vertical profiles. For '3’Cs, for which this
comparison is possible, the agreement between these two
measurements is poor. While we would predict for the
month of November 1986, from the measurement of ver-
tical fluxes, an inventory in the lake of 75% of the initial
value, we measured during that time a *’Cs concentration
profile which gives the equivalent of only 25% of the initial
inventory (i.e., 1 instead of 4.2 kBq/m?). Because these
sediment traps collect 100 + 20% of the measured at-
mospheric flux of 2°Pb (unpublished data), we interpret
this apparent disagreement to indicate the importance of
the direct sorption onto surface sediments as the primary
removal mechanism for '3’Cs, in agreement with experi-



mental evidence from purposeful tracer studies in enclo-
sures and whole lakes (34) and interpretations of bomb
fallout records in lake sediments (36, 37). Net loss of ¥’Cs
to the outflow of the lake (i.e., inflow — outflow) is not
known but can be estimated to be of minor importance
(i.e., <20% of the atmospheric deposition rate). As the
lake receives its water from two other lakes (i.e., upper
Lake Zurich and Lake Walen) exhibiting similar elimina-
tion processes and with almost identical atmospheric in-
puts (17), it can be assumed that 3’Cs concentrations in
the outflowing water are similar to those in the inflowing
water during the stratified conditions of Summer 1986.

Because of their ultralow concentrations in the envi-
ronment (i.e., <1075 M), the fate and extent of accumu-
lation in biological systems of some of these radioactive
trace elements are determined by the concentration of the
stable element or of a stable homologue (e.g., K* for ¥7Cs*
and Ca?* for ¥Sr?*). As both K* and Ca®* concentrations
are similar in most Swiss lakes, bioaccumulation factors
in fish and other aquatic organisms should also be similar.
Indeed, *"Cs concentrations in fish from different lakes
in Switzerland (27) were, during the summer months, ap-
proximately proportional to the deposition rate from the
atmosphere, as this determined the values of the prevalent
concentrations in the lake water and sediments. No dif-
ferences between herbivores and carnivores, or between
fish with pelagic and littoral habitat, were discernible
during 1986, because of very large variability in *’Cs
concentrations of all species (27). However, the relatively
uniform average concentrations of ¥’Cs in different fish
species from a single lake probably are the consequence
of the uniform tagging of their food sources, i.e., suspended
and sinking particles, shallow surface sediments, and
periphyton, with 1¥’Cs. As the residence time of ¥’Cs in
fish (i.e., the inverse of its excretion rate) is about 300-500
days (35), ¥'Cs concentrations in fish are indeed only
decreasing slowly.

Conclusions

The processes which influenced the mobility of Cher-
nobyl radionuclides in air, soil, and aquatic reservoirs were
investigated. Results were compared to what has been
learned from studies of the A bomb fallout radionuclides,
those resulting from earlier accidents of nuclear installa-
tions, and those from purposeful tracer experiments in
lakes. On the basis of these results, we conclude the fol-
lowing:

(1) Radionuclides deposited in the Zurich area were
estimated to be 80% from wet deposition and about 20%
from dry deposition. Transfer velocities were calculated
from a comparison of total deposition rates measured in
open pans and in wet collectors of dry deposition, open
during dry weather, and air concentrations during the same
time interval. Deposition velocities for different radion-
uclides were lowest during dry weather (0.024-0.08 cm/s),
intermediate during fog conditions (0.1-0.2 ¢cm/s), and
highest during rain events (3 cm/s). Scavenging ratios of
400 could be calculated for different radionuclides from
air and rain concentrations, in agreement with what is
expected for continental aerosols of an average diameter
of 0.5-1 um.

(2) Radionuclides in anionic and molecular forms (i.e.,
1317 18Ry, and !32Te) were washed from soils to surface
waters only during the first few weeks after deposition.
During that time, it was calculated that about 1% of the
134137Cg and about 4-10% of the I, Te, and Ru nuclides,
deposited onto the catchment basins in northern Switz-
erland and southern Germany, were leached into surface
waters.

(3) In Lake Zurich, about 20% of the *'37Cs and '3'I
and about 80% of the %Ru were rapidly removed by
settling particles within the first 2 months after deposition
as determined from sediment trap measurements. This
observation of fast removal of ®Ru in lakes seems to
contradict the initial observations of high mobility and
correspondingly low adsorbability of this isotope in at-
mospheric and soil reservoirs and instead suggests a re-
ductive uptake of Ru [i.e., reduction of adsorbed Ru(VI)
to Ru(IIL,IV)] by plankton. Vertical fluxes of 3413Cs
decreased during the rest of the summer of 1986, despite
the fact that sedimentation rates remained at similar or
higher levels during that time. A comparison of vertical
profiles of 1¥Cs, taken in June and November of 1986 in
Lake Zurich, indicates that about 75% of the *413Cs had
been already eliminated from the lake by November, de-
spite the fact that sediment trap fluxes indicated total
vertical removal fluxes by that time amounting to only
about 25% of the total (but amounting to 95% for 1%Ru).
Direct sorption onto shallow surface sediments is suspected
as an important removal mechanism for *’Cs in lakes.
Such a mechanism needs to be tested further by detailed
sedimentological investigations.

(4) Further studies are needed to follow the fate of
134137Cg, derived from Chernobyl fallout, in surface waters
and sediments. Sediment resuspension, focusing, or other
redistribution processes of Cs isotopes can be closely
studied over the next decade. Furthermore, other potential
remobilization processes for Cs isotopes, e.g., those that
might occur during temporal anoxia (45), should be further
investigated.

(5) Our observations on deposition velocities in atmos-
pheric, soil, and aquatic reservoirs were consistent with
what had been learned from earlier observations of ra-
dionuclide behavior of fallout from atomic weapons tests
and nuclear accidents and from purposeful tracer exper-
iments in enclosures and whole lakes. However, the
Chernobyl fallout radionuclides provided a far better
picture of the tight coupling of the atmospheric, terrestrial,
and aquatic geochemical processes.

(6) The results from studies of the movement of the
Chernobyl radionuclides in atmospheric, terrestrial, and
aquatic environments should be highly relevant to our
understanding of the transport behavior of other atmos-
pheric trace contaminants in the environment.
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Atmospheric Speciation and Wet Deposition of Alkyllead Compounds
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m Concentrations of individual tetra-, tri-, and dialkyllead
compounds have been measured in the gas phase and in
aerosol and rainwater samples at two sites in eastern
England and at one site in western Ireland. The results
show a predominance of gas-phase over aerosol-associated
species in the air at all sites, and in general a greater
abundance of tetraalkyllead than trialkyllead. Washout
factors for total alkyllead are lower than for inorganic lead
and correlate highly between adjacent urban and semirural
sites.

Introduction

Alkyllead compounds resulting from the use of tetra-
alkyllead (R,Pb) as a gasoline additive have been deter-
mined in a variety of environmental samples, including air,
water, sediment, and fish (I). The major anthropogenic
source involves the release of volatile R,Pb species into the
atmosphere. About 1% of the organolead content of
gasoline is emitted into the atmosphere via the exhaust
unchanged, and further emissions include evaporative
losses of fuel from fuel tanks and carburetors, evaporation
at gasoline stations, and accidental spillages of gasoline as
well as other minor sources that involve the use of leaded
gasoline (e.g., chain saws, lawnmowers, and motor boats).
A possible environmental source involving alkylation of
inorganic lead is also suspected (2). In the environment,
R,Pb compounds decompose eventually to inorganic lead
via trialkyllead (R;Pb*) and dialkyllead (R,Pb*") species
as intermediates. The mechanisms of decomposition and
alkylation reactions are still not fully understood and some
of these may be biologically mediated. Environmental
pathways of organic lead have recently been reviewed (1),
and atmospheric transformations play a prominent role
in the biogeochemical cycle of organic lead.

The primary pollutant R,Pb species may decompose in
the atmosphere to produce vapor-phase R;Pb* and R,Pb?*
species and inorganic lead aerosol, the dominant mecha-
nism being reaction with hydroxyl OH radical (3). RsPb*
compounds also react with OH radical, but the reaction
rates are slower than for the R,Pb — OH reaction, resulting
in longer atmospheric lifetimes of R,Pb* (4). R,Pb, RsPb?,
and R,Pb?" compounds may be scavenged in cloud and
raindrops or may react with atmospheric aerosols. Recent
measurements of alkyllead compounds in rainwater suggest
that wet deposition processes (rainout/washout) may be
an important removal mechanism of these pollutants from
the atmosphere and a source of these species in surface
waters (5-8). Alkyllead species released into the atmo-
sphere may therefore enter into other environmental
reservoirs via the hydrological cycle and have been iden-
tified at very low levels in potable water (9). Damage to
German forests has recently been attributed to RsPb*
compounds in rainwater (10), but high concentrations
measured in the latter study with a nonspecific biochemical
technique have been disputed on the basis of measure-
ments made by using species-specific gas chromatogra-
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phy/atomic absorption spectroscopy (GC/AAS) (7).

GC/AAS techniques have been applied in the deter-
mination of alkyllead compounds in air, atmospheric
aerosol, and rainwater (5, 6, 8, 11-14) in an attempt to
improve our understanding of the atmospheric cycle of
organic lead. R,Pb compounds in air and R,Pb, RsPb*,
and R,Pb?* species in atmospheric aerosol have been de-
termined at urban and rural sites (13), and concentrations
of vapor-phase RsPb* and R,Pb?" compounds have been
inferred by difference from total vapor-phase concentra-
tions measured with a nonspecific extraction/graphite
furnace atomic absorption spectroscopy (GFAAS) tech-
nique. Recently, a GC/AAS technique for gas-phase
R4Pb* and R,Pb?" compounds has been developed and
successfully applied to atmospheric samples (14).

Here we report simultaneous measurements of R,Pb,
R4Pb*, and RyPb?* compounds in the atmospheric gaseous
and aerosol phases and in bulk deposition. Measurements
were carried out simultaneously at an urban and a semi-
rural site, and at a remote rural site on the west coast of
Ireland for a brief period. In addition to the quantitative
physicochemical speciation study of alkyllead in the at-
mosphere at these sites, data on the deposition of these
species were also obtained.

Experimental Section

Alkyllead compounds in the gas phase, atmospheric
aerosol, and bulk deposition were determined at urban
(Colchester, U.K.) and semirural (Essex University, U.K.)
sites and at a rural site, distant from major anthropogenic
sources, on the west coast of Ireland (Adrigole, Republic
of Ireland). A map of the U.K. and Ireland showing the
location of the sampling sites is shown in Figure 1.
Samplers were placed on the roofs of Colchester and Essex
University libraries, both of which were the highest
buildings in the locality. These sites were separated by
a distance of 3.6 km. At the rural site, samples were
collected in an open field with no major obstructions in
the vicinity.

Gas-phase R,Pb compounds were sampled at 100 mL
min! with stainless steel tubes (3.25 in. long X 0.2 in. i.d.)
packed with Poropak Q. A filter for removing atmospheric
ozone, consisting of a piece of Teflon tubing (2 in. long X
0.2 in. i.d.) packed with 0.25 g of iron(II) sulfate crystals,
was attached to the upstream end of the sampling tube,
and a 0.45-um filter was placed upstream of this in order
to remove atmospheric aerosol. A GN Instruments two-
stage concentrator was used to thermally desorb R,Pb
compounds into the GC/AAS system. The sampling tube
was heated to 150 °C with the carrier gas flowing through
at a rate of 140 mL min, and the R,Pb species were
transferred into a glass-lined stainless steel U tube packed
with 0.05 g of ground glass (250/500 pm), which was found
to perform better than several other packings that were
tested. This U tube was kept at liquid nitrogen temper-
ature during the transfer. After completion of this pro-
cedure, the tube was flash-heated to 140 °C, and the R,Pb
compounds were swept into the GC/AAS system for
analysis. Prior to sampling, each tube was thermally
cleaned by flushing with helium for 10 min at 170 °C. A
breakthrough volume of 800 L at 20 °C was found for this
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Table I. Detection Limits and Recoveries for Alkyllead Compounds in Environmental Samples Using the GC/AAS Method

Employed in This Study

air (vapor)® aerosol® rainwater
det lim, det lim,® det lim,?
compd ng of Pb m™ recovery, % pg of Pb m3 recovery, % ng of Pb ! recovery, %
Me,Pb 0.14 78 0.19 93 0.2 60
Me;EtPb 0.14 73 0.13 93 0.1 60
Me,Et,Pb 0.28 76 0.22 93 0.2 60
MeEt;Pb 0.49 56 0.30 93 0.3 60
Et,Pb 0.83 53 0.30 93 0.3 60
Me,Pb* 0.34 78 0.27 89 0.3 102
Et,Pb* 0.76 70 0.54 100 0.6 100
Me,Pbh?* 0.53 66 0.32 101 0.4 98
Et,Pb?* 1.96 46 0.86 104 1.0 102

2Based on 24-h sample. ?Based on 1-L sample.
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Figure 1. Map indicating locations.

km.

sampling method by extrapolation from elevated-tem-
perature measurements made in the laboratory and was
confirmed by parallel sampling of the atmosphere over a
set-time interval with absorption tubes pumped at differing
flow rates. The technique employed for vapor-phase R,Pb
compounds is similar to that originally described by Hewitt
and Harrison (11), who reported a collection efficiency of
100% and a breakthrough volume of 89 L on the basis of
very conservative assumptions.

Gas-phase trialkyllead and dialkyllead compounds were
sampled by bubbling filtered (0.45 um) air at 1 L min! into
two bubblers in series, each containing 80 mL of Milli-Q
purified water. After sampling was complete, the contents
of the two bubblers were combined, transferred into a glass
bottle, and extracted into n-hexane in the presence of NaCl
and sodium diethyldithiocarbamate (NaDDTC). Further
details of this method have recently been published (14).
Atmospheric aerosols were sampled at 1 m® min™ onto
GF/ A filter papers in a standard Hi-Vol sampler. After
sample collection, the filter papers were rolled up, placed
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inside glass tubes together with 30 mL of Milli-Q water,
and extracted into n-hexane after addition of NaCl and
NaDDTC in a manner reported previously (12, 13).
Rainwater samples were collected with glass bulk “funnel
in bottle” samplers, which were left in the field until a
sufficient sample was collected to enable analysis. These
samplers also collect dry-deposited alkyllead vapors and
aerosols in addition to the wet-deposited species. Sampling
bottles were kept in the dark in the field so as to minimize
any photochemical decomposition. In the laboratory,
samples were extracted into n-hexane in the presence of
NaCl and NaDDTC. Extraction was carried out in the
sampling bottles because of possible adsorption of R,Pb
compounds onto the walls of glass vessels (12), and samples
were not filtered because of the possible adsorption of these
species on suspended particles (15).

Solvent extracts of atmospheric aerosols, rainwater, and
vapor-phase trialkyl- and dialkyllead species were sepa-
rated and alkylated by the addition of propyl magnesium
chloride in diethyl ether so as to convert R;Pb* and R,Pb%
to the more volatile R,Pb form suitable for GC/AAS
analysis. Details of the propylation technique have been
given elsewhere (16). It was also possible to further con-
centrate the extracts prior to analysis by purging with N,
(16), and this was particularly useful when analyzing
samples from less polluted sites. The GC/AAS system,
consisting of a specialized silica furnace detector cell that
was electrothermally heated, has been outlined in a sep-
arate publication (16), and identical instrumentation, op-
erating conditions, and methods of analysis were employed
in this work. Typical detection limits and recovery effi-
ciencies for the individual alkyllead compounds are given
in Table I. Correction factors for incomplete recoveries
have been used in calculating the environmental concen-
trations reported in this paper. Repeatabilities between
duplicate environmental samples were typically on the
order of 7-15% relative standard deviation (rsd) depend-
ent upon compound and concentration. Inorganic lead was
determined by extracting the 0.45-um filter placed up-
stream of the vapor-phase ionic alkyllead sampling device
into nitric acid and analyzing by graphite furnace atomic
absorption spectrometry (GFAAS). Inorganic lead in
rainwater was determined by GFAAS after filtering the
solution through a 0.45-um filter to remove the large
particulate fraction. Detection limits for alkyllead species
in the rural samples were lower than those in urban and
semirural samples because of greater sample volumes
and/or greater concentration of the extract. Deuterium
arc background correction was always employed when
analyzing environmental samples.

Where results are reported for total alkyllead, these have
been calculated assuming compounds below the analytical



Table II. Results of M r ts of At heric Alkyllead Compounds at the Urban Site (Colchester, U.K.) 7 January to
19 February 1986
gas aerosol
no. of samples no. of samples
concn range, with alkyllead concn range, with alkyllead
compd ng of Pb m™ compd detectable® pg of Pb m™ compd detectable®

Me,Pb 0.7-10.9 24 <0.06 0
Me;EtPb <0.14-2.6 9 <0.04 0
Me,Et,Pb <0.28-1.6 2 <0.07 0
MeEt;Pb <0.49-3.3 3 <0.10 0
Et,Pb <0.83-6.6 5 <0.10 0
Me,;Pb* <0.11-19.8 8 <0.09-2.3 4
Me,EtPb* <0.16-1.2 1 <0.12-0.2 1
MeEt,Pb* <0.20 0 <0.15-0.3 1
Et;Pb* <0.25-1.1 L <0.18-2.6 4
Me,Pb?* <0.18-2.6 7 <0.11-1.1 5
Et,Pb?* <0.65-5.1 3 <0.29-23.7 12
RPb** ¢ <0.65-1.0 1 <0.29-9.5 12

total alkyl lead® 0.7-35.9 24 0.31-35.8 14
inorganic lead 45000-768 000

alkyl/inorganic Pb, % 1.3-26.9 107-0.03

@ Minimum and maximum of measured concentrations (values less than detection limit taken as zero). ®Total number of samples analyzed

= 24. “Tentative assignment, see text.

Table III. Results of Measurements of Atmospheric Alkyllead Compounds at the Semirural Site (Essex University, UK.) 7

January to 19 February 1986.

gas

aerosol

no. of samples
with alkyllead

concn range,

no. of samples

concn range, with alkyllead

compd ng of Pb m™® compd detectable® pg of Pb m™ compd detectable®

Me,Pb <0.14-11.0 23 <0.06-1.3 1
Me;EtPb <0.14-1.7 3 <0.04 0
Me,Et,Pb <0.28 0 <007 0
MeEt,Pb <0.49-1.2 1 <0.10 0
Et,Pb <0.83-5.0 2 <0.10-0.4 2
Me,Pb* <0.11-2.1 5 <0.09-2.0 5
Me,EtPb* <0.16 0 <0.12-0.5 1
MeEt,Pb* <0.20 0 <0.15-0.2 1
Et;Pb* <0.25-2.6 2 <0.18-0.4 2
Me,Pb** <0.18-0.6 1 <0.11-0.5 4
Et,Pb** <0.65-1.0 2 <0.29-15.6 6
RPb%* ¢ <0.65 0 <0.29-4.6 12
total alkyl lead® 0.4-11.0 23 0.5-19.4 14
inorganic lead <13000-397 000

alkyl/inorganic Pb, % 0.6->20 5 X 1074-0.06

2Minimum and maximum of measured concentrations (values less than detection limit taken as zero). ®Total number of samples analyzed

= 24. “Tentative assignment, see text.

detection limit to have a concentration of zero.

Results and Discussion

Atmospheric Concentrations and Speciation. The
results of the analysis for the urban and semirural sites
in the U.K. are given in Tables II and III in terms of the
range of observed concentrations and the number of oc-
currences of each alkyllead species in the gas and aerosol
phases. It is apparent that Me,/Pb is the predominant
gas-phase species at both sites, being observed in all the
samples collected with the exception of one semirural
sample. Occasionally other R,Pb compounds and ionic
alkyllead species (R;Pb* and R,Pb*") were observed. R,Pb
compounds were generally not found in atmospheric aer-
osol, although the less volatile ionic alkyllead compounds
were observed in many of the aerosol samples. The form
of occurrence of alkyllead compounds in the atmosphere
at these sites appears to be related to their volatility. In
general, the number of occurrences in the gas phase de-
creases with decreasing volatility of compound, while in
the aerosol the number of observations increases with

decreasing volatility of species. Aerosol-associated al-
kyllead represent only a minor fraction of organic lead in
the atmosphere, being present generally at levels 3 orders
of magnitude lower than the concentration of vapor-phase
alkyllead. Particulate matter therefore seems to play a
minor role in the atmospheric cycle of organic lead. These
conclusions are in accord with those drawn in a similar
comparative study at an urban and rural site in north-
western England (13).

The relation between gas-phase alkyllead and inorganic
lead aerosol at the urban site is shown in Figure 2. This
shows a rather close relationship between the two variables,
indicative of a common source in vehicular emissions. A
best fit line (Figure 2) ignoring two outlier points indicates
an intercept of ca. 50 ng m~ inorganic lead, perhaps cor-
responding to wind-blown street dust or industrially de-
rived lead, and a gradient corresponding to alkyllead
comprising 10% of total (inorganic plus alkyl) lead. The
latter figure is consistent with earlier data from urban sites
obtained with techniques that measure total alkyllead (1).
A plot of the same variables from the semirural site was
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Figure 2. Total gas-phase alkyllead plot against inorganic lead aerosol
at the urban (Colchester) site.

far more scattered (r2 = 0.32), indicating advection of air
masses of differing origins, travel time from major sources,
and thus composition to this site.

A comparison of gas-phase total alkyllead at the two sites
appeared to show some slight relationship and a ratio of
concentrations of urban:semirural of ca. 2.4. The plot was,
however, very scattered (r? = 0.48), and no direct rela-
tionship between the sites would be expected or was found.
The inorganic lead data from the two sites plotted against
one another showed even greater scatter.

In air samples collected at Adrigole, a remote site on the
west coast of Ireland, tetraalkyllead compounds were
generally below the detection limits (16-81 pg m™ gas
phase and 0.01-0.03 pg m™ aerosol phase for individual
compounds). Three out of eight gas-phase samples showed
measurable Me,Pb (up to 590 pg m™), and one had mea-
sureable Et,Pb (1.05 ng m™®). In no case was tetraalkyllead
detected in the aerosol. Trialkyllead was consistently
below the gas-phase detection limits (0.10-0.22 ng m™ for
individual compounds) and was detected only once in the
aerosol (detection limits 0.03-0.05 pg m™) as trimethyllead
(0.11 pg m™®). Dimethyllead was consistently below de-
tection limits in both gas phase (<0.15 ng m™) and aerosol
(<0.03 pg m™®). Diethyllead, however, was detected at
concentrations up to 1.1 ng m™ in the gas phase (three
samples out of eight) and at concentrations from 0.12 to
0.31 pg m in all three aerosol samples. An analytical peak
apparently corresponding to monoalkyllead, RPb**, oc-
curred in one gas-phase sample (1.7 ng m™) and two aer-
osol samples (up to 0.25 pg m™).

Alkyllead compounds were observed in sediment from
a nearby beach (17), and the production of R;Pb*, R,Pb?*,
and what may be RPb** compounds by sea algae has re-
cently been investigated (18). The existence of mono-
alkyllead, RPb%*, in the environment is highly improbable
due to its known instability, and the apparent existence
of these species in the analysis is very likely due to an
analytical artifact (19). If so, it arises from rearrangement
of other species (probably trialkyllead) during the analysis.
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It has been included in the estimation of total alkyllead
in this study and any underestimation of concentrations
because of its formation is likely to be small (19).

The presence of volatile R,Pb compounds in the atmo-
sphere is well established, and concentrations reported at
a variety of sites have been reviewed (1, 20-22). Me;Pb*
has been previously reported in the atmospheric gas phase
(23), and in this study the presence of other R;Pb* species
has been noted. Vapor-phase R;Pb* compounds may re-
sult from gas-phase decomposition of R,Pb species (4) or
direct vehicular emissions (22). The presence of R;Pb*
species containing mixed alkyl groups (Me,EtPb* and
MeEt,Pb*) was observed in some gas-phase and aerosol
samples in this study. It may be assumed that these
species result from the atmospheric decomposition of
mixed methyl-ethyl containing R,Pb compounds
(Me3EtPb, Me,Et,Pb, and MeEt;Pb) by analogy with
Me,Pb and Et,Pb species. Vapor-phase R;Pb* compounds
also decompose in the atmosphere by reaction with OH
radicals, but the reaction rate is considerably slower than
for R,Pb. Half-lives of 126 h for Me;Pb*, 34 h for Et,Pb*,
41 h for Me,Pb, and 8 h for Et,Pb were recently predicted
for reaction with OH radical in the atmosphere (4). These
values suggest that R;Pb* compounds, in particular
Me;Pb*, may be advected to areas distant from vehicular
sources, as they form from R,Pb in the atmosphere. Al-
kyllead compounds may be adsorbed on the surfaces of
atmospheric particles where decomposition may proceed
(3), but as was already pointed out, aerosol forms play only
a minor role in the atmospheric cycle of organic lead.

Deposition. The term “bulk deposition” was chosen to
describe the samples because in addition to alkyllead
compounds in rainwater, dry deposition of alkyllead vapor
and aerosols may also contribute to the measurements.

Bulk collectors have been very widely used in deposition
surveys and hence the data will be comparable with those
from many other studies (e.g., ref 24 and 25). The con-
tribution of dry deposition of aerosol alkyllead to total
alkyllead deposition is likely to be very small, due to the
low abundance of alkyllead in the aerosol. The vapor-
phase component of deposition to the collector cannot be
estimated, but some adsorptive collection is possible. This
would lead to an overestimation of alkyllead deposition
but is likely to be small or insignificant in this work since
the ratios of alkyllead concentrations in air and in de-
position at the urban and rural sites differ substantially.

Alkyllead compounds were identified in all the bulk
deposition samples collected in this study, and the results
of the analysis are given in Table IV. Simultaneous
measurements were made at the urban and semirural sites.
No R,Pb species were found in any of these deposition
samples, and this may be due to their rapid decomposition
in rainwater. R,Pb compounds are completely converted
to the more stable R;Pb* forms within 48 h unless special
measures are taken to preserve them in collected samples
(6). RsPb*, R,Pb?*, and what appear to be RPb?* species
were identified in the deposition samples, and these com-
pounds were also reported in bulk-deposition samples
recently by another group of workers (8). Ionic alkyllead
species are very stable in collected samples stored in the
dark (6). The concentrations of organic lead measured in
snow are similar to those found in rainwater as shown in
Table VI and in a previous study (8). The ratios of total
alkyllead to inorganic lead are also given in Table IV in-
dicating that organic lead is only a minor component. In
a recent study of rainwater samples collected in West
Germany, it was reported that Et;Pb* accounted in some
cases for >50% of the total lead, and it was proposed that



Table IV. Alkyllead Compounds and Inorganic Lead in Bulk Deposition
ng of Pb L™ inorganic  alkyl/
date site R,Pb® MesPb* Me,EtPb* MeEt,Pb* Et;Pb* Me,Pb** Et,Pb** RPb*/ lead inorganic, %
7-8.1.86 urban =& 8.6 - — 40.4 — 14.3 7.8 18000 0.4
semirural & 10.4 44 = 46.0 5.1 16.8 22 16 000 0.5
8-21.1.86  urban = 41.2 = = 68.7 = 164 164 NA¢ NA
semirural - 47.6 - - 63.5 - 127 127 2000 18.2
21-28.1.86 urban = 14.1 5.0 = 22:2 5.0 20.8 28.7 24000 0.4
semirural = 15.5 5.9 = 28.4 5.9 17.7 17.7 3000 3.0
28.1-3.2.86 urban = 56.5 = = 67.8 22.6 67.8 33.9 51000 0.5
semirural = 39.3 = = 65.6 197 59.0 32.8 63000 0.3
7.2.86 urban (snow) = 111.1 = = 55.5 = 119 39.7 116000 0.3
semirural (snow) - 20.0 = - 10.0 - 20.0 30.0 22000 04
9-11.3.86  rural? = 0.68 - = = 1.24 3.41 6.70 = >0.9
11-12.3.86 rural® = 0.92 0.84 0.84 0.28 = 1.40 2.80 - >0.5
12-15.3.86 rural® = 0.23 = = = = 0.60 2.03 = >0.2
15-16.3.86 rural? = 2.04 = = = 4.96 2.17 3.72 = >1.0
di rural 0.02-0.06  0.06 0.08 0.10 0.12 0.08 0.20 0.20 1280

2Urban, Colchester, U.K.; semirural, Essex University, U.K.;

rural, Adrigole, Republic of Ireland.

5Me,Pb, Me;EtPb, Me,Et,Pb,

MeEt;Pb, and Et,Pb. ¢Below detection limits. ¢Detection limits for urban and semirural samples are the same as those cited in Table II.

¢NA = not available. /Tentative assignment, see text.

Table V. Deposition Rates of Alkyllead and Inorganic Lead

deposition rate,
ng of Pb cm™ month™@

site alkyllead inorganic lead
urban 1.1 217
semirural 0.7 98.7

2 Average of measurements in the period 7 January to 3 Febru-
ary 1986.

alkyllead species in deposition may be responsible for the
observed damage to forests (10). The authors, however,
employed a nonspecific biochemical technique, and their
results have been disputed (7). Ionic alkyllead compounds
observed in the deposition samples may result from
washout and rainout of water-soluble gas-phase R;Pb* and
R,Pb?*, scavenging of atmospheric aerosols containing
alkyllead species, and the aqueous decomposition in
rainwater of scavenged R,Pb species (6). The same ionic
alkyllead species were also found in deposition collected
at the remote rural site on the west coast of Ireland al-
though the concentrations were considerably lower than
those measured in the U.K. deposition.

Deposition rates estimated for the urban and semirural
sites are compared in Table V. Washout factors for total
alkyllead and inorganic lead were evaluated for the two
sites, and the results appear in Table VI. Since earlier
work had shown rapid conversion of tetraalkyllead in
freshly collected rainwater (5, 6), it was not possible to
calculate washout factors for individual alkyllead com-
pounds, and thus a single value for total alkyllead is
presented for each sampling period. This value should be
useful in predicting total alkyllead behavior but does not
assist the comprehension of the behavior of individual
species. In line with other studies (24, 25), washout factors
are very variable, although the values for inorganic lead
agree well with those from an earlier study in northwestern
England (24), which reported a range of 53-830 and a mean
of 320 for lead. The generally lower values of washout
factor for alkyllead than for inorganic lead are indicative
of less efficient scavenging of the former species. It is quite
possible, however, that the water-soluble trialkyllead
compounds make up a disproportionate component of the
scavenged alkyllead relative to the far less soluble tetra-
alkyllead species. It should be noted that the washout
factors have been calculated from samples collected over

Table VI. Values of Washout Factor, W, for Total
Alkyllead and Inorganic Lead at an Urban and Semirural
Site

washout factor, W*

urban semirural
inorganic inorganic
date, 1986  alkyllead lead alkyllead lead
7-8.1 12 187 30 141
8-21.1 51 104 24
21-28.1 8 93 33 47
28.1-3.2 79 633 99 1141
mean 38 304 66 338

W = lead in rainwater, ng of Pb kg™'/lead in air, ng of Pb kg™..
1 m? of air = 1.226 kg at 15 °C, 1 atm.

several days, and thus represent a composite of different
air masses and include periods during which no rain fell
but air-sample collection continued. Because of this fact
and the use of total deposition samplers, the washout
factors must be treated with some caution as they are not
strictly comparable with data collected over short-time
intervals using wet-only collectors. They are, however,
comparable with many other data sets that have been
collected in a similar manner (e.g., ref 24) and provide a
time-averaged representation of alkyllead behavior. They
also serve to provide a useful comparison of the behavior
of alkyllead and inorganic lead.

Total alkyllead deposition fluxes for the urban and
semirural sites are plotted against one another in Figure
3. These are very highly correlated and show a ratio of
approximately 1.45 in favor of the urban site, far lower
than the ratio of gas-phase alkyllead concentrations, con-
firming the minor importance of dry deposition to the
collector. This behavior is indicative of the major pro-
portion of alkyllead scavenging taking place at a consid-
erable altitude, such that intersite differences are mini-
mized on a small geographic scale.

Conclusions

Total alkyllead correlates strongly with inorganic lead
at the urban site, indicating a common vehicular source.
At a semirural site 3.6 km distant, the correlation is far
weaker, suggesting the influence of air masses of differing
origins in which sink processes have removed alkyllead and

Environ. Sci. Technol., Vol. 22, No. 5, 1988 521



o
wn

¥

I I I
§

alkyl lead deposition (ng Pb cm?) Colchester librar

I

- I N N N R B
0 01 02 03

alkyl lead deposition (ng Pb cm2)Essex University

Figure 3. Plot of total akyllead deposition during each sampling interval
at urban (Colchester) and semirural (University) sites.

inorganic lead at different rates. Concentrations of al-
kyllead at the remote Adrigole site on the west coast of
Ireland are mostly below the detection limit of the ana-
lytical procedure.

Washout of total alkyllead is less efficient than for in-
organic lead. This is probably due to the predominant
occurrence of alkyllead as gas-phase tetraalkyllead, which
leads to less effective scavenging than for aerosol inorganic
lead. If alkyllead is indeed removed from the atmosphere
more slowly than inorganic lead (assuming inefficient dry
deposition), the elevated ratios of total alkyllead to inor-
ganic lead in maritime air relative to those typical of
continental air (26) may arise partly as a result of this
influence, although the generally lower rainfall at sea than
over land would have a contrary influence.

Registry No. MePb, 75-74-1; Me;EtPb, 1762-26-1; Me,Et,Pb,
1762-27-2; MeEt;Pb, 1762-28-3; Et,Pb, 78-00-2; Me;Pb*, 14570-
16-2; Me,EtPb*, 103730-90-1; MeEt,Pb*, 105956-70-5; Et,Pb*,
14570-15-1; Me,Pb?*, 21774-13-0; Et,Pb%**, 24952-65-6; Pb,
7439-92-1.
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Nature and Properties of Some Chlorinated, Lipophilic, Organic Compounds
in Spent Liquors from Pulp Bleaching. 1. Liquors from Conventional

Bleaching of Softwood Kraft Pulp'

A. Bruce McKague,* Marle-Claude Kolar, and Knut P. Kringstad
STFI (Swedish Pulp and Paper Research Institute), Box 5604, S-114 86 Stockholm, Sweden

m A sample of spent chlorination liquor from the bleaching
of softwood kraft pulp was fractionated to isolate the
chlorinated lipophilic compounds. These were investigated
by gas chromatography and gas chromatography/mass
spectrometry, and a number were identified as chlorinated
diones and enol lactones. The compounds were found to
be weakly mutagenic and to have limited potential for
bioaccumulation. Quantities ranged from <1 to 72 g/ton
of pulp. At pH 7 and room temperature, these compounds
were found to be relatively unstable and to decompose.

Introduction

During the conventional bleaching of chemical pulps,
between 45 and 90 kg of organic material/ton of pulp is
dissolved in the bleaching liquors (I). Much of the dis-
solved material is chlorinated, and in the case of softwood
kraft pulp, about 5 kg of organically bound chlorine/ton
of pulp is produced (I). As a result of studies performed
in recent years, more information is now available on the
composition and biological effects of spent bleach liquors
(1-3). Thus, it is known that such liquors exert weak acute
toxic and genotoxic effects (Ames test) and that several
compounds which are responsible for such effects have
been identified. Most of the toxic compounds are chem-
ically rather unstable and biodegradable.

However, one area that needs further investigation
concerns the existence and properties of lipophilic com-
pounds in spent bleach liquors. This subject is of im-
portance from an environmental point of view since such
compounds have the potential for bioaccumulation in
aquatic organisms and in food chains.

Previous investigations have shown that chlorinated
phenols, catechols, and guaiacols originating from pulp
bleaching accumulated in fish living in the vicinity of pulp
mill outlets (4, 5) and dichloromethyl methyl sulfone, a
compound often present in spent bleach liquors, have been
found in fish and mussels (6). Recently, new chromato-
graphic methods have been developed to evaluate the li-
pophilic character of organic compounds (7-9). Reverse-
phase thin-layer chromatography (RPTLC) has been found
to be a rapid method for estimating P values, indicators
of lipophilicity. This paper presents initial results arising
from the incorporation of the RPTLC technique into
systematic investigations aimed at identifying and char-
acterizing additional chlorinated lipophilic compounds
present in spent bleach liquors.

Experimental Section

Spent Chlorination Liquor. An industrially prepared
unbleached softwood kraft pulp having a x number of 37.7
was used to prepare the spent chlorination liquor. The «
number is a measure of the lignin content of pulp, higher
numbers indicating greater amounts of lignin. The pulp

*This paper is based on a paper presented at the Fourth Inter-
national Symposium on Wood and Pulping Chemistry, Paris, France,
April 1987.

0013-936X/88/0922-0523$01.50/0 © 1988 American Chemical Society

was atypical of pulps produced in most mills in Sweden
that now employ oxygen prebleaching to reduce the «
number prior to bleaching with chlorine. The pulp was
bleached at 3.5% pulp consistency at room temperature
with 7.5% chlorine charge on pulp for 1 h and then filtered
to give the liquor having a pH of 1.5.

Isolation and Identification of Lipophilic Com-
pounds. The liquor was extracted with hexane (3 X 100
mL). The extracts were combined, washed with saturated
NaCl solution (50 mL) and water (50 mL), and dried with
anhydrous magnesium sulfate. The solvent volume was
reduced to 0.2-0.3 mL. Quantification of lipophilic com-
pounds was done on the hexane concentrate by gas chro-
matography/mass spectrometry (GC/MS) with anthracene
as the internal standard according to the conditions de-
scribed below. The concentrated hexane extract above was
applied to a RPTLC plate (10 cm X 10 cm) and developed
with acetone/H,0 (80:20). The portion of the plate con-
taining material with R; < benzophenone was recovered
and extracted with hexane. The extract was concentrated
and analyzed initially by gas chromatography/electron
capture detection (GC/ECD) with a 30-m fused-silica ca-
pillary OV 101 column. Temperature was held at 170 °C
for 4 min and then programmed to 270 °C at 10 deg/min.
The extract was also analyzed by GC/MS with a Finnigan
TSQ-46C mass spectrometer system. Splitless injections
were made with a J&W Scientific (Cordova, CA) fused-
silica capillary column, 30 m X 0.245 mm i.d. Temperature
was programmed from 50 to 270 °C.

The recovered RPTLC material was further fractionated
on Si0, (0.5 g), eluting with 2.5-mL fractions of hexane/
CH,Cl, (9:1), hexane/CH,Cl, (4:1), hexane/CH,Cl, (1:1),
CH,Cl,, CH,Cl,/methanol (9:1), and methanol. Fractions
were concentrated with N, and analyzed by GC/ECD and
GC/MS as described above. Retention times of chlori-
nated enol lactones were confirmed by mixed injections
with standards prepared as described below.

Chemical Standards. Perchlorocyclopentene-1,3-dione
(1) was obtained commercially from K & K Laboratories,
Plainview, NY, and recrystallized from hexane.

0 ] [o] (6]
Cl cl H (o] cl
| o | o | o
Cl Cl Cl H Cl
0 ccly ccly ccly
1 2a 2b 3

The trichloro enol lactone 2a was prepared by adding
a 3.5 mole ratio of Cl, buffered to pH 7 with phosphate
buffer to a stirred solution of aqueous resorcinol (10). After
being stirred overnight at pH 6.5-7.0, the mixture was
acidified with HCl and extracted with ether. The extract
was washed with saturated NaCl and water and then dried
with anhydrous MgSO,. The brown oil obtained after
evaporation of the ether was fractionated on SiO,. Re-
sidual resorcinol was eluted with hexane/ether (1:1) and
the product with the same solvent and ether. The product
was heated in a bath at 130 °C for 30 min and, after
cooling, extracted with ether. The ether was evaporated
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Flgure 1. Scheme for concentration and identification of lipophilic
compounds.

and the product purified on SiO, by elution with hex-
ane/CH,Cl, (4:1). Crystallization from ether/hexane gave
pale yellow crystals, approximately 200 mg from 4.4 g of
resorcinol, mp 67-68.5 °C, having identical spectral
properties to those reported for a chlorination product of
resorcinol (10). *C NMR (CDCl,) 6: 113.9 (C5), 119.8 (C3),
143.5 (C4 or C6), 145.5 (C4 or C6), 162.6 (C2).

The trichloro enol lactone 2b was prepared by chlori-
nation of softwood kraft lignin that had been precipitated
from a partly evaporated industrial kraft black liquor by
addition of dilute sulfuric acid at 80 °C to pH 9.5. Chlorine
water (2.9 L, containing 18.8 g, 0.265 mol of Cl,) was added
to a stirred suspension of 10 g of the lignin in 2.5 L of water
in an amber bottle. After being stirred 1 h at pH 1.5, the
liquor was allowed to settle for 2 h. The clear supernatant
was transferred to a separatory funnel and extracted with
hexane (3 X 100 mL). The extracts from five chlorinations
were combined, washed with saturated NaCl (100 mL), and
concentrated to 0.5 mL. Fractionation on 4 g of SiO, and
elution with hexane/CH,Cl, (4:1) gave 0.25 mg of pure
lactone, mp 98-99 °C, as colorless needles. UV (hexane)
Amax 305 nm; 'H NMR (CDCly) 6 7.62 (s). MS (70 eV), m/z
(rel intensity, %): 202 (35) (M* + 4), 200 (90) (M* + 2),
198 (100) (M), 170 (15), 142 (10), 110 (15). A total syn-
thesis of this enol lactone has also been completed recently
and will be described in a separate publication.

The tetrachloro enol lactone 3 was prepared from 3,4-
dichloro-5-(dichloromethyl)-5-hydroxy-2-furanone by
treatment with 20% oleum as described in the literature
(11). Spectral properties agreed with reported values. 3C
NMR (CDCly) 6: 114.9 (C5), 124.6 (C3), 139.4 (C4 or C6),
141.6 (C4 or C6), 159.2 (C2). MS (70 eV), m/z (rel in-
tensity, %): 236 (50) (M* + 4), 234 (100) (M* + 2), 232
(75) (M), 180 (25), 178 (60), 176 (50), 143 (25), 141 (25),
112 (20), 110 (35), 87 (50).

Mutagenicity Tests. Ether solutions (20 uL/plate) of
the synthesized compounds were tested for mutagenicity
by using the Ames test (12).

Salmonella typhimurium TA 100 and TA 98 were used
without metabolic activation. All test values reported are
mean values of six plates. Quercetin dihydrate (Fluka AG)
was used as a positive control for the two strains.

Determination of the Bioaccumulation Potential.
The determination of the bioaccumulation potential was
carried out by the method based on RPTLC giving Ry
(7-9).

Stability Tests. An ether solution (1 mL) containing
5 mg of each of the compounds 1, 2a, 2b, and 3 was added
to a mixture of H,O (400 mL) and pH 7 phosphate buffer
(100 mL). The resultant solution was stirred at room
temperature at pH 6.5-7.0, and aliquots (100 mL) were
removed periodically for analysis. Naphthalene (0.2 mg)
was added to each aliquot as an internal standard, and the
aliquot was extracted with ether, washed once with H,0,
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Figure 3. GC/MS of extract containing lipophilic compounds.

and dried. After concentration to 1 mL, the extract was
analyzed by GC at 130 °C.

Results and Discussion

Basically, a three-step procedure was used for the con-
centration and identification of lipophilic compounds in
the liquor (Figure 1). Extraction with hexane was used
as a preliminary step to separate nonpolar material from
the large number of more polar compounds present.
Further concentration of the lipophilic material by RPTLC
gave material of equal or greater lipophilicity than ben-
zophenone, Ry° value 3.18 (13). After concentration of the
extract, it was analyzed by gas chromatography/mass
spectrometry. Further fractionation on SiO, was intended
to be optional, depending on the complexity of the extract
from RPTLC, and was to provide fractions containing
fewer components.

Preliminary analysis by GC/ECD of material recovered
by RPTLC showed the presence of a number of chlori-
nated compounds (Figure 2). Molecular ion isotope and
fragmentation patterns indicated that the recovered ma-
terial contained at least 20 chlorinated compounds. Three
of these (peaks 1-3, Figure 3) gave mass spectra suggestive
of cyclopentenediones (14). Two of these had a molecular
weight of 232 and contained 4 chlorine atoms (peaks 1 and
3), and one had a molecular weight of 198 and contained
3 chlorine atoms (peak 2).

Cyclopentenediones have previously been reported in
spent chlorination liquor (14, 15) and 3,5,5-trichloro-
cyclopentene-1,2-dione has been identified as the most
likely structure for a product of the chlorination of humic
acid (I6) and resorcinol (10). Also perchlorocyclo-
pentene-1,3-dione has been identified in spent chlorination
liquor and is formed in the chlorination of kraft lignin,



Table I. Quantities of Perchlorocyclopentene-1,3-dione (1)
and Enol Lactones 2a, 2b, and 3 Produced in the
Chlorination of a Softwood Kraft Pulp

compound g/metric ton of pulp
1 72
2a 0.8
2b 49
3 0.3

1009
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C‘jfl: cl
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Figure 4. Mass spectra of enol lactones 2a and 3 and perchloro-
cyclopentene-1,3-dione (1).

tetrachlorocatechol, and tetrachloro-o-benzoquinone (17).
Peak 1 in the total ion chromatogram in Figure 3 was
identified as 1 by comparison of the retention time and
mass spectrum with the standard. Although 1 is less li-
pophilic than benzophenone, complete separation from
more lipophilic material by RPTLC was difficult since a
large amount of this compound is present (see Table I).

When the material recovered from RPTLC was frac-
tionated on SiO,, the components representing peaks 2 and
3 (Figure 3) eluted with hexane/CH,Cl, (4:1 and 1:1). Peak
2 was found to be a mixture of two components, a major
and a minor, that both gave the same trichlorocyclo-
pentenedione-type mass spectra. For final identifications
and for characterizations of chemical properties and bio-
logical effects, methods available from the literature were
used to synthesize some of the possible compounds present.

Chlorination of resorcinol with a 3.5 mole ratio of
chlorine at pH 7 gave a product whose mass spectrum

(Figure 4) was the same as that of either component of
peak 2. Carbonyl absorption was present in the infrared
spectrum at 1780 cm™'. The UV maximum in hexane or
methanol occurred at 295 nm, and the *C NMR revealed
that the compound contained only one carbonyl group. No
signal was present in the 3C NMR in the region of 70-90
ppm where expected for a carbon bearing 2 chlorine atoms
adjacent a carbonyl group (18). A single proton was
present at 6.39 ppm in the 'H NMR. Altogether, these
observations and comparison with spectral data from other
compounds in this study indicated that the product from
resorcinol was the previously unreported enol lactone 2a.
This was identical with the minor of the two components
of peak 2.

The spectral data of the major component of peak 2 were
consistent with those of the enol lactone 2b, isomeric with
2a. A small amount of 2b was initially obtained by the
chlorination of kraft lignin, and subsequently larger
amounts were obtained by a total synthesis to be described
later.

The compound responsible for peak 3 (Figure 3) was
identified as the enol lactone 3 by comparison with syn-
thetic material. Thus, all three compounds in the SiO,
fraction giving cyclopentenedione-type spectra were enol
lactones. The similarity in the mass spectra of isomeric
compounds of this type is illustrated by the spectra of
perchlorocyclopentene-1,3-dione and the enol lactone 3
(Figure 4).

The enol lactones in spent chlorination lignin probably
originate from chlorinated cyclopentene-1,3-diones. Re-
cently, the hydroxy lactone 4 was identified in spent
chlorination liquor (19). This compound is formed (19)
by hydrolysis of perchlorocyclopentene-1,3-dione (1), a
constituent of fresh spent chlorination liquor (17), and
undergoes dehydration to the enol lactone 3 with acid (11).
Analogous reactions of 2,2,4-trichlorocyclopentene-1,3-
dione (5) can yield both the trichloro enol lactones 2a and

[o} 0 0 0
cl cl cl cl cl
— [ "% |—= ] o — ] o0
ci cl cl CHClp cl cl
0 0 HO CHCIj CClz
i 4 3
0 0 0

ccly cclp
2a 2b

(3,1

2b, and this reaction sequence has been incorporated into
the total synthesis of 2b to be reported later. A different
mechanism is required to explain the formation of enol
lactone 2a from resorcinol.

Quantities of Enol Lactones. The quantities of the
enol lactones 2a, 2b, and 3 formed in the chlorination of
a softwood kraft pulp were measured by GC/MS analysis
of hexane extracts of the spent chlorination liquor. A pulp
with k number 33 was used in these experiments. Results
are shown in Table I. The quantity of perchlorocyclo-
pentene-1,3-dione (1) formed is also shown for comparison,
since this compound is probably the precursor of the fu-
ranone 4 and the enol lactone 3. As can be seen, the
quantities in the enol lactones are of the same order of
magnitude as many of the chlorinated phenols or catechols
normally found in spent chlorination liquor.

Mutagenicity and Potential for Bioaccumulation.
An investigation of the lipophilic and mutagenic properties
of compounds 2a, 2b, and 3 was carried out. The results
(Table II) show that the compounds have weak potentials
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Table II. Potential for Bioaccumulation and Mutagenicity
of the Enol Lactones 2a, 2b, and 3

net revertants/nmol of

compd Ry (log P,,) value TA 100 TA 98
2a 2.61 26 2
2b 2.58 25 a
3 3.42 36 a

4 No significant mutagenic activity could be observed.

for bioaccumulation. Also, they show some mutagenic
activity when tested with Salmonella typhimurium TA
100. Compared to other previously identified compounds
of spent bleach liquors, these activities are similar to those
of chloroacetones (20) but less than the activities of 2-
chloropropenal (21) and 38-chloro-4-(dichloromethyl)-5-
hydroxy-2(5H)-furanone (22). Enol lactone 2a also showed
mutagenic activity when tested with strain TA 98.

Chemical Stability. Perchlorocyclopentene-1,3-dione
(1) disappeared from an aqueous solution at pH 7in 1 h.
This compound is known to be converted to the hydroxy
lactone 4 under these conditions (19). Over 90% of the
lactones 2b and 3 had disappeared in 10 h and 100% in
24 h. However, after 24 h, 36% of the lactone 2a was still
present, and this compound did not disappear completely
even after 48 h. The difference in stabilities of the lactones
2a, 2b, and 3 is interesting and suggests that the lactone
2a, although found in smaller amounts than the isomer 2b
in this paper, may be more important from an environ-
mental point of view.

Other Lipophilic Compounds. As mentioned earlier,
GC/MS showed the presence of least 20 chlorinated li-
pophilic compounds in the spent bleach liquor investigated.
This paper described the identification, synthesis, and
evaluation of the properties of four of these compounds.
Similar investigations to characterize the other compounds
are in progress in this laboratory.

Conclusions

Spent liquors from the chlorination of softwood kraft
pulp contain a number of chlorinated compounds with a
potential for bioaccumulation. Identification and synthesis
have shown that some of these are chlorinated enol lac-
tones and diones. These show weak mutagenicity but are
chemically unstable and decompose under receiving water
conditions.
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Rainwater Analysis: A Comparison between Proton-Induced X-ray Emission
and Graphite Furnace Atomic Absorption Spectroscopy’
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B Rainwater was collected and analyzed for trace metals
by graphite furnace atomic absorption spectroscopy
(GFAAS) and proton-induced X-ray emission (PIXE). For
the PIXE analysis, a nonselective preconcentration tech-
nique was used to dry the samples onto polystyrene films.
Good agreement was found in the concentrations for the
elements determined in common (Cu, Fe, Mn, Pb, and Zn),
even though the PIXE analysis had some problems with
sample contamination. An advantage of the PIXE analysis
is that 26 elements can be determined simultaneously. The
elements P, S, K, Ca, V, Mn, Fe, Ni, Zn, As, Br, and Pb
had concentrations significantly higher than the chemical
blank and detection limits and thus could be routinely
analyzed by PIXE. The technique is promising for the
other elements Ti, Cr, Co, Cu, Ga, Ge, Se, Rb, and Sr
because considerable improvements in detection limits can
be achieved by lowering the content of the blank and by
increasing the analysis time.

Introduction

With the advent of industrialization, the atmosphere,
via wet and dry deposition, has become a major source of
trace metals to ecosystems in and around industrial areas.
Trace metals such as Cd, Hg, As, and Pb, which are highly
toxic even at low levels, are known to be accumulating in
the biosphere and are to a great extent cycled through the
environment by atmospheric transport (1-5). In addition,
Cd and Pb even have been investigated as possible causes
of forest decline in Europe and the United States (6).
Around anthropogenic point sources such as smelters,
atmospheric deposition of Cr, Cu, Ni, and Zn has led to
adverse affects to forest ecosystems (7, 8). It is primarily
for these toxicological reasons that interest has grown in
monitoring trace metal concentrations in atmospheric
precipitation. )

By far the most popular instrumental method for de-
termining trace metals in atmospheric precipitation and
even other natural water samples is graphite furnace at-
omic absorption spectroscopy (GFAAS) (9). Many trace
metals in atmospheric precipitation can be analyzed
without preconcentration. With the advent of comput-
er-controlled autosamplers, preconcentration is even less
of a problem and can now be performed directly in the
furnace. This saves much time. Still, the major drawback
with most commercial GFAAS instruments is that only one
element at a time can be analyzed.

Another spectroscopic technique, inductively coupled
plasma (ICP), is multielement but sensitivities are gen-
erally too low for natural water sample determinations (10).
Therefore, samples may need to be preconcentrated.
Recent advances in the interfacing of mass spectrometers
with ICP and graphite furnaces offer promising multiele-

*This paper is Contribution No. 573 from the University of
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mental techniques with very low detection limits (11, 12).
However, commercial availability of such instrumentation
is in its infancy.

Techniques such as X-ray fluorescence, instrumental
neutron activation analysis INAA), and proton-induced
X-ray emission (PIXE) can simultaneously determine a
large number of trace metals in a single analysis. These
techniques have been used extensively in determining trace
metal concentrations in atmospheric aerosol samples
(13-20). INAA has also been used to determine trace metal
concentrations in natural water samples; the analysis,
however, requires preconcentration of the sample onto a
solid substrate such as activated carbon or filter paper
(21-23).

In PIXE analysis as well as with INAA, one can not
directly analyze water samples but must first preconcen-
trate the sample onto a solid substrate (24). Recently, we
reported a nonselective preconcentration technique for
PIXE analysis of water samples, which is simple and quick
(25). The liquid is forced through a nebulizer and pres-
surized air into a dry clean airstream where the droplets
evaporate. The solid residual aerosol is collected by an
impactor on a thin polystyrene film. The film is then
analyzed by PIXE. This technique is similar to the one
used by Kellogg et al. (26) for the analysis of solutions with
X-ray fluorescence analysis. In this paper, we report a
comparison between GFAAS and PIXE using this pre-
concentration technique for the analysis of rainwater. The
two laboratories involved in this study have much expe-
rience and expertise in the analytical methods they use
respectively.

Experimental Section

In October 1984, monthly precipitation samples for trace
metal analysis were collected at four sites in Sweden
(Figure 1) as part of the SNV-PMK (The National
Swedish Environmental Protection Board—Environmental
Monitoring Program). At each site there were five acid-
washed rain collectors. Rain collectors were of funnel and
bottle type and are constructed out of conventional poly-
ethylene. They were placed 1 m from the ground and in
open fields, at least 10 m from the nearest tree. The
maximum distance between collectors did not exceed 40
m. Sampling locations were at least 500 m from the
nearest road and 200 m from the nearest building (27-29).

For GFAAS analysis, the samples arrived at the Univ-
ersity of Stockholm Rain Chemistry Laboratory and were
acidified to pH ~1.0 with concentrated HNQj; (supra-pur,
Merck A.G.) to prevent adsorption onto the container
walls. Cd, Cu, Fe, Mn, Pb, and Zn were then determined
by GFAAS. A detailed description of collection and
analytical methodologies to avoid sample contaminations
is given by Ross (27-29).

For PIXE analysis, 50 mL of the samples was poured
into ultraclean conventional polyethylene bottles in a
metal-free clean room. Previous studies indicate that these
bottles do not appreciably effect metal concentrations.
Samples were then sealed in two plastic bags and sent to
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Table I. Arithmetic Mean Trace Metal Concentrations (ug
L) for Each Sampling Site and Associated Standard
Deviations Determined with GFAAS®

sampling site

Aspvreten Arup Bredkilen Liehittaja
Mn 3805 54+ 16 13+£0.2 1.8+0.2
Fe 19%<1 21+ 1.6 84£04 11 <1
Cu 0.65 % 0.05 1.3 £ 0.5° 0.20 £+ 0.05 0.46 £ 0.06
Zn 11%<1 141 36+04 6.0 £ 0.5°
Cd 0.099 £ 0.002 0.097 + 0.002 0.031 + 0.010 0.039 + 0.003
Pb 55%0.1 6.6 £ 0.2 3.0x0.2 3.0 £ 0.42

%Number of samples taken into the mean value is 5 unless oth-
erwise noted. *n =3. °n = 4.

the PIXE laboratory of the University of Lund. There the
samples were spiked with yttrium, an internal standard
to compensate for unquantified losses in the spray drying
system. Three replicates (10 mL each) were preconcen-
trated onto polystyrene films by the spray-drying system
(Figure 2) and then analyzed with PIXE. To avoid the
contamination problems reported in the first report, crucial
parts such as the impaction nozzle were manufactured of
Teflon instead of brass (25).

Results and Discussion

GFAAS Analysis. The precision and accuracy of trace
metal analysis with GFAAS has been estimated previously
(27). Precision is about 5%, while estimates of accuracy
are £20%. Mean trace metal concentrations for each
sampling site determined by GFAAS and the associated
uncertainties are given in Table L.

PIXE Analysis. In the preconcentration step for the
PIXE analysis, yttrium is used as the internal standard
because of its extremely low abundance, if any, in rain-
water. The recovery of yttrium gives the efficiency of the
spray-drying system. Typical efficiencies are on the order
of 25-40%. When the spray droplets are injected with high
speed (=100 m/s) into the drying tower, the resulting
turbulent airstream causes some of the droplets to stick

km
200 300 f55°N

Figure 1. Location in Sweden where atmospheric precipitation was
collected. Station code: AP = Arup; AS = Aspvreten; BR =
Bredkalen; LI = Liehittaja.

to the wall and thus lowers the collection efficiencies.
Other losses may result from bounce off from the impac-
tion surface. If the water contains a very low amount of
dissolved salt, then a significant portion of the dry aerosol
is associated with particles having a diameter below the
cut-off diameter of the impactor. This effect is clearly seen
when blanks are analyzed.

For the PIXE technique, 26 elements have been de-
tected. Mean trace metal concentrations for each sampling
site and associated uncertainties are given in Table II. It
should be noted that Cl concentrations are probably er-
roneous, because Cl evaporates as HCI during the drying
procedure and thus significant losses may have occurred.

Table II. Arithmetic Mean Trace Metal Concentrations and Associated Uncertainties (Standard Deviation) (ug L) for Each

Sampling Site Determined with PIXE

sampling site

Aspvreten n® Arup
Si 11%3 15 11+7
P 45+ 8 15 32+48
S 990 = 70 15 1000 % 130
Cl 3.0+08 6* 43+ 1.8
K 90 % 10 15 90 + 13
Ca 160 + 10 15 170 £ 30
Ti 0.58 + 0.16 15 0.99 + 0.37
\% 1.0 £ 0.01 15 1.5 + 0.3
Cr 0.18 £ 0.13 10 0.19 % 0.1
Mn 3.4 +0.33 15 5.0+ 1.3
Fe 21 2 15 28+ 8
Co 0.12 + 0.05 i 0.16 £ 0.06
Ni 0.30 + 0.45 15 0.51 £ 0.15
Cu 14+ 0.5 15 1.2 £ 0.39
Zn 9.9 + 1.1 15 11 +'2
Ga 0.14 £ 0.04 11 0.15 £ 0.058
Ge 0.096 + 0.013 5% 0.10 £+ 0.01
As 0.50 + 0.10 12 0.36 £ 0.12
Se 0.17 + 0.03 11* 0.18 £+ 0.06
Br 1.2+ 0.2 15 1.8 £ 0.4
Rb 0.24 £ 0.5 13* 0.29 £ 0.06
Sr 0.82 = 0.11 15 1.7 202
Pb 6.3 £ 04 15 10+3

no

13*
15
15
11%
15
15
15
15
12*
12
15
8*
15
12
15
6*
3%
9%
13*
15
12%
15
15

Bredkalen n® Liehittaja n®
79+ 54 13 22 %8 8*
19+ 38 15 31£3 15
600 £+ 120 15 910 £ 80 15
21 %04 8* 1.5+ 0.34 8*
26 £ 7 15 56 + 22 15
48+ 8 15 86 + 36 15
0.45 £+ 0.31 15 0.77 £ 0.54 15
0.50 £ 0.08 15 1.2+0.1 14%
0.071 £ 0.01 11* 0.14 £ 0.03 hd
14 £ 0.26 15 19+ 0.2 12
11.+3 15 14 £ 2.0 15
0.062 1+ 0.10 £ 0.05 4%
0.17 £ 0.04 15 0.51 £ 0.15 14*
0.44 £+ 0.28 15 0.68 £ 0.29 14
4210 15 12+ 4 15
0.070 £ 0.010 6* 0.11 £ 0.02 5*
0.054 £ 0.002 2% 0.051 £ 0.01 2%
0.27 £ 0.128 12* 0.39 £ 0.13 10*
0.094 £ 0.085 12& 0.11 £ 0.02 g*
0.43 £ 0.22 15 0.52 £ 0.10 15
0.088 £ 0.019 7% 0.28 + 0.20 10*
0.24 £ 0.06 13* 0.38 £ 0.16 12*
35+£1.0 15 3.8+ 0.64 15

%n is the number of samples taken into the mean value. If it is less than 15, it indicates that obvious cases of contamination have been
excluded or that concentrations were below the detection limit (indicated by an *).
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Table III. Arithmetic Mean Element Concentrations and
Detection Limits for 12 Blanks Determined by PIXE (0.1 N
HNO;)*

blank n detection limit
Si 5.1+ 0.7 4 29+09
P 44+18 10 2.2 %:0.7
S 35+ 34 12 1.8+ 0.6
Cl 1.5+ 0.5
K 25+ 1.6 9 0.69 + 0.23
Ca 44 %23 12 0.35 % 0.12
Ti 0.20 %+ 0.7 9 0.13 + 0.04
v 0.11 £ 0.01 2 0.091 + 0.030
Cr 0.059 % 0.019
Mn 0.33 = 0.47 12 0.044 £ 0.014
Fe 2917 11 0.040 % 0.017
Co 0.11 + 0.3 2 0.080 + 0.036
Ni 0.059 + 0.032 9 0.030 £ 0.010
Cu 0.34 £ 0.23 12 0.035 £ 0.011
Zn 1.1+04 12 0.043 £ 0.013
Ga 0.092 + 0.051 3 0.069 £ 0.022
Ge 0.069 £ 0.022
As 0.077 £ 0.033 4 0.069 £ 0.021
Se 0.076 % 0.024
Br 0.11 + 0.04 6
Rb 0.168 1 0.15 = 0.05
Sr 0.256 1 0.18 + 0.06
Pb 0.25 &+ 0.17 2 0.21 + 0.07

4Mean concentration (ug L), standard deviation, and number
of samples above the detection limit used for the mean calculation
are given.

Table IV. Range of Ratios of Rainwater Concentrations to
Blank Values Achieved by the PIXE Analysis®

Si 1-4 Ni 3-10
P 4-10 Cu 1.5-5
S 15-30 Zn 4-10
Cl 1-3* Ga 1-1.5
K 10-200 Ge 1-1.5*
Ca 10-70 As 36
Ti 2-5 Se 1-2+
\'s 5-15 Br 3-10
Cr 1-3* Rb 0.5-1.5
Mn 4-15 Sr 1-5
Fe 4-10 Pb 15-40
Co 1-1.5

2If the blank values were lower than the detection limit, detec-
tion limits were used in the denominator (indicated by an *).
Blank values and detection limits are given in Table IIL

The PIXE technique detection limits and mean con-
centrations in 12 blanks (0.1 N HNOj;) are given in Table
III. By dividing rainwater concentrations by the blank
values, an estimate of the influence of the blank is achieved
(Table IV). However, for Cl, Cr, Ge, and Se, blank con-
centrations were lower than the detection limit. Thus,

i ; _—
Dry clean air 75 [/min . __ Nebulizer
Water 0.3-0.4 ml/min Dry air ___I __— Honey comb
03 l/min r ‘T
|
j—Pressurised clean air
(140 mm Hg)
Drying
Pressure chamber \oWer
150 mm
Water sample E
0.3 ml/min 13
o
0
Dry clean air
0.3 l/min
Pump 75 l/min =— Impactor

Figure 2. Schematic of preconcentrating sprayer device.

detection limits were used in the denominator. Since
concentrations of this group of elements are usually found
in the range of their detection limits, little can be said
about the influence of the blank. On the other hand, one
can lower the detection limit by at least a factor of 2 by
increasing sample volume or analysis time.

Elements most strongly influenced by the blank are Co,
Ga, and Rb. In some instances, Si, Ti, Ni, Cu, and Sr are
also influenced when concentrations are low. By com-
paring detection limits and blank concentrations, it ap-
pears that reducing the blank a substantial decrease in
detection limits can be reached for several elements (e.g.,
a factor of 10 for Cu).

To determine the actual analytical uncertainty for the
spray preconcentration together with the PIXE analysis,
the elemental concentrations for each analysis was divided
by the mean value for the three replicates. The standard
deviation on the total data set then reflects the uncertainty
of the total analytical procedure. The preconcentration
and PIXE analysis had an uncertainty of 5-20% for P, S,
K, Ca, Ti, V, Mn, Fe, Co, Ni, Zn, Ga, Ge, As, Rb, and Sr
and between 20-30% for Si, Cr, Cu, Se, and Br.

Comparison of GFAAS and PIXE. Tables I and II
are compiled into Table V for a general comparison of the
results from the two analytical methods. The agreement
for Mn and Fe are excellent. PIXE shows somewhat
higher concentrations for Cu at station Aspvreten, for Zn
at Liehittja, and for Pb at Arup. Otherwise the agreement
is good and within the variation of the data. The results

Table V. Comparison of Measured Concentrations between GFAAS and PIXE Taken from Tables I and II°

sampling site

Aspvreten n Arup
Mn 3805 5 55+ 16
Mn 34+03 15 50+ 13
Fe 191 5 21 +£2
Fe 212 15 28 +8
Cu 0.65 + 0.05 5 1.3+05
Cu 1.4 + 047 15 1.2+ 04
Zn 1151 5 141
Zn 9.9:# 1.1 15 11%2
Pb 5.5 0.1 5 6.6 £ 0.2
Pb 6.3 £ 0.4 15 10+£3.1

n

5
12
5
15
3
12
5
15
5
5

Bredkalen n Liehittaja n
1.3 £0.23 5 1.8 +£0.1 5
1.4 £ 0.26 15 1.9+ 0.2 12
8404 5 111 5
11 £3.1 15 14+2 15
0.20 £ 0.05 5 0.46 + 0.06 5
0.44 £ 0.28 15 0.68 = 0.29 14
3.6+04 5 6.0 0.5 4
42+ 1.0 15 12+ 4 15
3.0 £ 0.2 5 3.0 + 0.42 5
3.5 1.0 15 3.8 + 0.64 15

2GFAAS results given on the first line of each element and PIXE results on the second line; n is the number of samples analyzed.
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Figure 3. Sample by sample comparison of trace metal concentrations determined by GFAAS and PIXE. The different symbols indicate the
station, while the various lines represent the sample from that station. The length of the line indicates the uncertainty in the PIXE analysis.

from PIXE generally have the most variation, especially
for Cu, and this is probably due to influences from the
blank.

A sample by sample comparison of the two analytical
methods are shown in Figure 3. In these figures, the
concentrations achieved by PIXE are divided by the as-
sociated GFAAS results. Concentrations of Fe and Mn
are in excellent agreement, with just a few exceptions. The
discrepancies may be due to contamination or the presence
of small erosion particles in the sample. Much more water
(10 mL) is used by the spray-drying technique than the
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GFAAS (=20 uL), increasing the chance for particles to
be resuspended and sampled. Other soil-related elements,
such as, e.g., Si, also show a higher variability (Table II).

More serious cases of contamination can be seen for Cu.
Excluding these obvious cases, a good agreement can be
seen, even though there is a higher variability. The PIXE
values are also probably affected by the blank. For Zn,
the first samples from station Liehitt4ja show a probable
case of contamination, the rest are in good agreement. Pb
also agrees well, but for the last sampling site slightly
higher concentrations are found by PIXE.



Conclusions

The results showed that by using the spray column and
PIXE analysis a number of elements in atmospheric pre-
cipitation, at relatively low concentrations, can be deter-
mined simultaneously (P, S, K, Ca, V, Mn, Fe, Ni, Zn, As,
Br, and Pb). For other elements (Ti, Cr, Co, Cu, Ga, Ge,
Se, Rb, and Sr) the potential of this technique is large,
because considerable improvement in detection limit can
be achieved by decreasing elemental content in the blank
and increasing the water volume or analysis time.

GFAAS analysis showed high precision for the elements
investigated (Cd, Cu, Fe, Mn, Pb, and Zn). A comparison
of the results from the PIXE analysis and the detection
limits for GFAAS indicates that to determine Ti, Cr, Co,
Se, Ni, As, and V with GFAAS one will need to precon-
centrate the samples.

Some of the differences between analytical methods may
be due to the fact that acidification does not dissolve all
of the metals. This would be particularly true for the
refractory elements Fe, Mn, and Ti. For the anomalously
enriched elements such as Cd, Pb, and Zn, 80-100% are
solubilized (30). The point is however that PIXE measures
total concentrations in solution, while GFAAS measures
only the acid-soluble portion.

In general, a relatively good agreement is found between
the two techniques. However, contamination during the
analytical determinations with PIXE will need to be better
controlled. Once contamination problems are solved,
PIXE analysis with nonselective preconcentration will be
a valuable analytical tool because it is a multielemental
technique capable of determining elements that are not
readily analyzed by GFAAS.

Registry No. H,0, 7732-18-5; Si, 7440-21-3; P, 7723-14-0; S,
7704-34-9; Cl,, 7782-50-5; K, 7440-09-7; Ca, 7440-70-2; Ti, 7440-
32-6; V, 7440-62-2; Cr, 7440-47-3; Mn, 7439-96-5; Fe, 7439-89-6;
Co, 7440-48-4; Ni, 7440-02-0; Cu, 7440-50-8; Zn, 7440-66-6; Ga,
7440-55-3; Ge, 7440-56-4; As, 7440-38-2; Se, 7782-49-2; Br,,
7726-95-6; Rb, 7440-17-7; Sr, 7440-24-6; Pb, 7439-92-1.
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Trace Element Partitioning during the Retorting of Condor and Rundle Oil

Shales
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m Composite oil shale samples from the Condor and
Rundle deposits in Queensland were retorted under
Fischer assay conditions at temperatures ranging from 300
to 545 °C. Trace elements mobilized to the shale oil and
retort water were determined at each temperature. The
results were comparable for both oil shales. Several ele-
ments including arsenic, selenium, chlorine, bromine, co-
balt, nickel, copper, and zinc were progressively mobilized
as the retort temperature was increased. Most elements
partition mainly to the oil and to a lesser extent to the
retort water in a similar manner to other oil shales. For
Rundle oil shales, trace element abundances in oils, and
the proportions of elements mobilized, generally increased
with oil shale grade. This was attributed to the reduced
effect of adsorption and/or coking of heavier oil fractions
during retorting of higher grade samples. Nickel por-
phyrins, unidentified organometallic compounds, pyrite,
and halite are considered to be the sources of mobile trace
elements. The results are relatively favorable for oil shale
processing and show that arsenic is the most significant
element in relation to both shale oil refining and disposal
of retort waters.

Introduction

Trace elements in oil shales are partially mobilized
during retorting, can poison catalysts in oil refining, and
may cause environmental pollution problems during pro-
cessing and waste disposal. The mobilization of trace
elements and their distribution during oil shale retorting
are therefore important in processing studies, and a num-
ber of partitioning studies have been carried out on the
retorting of Green River Formation (I-3) and Australian
(4, 5) oil shales.

The Condor and Rundle oil shale deposits in Queensland
are among the most prospective of the major Australian
oil shale deposits. For both of these oil shales, trace ele-
ment abundances are generally similar to or less than those
for a typical shale, except for pyritic sulfur, arsenic, and
manganese, which are sometimes above normal abun-
dances (6). The trace element mineralogy of these shales
has been previously reported (6), and the above elements
may give rise to environmental problems especially in re-
lation to solid waste disposal. Preliminary trace element
partitioning studies (4) have revealed the elements that
are mobilized during Fischer assay retorting. The work
reported here examines the effects of retort temperature
and oil shale grade on the mobilization of those trace el-
ements.

Experimental Section

Samples for investigation were (i) a composite sample
from the high-grade zone at the base of the Brown Oil
Shale Sub-Unit, Condor deposit, borehole CDD 70,
382-414 m, and (ii) four ore type samples (7) from the
Rundle deposit, Brick Kiln Member, borehole ERD 324.

Rundle samples were predried at 105 °C. All samples
were crushed to —5.6 mm and blended before riffling into
separate batches for retorting. Samples were retorted with
Fischer assay procedures (ASTM D3904-80) at tempera-
tures from 300 to 545 °C. Modifications to the standard
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Table I. Fischer Assay Yields at Different Retort
Temperatures

yields, g/100 g of shale

retort
temp, spent gas and
sample °C shale oil water losses
Condor 300 97.7 nil 2.3 nil
360 96.9 0.55 2.35 0.2
400 93.1 21 2.75 1.05
445  89.0 6.4 3.0 1.6
500° 87.0+0.2 69+0.05 36=x0.15 25=+0.08
545  84.0 6.8 4.85 4.35
Rundle
ore typel 300 96.8 0.1 2.7 0.4
350 95.1 0.65 3.25 1.0
400 913 3.5 4.0 1.2
450 79.1 12.9 44 3.6
495° 764+04 142+03 46=x01 48=%0.15
545  75.6 14.5 5.2 4.9
ore type4 495 809 10.65 4.55 3.9
ore type 5 495 853 7.4 4.6 29
ore type 6 495 919 2.55 3.5 2.05

2Yields are the average of three runs.

procedure and details of sampling and sample storage prior
to chemical analyses were as previously described (5).

Raw shales, spent shales, oils, and retort waters were
chemically analyzed with instrumental neutron activation
analysis (INAA) and inductively coupled plasma atomic
emission spectrometry (ICPAES) as described elsewhere
(4). Analyses for Na, Cl, V, Cr, Co, As, Se, and Br in all
matrices were by INAA. Analyses for Ca, Ti, Fe, Ni, Cu,
Zn, and Mo in all matrices were by ICPAES. Aluminum
was analyzed by INAA for raw and spent shales and by
ICPAES for oils.

Condor and Rundle (ore type 1) samples were Soxhlet
extracted sequentially with chloroform and methanol, and
the extracts analyzed for trace elements by the above
techniques.

Results and Discussion

The Fischer assay yields of oil, retort water, and spent
shale for the various samples and at the different retort
temperatures are shown in Table I. Agreement between
triplicate runs at about 500 °C was good. For both shales,
oil evolution commenced at about 300 °C and was essen-
tially complete at 500 °C. As expected, there were con-
siderable differences in oil yield between the oil shales and
especially between the different ore types from the Rundle
deposit. Yields of retort water increased with retort tem-
perature up to 545 °C. This was due in part to dehy-
droxylation of kaolinite, which is a major mineral com-
ponent in the oil shales. Gas formation also increases
progressively at temperatures from 300 to 500 °C. For
Condor oil shale, gas formation was further increased at
545 °C due to formation of CO, from the partial decom-
position of siderite.

Condor and Rundle oil shales are mineralogically dif-
ferent but contain similar levels of trace elements. This
is well illustrated by the element abundances in the sam-
ples used for this work (Tables II and III). The minera-
logical residences of most trace elements have been de-
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Table II. Element Abundances in Rundle Oil Shales®

ore type
element 4 5 6
Na 6500 7200 7900
Al, % 5.6 6.5 6.6
Cl 1280 1080 1120
Ca, % 3.0 2.4 2.7
Ti 3300 4600 4700
v 80 90 85
Cr 48 65 68
Fe, % 40 3.9 41
Co 19 19 15
Ni 57 45 36
Cu 13 32 31
Zn 65 75 80
As 9.5 9.5 5
Se 1 1 1
Br 7 6 5

2Concentrations expressed as ug g™' unless indicated.

termined and also show many similarities between the two
oil shales (6, 8). Chemical analyses of the raw and spent
shales indicated that most trace elements remained sub-
stantially, if not completely, in the retorted shale (Tables
IIT and IV). It was therefore not possible to establish
reliably the mobilization of any of these elements on the
basis of difference between raw and retorted shale assays.

Analyses of the product oils and retort waters allowed
determination of the elements that were mobilized during
retorting. The abundances of trace elements determined
in the oils and retort waters are given in Table III for
retorting at 500 °C. Mass balances over these triplicate
retorting tests are satisfactory for most elements (Table
IV). The aluminum concentrations in oils may well reflect
fine dust carried over during retorting, and if this is correct,
then dust levels were minimal at 30-100 ug g in the oils.
This is consistent with results of earlier Fischer assay
studies (5, 9). At these levels only aluminum, titanium,
calcium, and part of the iron contents can be accounted
for as dust carryover to the oils. Since the oils were not
dried prior to analysis, it is possible that chlorine levels
may be at least partially derived from retort waters not
completely separated from the oils. It can be seen that
trace element abundances are very similar for Condor and
Rundle shale oils with only chlorine, arsenic, and selenium
concentrations being slightly higher in the Rundle oils
(Table III).

In comparison with Green River shale oils (10, 11), trace
element concentrations are generally comparable or slightly
lower for both Condor and Rundle oils. Molybdenum,
arsenic, and selenium are the elements that are lower.
Compared with conventional crude oils, vanadium and
nickel levels are much lower and only arsenic concentra-
tions are increased (12). Accordingly, the trace elements
in Condor and Rundle shale oils do not appear to pose any
particular problems with regard to oil refining. Total metal
contents appear slightly lower than for Green River shale
oils and much lower than for Julia Creek shale oils (5).

The abundance of several elements in Rundle shale oils,
including arsenic, iron, nickel, cobalt, and chromium
tended to increase with oil shale grade (Table V). How-
ever, the significance of such trends remains in some doubt
because of uncertainities in shale sampling and/or pre-
cision of analyses at the low concentration levels. Probable
reasons for such results will be discussed later.

Element abundances in retort waters are generally
comparable for both oil shales and similar to those found
in waters from Fischer assay testing of Green River For-
mation oil shales (I, 2). Chlorine and arsenic concentra-
tions are somwhat greater in the Rundle retort waters
(Table III). The relatively high arsenic and selenium
contents exceed Australian water quality criteria (13) for
agricultural waters.

The total mass of a particular element in the oil or retort
water has been used to indicate trends in trace element
mobility with retort temperature. For Condor oil shale
(Table VI) arsenic, nickel, and cobalt were increasingly
mobilized to the oil as the retort temperature was in-
creased. Copper and zinc showed similar trends up to 500
°C but were unexpectedly reduced at 545 °C. Arsenic,
selenium, chlorine, bromine, and cobalt were increasingly
mobilized to the retort waters at higher retort temperatures
(Table VI). For Rundle oil shale (Table VII) arsenic,
nickel, cobalt, selenium, chlorine, and bromine were in-
creasingly mobilized to the oil at higher temperatures.
These same elements, with the exception of nickel, also
tended to be increasingly mobilized to the retort waters
at higher retort temperatures (Table VII). However, ele-
ments in retort waters can be derived by aqueous extrac-
tion from the oils (2, 3). Thus, in most cases the increased
abundances in retort waters may simply be reflecting those
in the oils.

The above trends, including the progressive mobilization
of chlorine, arsenic, selenium, cobalt, nickel, and copper

Table III. Elemental Abundances in Raw Shales, Spent Shales, Oils, and Retort Waters

Condor Rundle, ore type 1

elemental raw shale spent shale oil retort water raw shale spent shale oil retort water
Na 3400 + 140 3850 £ 40 - 17£3 6000 £ 170 7700 £ 70 b 11+4
Al 6.5 = 0.3° 7.9+ 08 2 - 5.5 & 0.2 6.8 £ 0.3% 1.0 -
Cl <100 b 15 80 + 40 1300 + 65 1500 + 180 305 715 £ 15
Ca 3400 3900 3 - 3.8+0.2 4.9 £ 0.25 0.8+ 0.2 =
Ti 3700 4200 02+006 - 3000 = 170 3900 <0.1 -
v 110 = 10 130 £ 6 0.05 = 80+3 105+ 3 <0.3 =
Cr 562 65+ 4 - - 45+3 68 + 2.6 0.7 =
Fe 4.5 x 0.2° 5.3* 20 £ 20 25+ 15 4.0 £ 0.2° 5.2¢ 15+ 7 Tk 102
Co 17 £ 0.6 25+ 4 0.6 0.2 0.3 £ 0.15 18 + 3.3 21 £1.3 0.15 £ 0.05 0.10 £+ 0.02
Ni 25 30 2.5+ 04 = 37 35 09+04 -
Cu 25 30 1.0+ 1.2 Z5 21 25 08 +0.3 =
Zn 65 70 20% 1.5 = 56 £11 70 £ 16 0.15 0.2 £+ 0.06
As 8.5 £ 04 9.5+ 0.2 28+ 04 1.0+ 0.1 908 10+ 1.5 63+3 55+ 0.3
Se <1 = = 0.6 £ 0.1 <1 0.9 0.15 £ 0.1 0.15 £ 0.1
Br 2 = 0.1 £ 0.02 1.2+ 04 10 £ 0.5 1215 0.12 £ 0.04 1.3+ 0.2
Mo 1 = <0.1 = 2 = <0.1 =

2Concentrations as weight percent. All other concentrations expressed as ug g'. Values are for retorting at 495-500 °C and are the

average of three samples + 1o when possible. ®(-) indicates not detected.
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Table IV. Elemental Mass Balances and Closures for
Retorting at 495-500 °C

mass, ug
raw spent closure,
element shale (1 g) shale oil water %o
Condor
Na 3400 3350 0.6 98
Al 65000 67000 0.14 103
Ca 3450 3420 0.2 99
Ti 3700 3650 0.2 99
v 110 113 0.004 103
Cr 55 57 104
Fe 45000 46 000 1.4 0.1 102
Co 17 22 0.6 0.3 135
Ni 25 26 0.2 105
Cu 25 26 0.1 104
Zn 65 61 0.1 94
As 8.4 83 0.2 0.04 102
Rundle
Na 6000 5850 1.2 0.7 97
Al 55000 51700 0.1 94
Cl 1300 1140 5 33 91
Ca 38000 37200 0.1 98
Ti 3000 2960 99
A% 80 80 100
Cr 45 50 0.1 111
Fe 40000 39500 2.5 0.3 99
Co 18 16 0.02 0.005 89
Ni 37 27 0.13 73
Cu 21 19 0.07 91
Zn 55 53 0.02 0.01 96
As 9 76 067 0.25 93
Se <1 0.7 0.013 0.004 >T72
Br 10 9 0.015 0.055 91

Table V. Elemental Abundances in Oils from Rundle Ore
Types®

ore type at the indicated oil yield

6 5 4 1
element (2.6 wt %) (7.4 wt %) (10.7 wt %) (14.2 wt %)
Cr <0.1 <0.1 0.1 0.7
Fe 2 5 10 157
Co 0.02 0.08 0.1 0.15 = 0.05
Ni <0.1 <0.1 0.25 0.9 =04
As 2 2.3 3.3 63+3

4 All concentrations expressed as ug g™

with retort temperature, are similar to those previously
reported for retorting of Julia Creek oil shale (5).

To compare the two oil shales and the different ore types
for the Rundle deposit it is more appropriate to examine
the partitioning of trace elements by calculating element
mobility as a percentage of the quantity in the feed shale.
Thus total mobility (%) is defined as the percentage of
the element distributed to the product oil and water.
Tables VIII and IX compare the total mobilities found in
this work with those obtained by Fox et al. (2) for Green
River oil shale. The mobilities for arsenic, selenium,
chlorine, and bromine are high, and those for cobalt, nickel,
copper, and zinc are also significant. The results are sim-
ilar to those obtained for Green River oil shale, except that
the mobilities for cobalt, nickel, and perhaps selenium are
lower for Condor and Rundle oil shales. For Rundle oil
shales, the mobilities for arsenic, selenium, cobalt, zinc,
chromium, and iron tend to increase with oil shale grade
(Tables I and IX).

The element mobilities to the oil and the water are
shown separately for retorting at about 500 °C in Table
X. Most elements, with the exception of chlorine and
bromine, partition mainly to the oil as previously observed

534 Environ. Sci. Technol., Vol. 22, No. 5, 1988

Table VI. Total Elemental Masses in Condor Oils and
Retort Waters®

retort temperature, °C

element 300 360 400 445 500 545

for oils
Cl b 5.5 = = 97 34
Fe - = 34 26 140 + 140 41
Co = 0.7 0.2 4.5 42+ 1.4 8.2
Ni - = 1.3 7| 17.3 £ 2.8 13.6
Cu = = 0.5 3.2 6.9 + 2.8 1.0
Zn - - 0.6 3.2 13.8 £ 10 14
As = 0.8 3.8 154 194 £ 2.8 184
Br - 3.3 19 3.8 0.5+ 0.2 4.1

for waters
Na 25 28 22 33 60 £ 11 39
Cl 46 16 55 165 280 + 140 240
Fe 4.6 = = 12 9+54 -
Co 0.02 0.15 0.08 0.18 1.1+05 7.3
As 023 047 193 1.2 3.6 0.4 2.4
Se = = 0.55 1.5 2.2 +0.25 1.9
Br 011 012 1.0 1.8 43+14 438

@ All masses expressed as ug. Values at 500 °C are generally the
average of three samples +10. - indicates insufficient sample or
not detected.

for Green River oil shales (2, 3) and Julia Creek oil shale
(5). Selenium and arsenic partition more equally to both
the oil and the water, again as was found for Green River
and Julia Creek oil shales. Hence the general partitioning
patterns are similar for all the oil shales even though the
percentage mobilities vary from shale to shale.

As noted earlier, elemental abundance levels in Rundle
oils tended to increase with oil shale grade. Results for
arsenic in oils and waters show the most significant trends
with oil shale grade, but similar trends are indicated for
several other elements (Table V). The relevant results for
arsenic are given in Table XI and show that abundances
in oils and retort waters and mobilities (%) to oils and
waters all increase significantly with oil yield. For Rundle
oil shales there is often a direct relationship between pyrite
contents and oil yield (6), and the ore type samples are no
exception, as shown by pyritic sulfur values (Table XI).

There are several possible explanations for increased
trace element abundances in the oils from higher grade
Rundle oil shales. First, kerogen compositions could vary
between ore types. Secondly, pyrite could be the source
of particular elements, and lastly, secondary adsorption
and /or coking reactions on mineral surfaces could reduce
the trace element levels in oils from the lower grade shales.
The first possibility may be the most likely and is sup-
ported by the identification (discussed later) of nickel
porphyrin and the probable existence of unknown or-
ganometallic phases for all of the relevant metals. How-
ever, elemental compositions of kerogens from brown oil
shales are similar throughout the deposit (14), and it would
seem unlikely that a number of chemically different or-
ganometallic compounds in the shale could all vary in a
similar manner with ore type. The samples come from
adjacent intervals within the Brick Kiln Member and are
comprised of very similar type I kerogens (15). The second
possibility may be important in relation to arsenic (2), but
again it seems unlikely that pyrite could be the source of
all the metals. The third possibility would apply to all the
metals and is supported by independent reports of ad-
sorption and/or coking of primary oils during modified
Fischer assay retorting (16) and of the high boiling point
components of primary oils, in pilot plant retorting tests
using hot ash recycle (17). These studies were on Stuart
and Condor oil shales. Coking of both Stuart and Condor



Table VII. Total Elemental Masses in Rundle Oils and Retort Waters®

ore type at the indicated temp

1 4 6 1 1
(495°C)  (495°C) (495°C) (495°C) (300°C) (350 °C) (400°C) (450°C)  (495°C) (545 °C)
for oils
Cl 425 £ 70 960 150 150 b 40 140 260 425 £ 70 220
Cr 10 1 <0.7 <0.3 - 0.1 <0.4 <13 10 19
Fe 210 £ 100 105 37 5 =, - <3.5 <13 210 £ 100 <15
Co 21+ 0.7 11 0.6 0.05 - 0.1 0.1 0.8 21£0.7 2.6
Ni 13 £ 5.7 2.7 <0.7 <0.3 = - 1.3 2.5 13 £ 5.7 12.3
As 90 + 40 35 17 5 - 8.5 19 48 90 + 40 46
Se 2+14 1.6 1.8 0.8 = 0.8 14 1.9 2+14 2.9
Br 1.7 £ 0.6 3.7 1.8 0.8 = 0.5 1.0 1.9 1.7+ 0.6 2.2
for waters

Na 50 = 18 36 37 25 46 20 28 26 50 + 18 47
Cl 3300 £ 70 4400 3200 980 110 500 1280 1630 3300 + 70 5560
Fe 32£5.5 32 41 3.5 20 1.6 4 26 3255 29
Co 0.45 £ 0.1 0.3 0.5 0.07 0.14 0.03 0.12 0.9 0.45 £ 0.1 0.5
Zn 0.9 £ 0.3 -t 1.6 14 1.6 0.5 0.7 0.9 0.9 +03 0.8
As 2515 17 15 7 3.8 13.6 21 20 2615 35
Se 0.7+ 0.5 0.5 0.2 0.07 0.1 0.8 0.4 0.65 0.7 £ 0.5 1.2
Br 6+09 5.5 4.5 1.2 0.2 = 1.8 4 6+09 12

@ All masses expressed as ug. Values at 495 °C are the average of three samples +1 o. °- indicates insufficient sample or not detected.

Table VIII. Element Mobilities (%) at Different Retort
Temperatures for Condor Oil Shale

retort temperature, °C

element 300 360 400 445 500 545 500°
Na  0.007 0.01 0.006 0.01 0.018+0.005 0.011 0.19
Cl >0.5 >0.22 >0.55 >2.0 >4.0 >29 -
Fe —~ ~ 0.001 0.001 0.003 + 0.003 - 0.084
Co - 006 0.02 027 0.3=%0.08 09 38
Ni - 0.06 0.05 028 0.7+0.10 09 47
Cu = = 0.02 017 0.28+032 005 0.27
Zn = = 0.01 025 0.21%016 0.02 0.27
As 0.03 0.15 070 1.94 273+0.3 2.50 3.8
Se - - >0.6 >1.5 >2 >19 5.1
Br 0.06 1.8 1.3 28 24%07 44 -

2Green River oil shale, after Fox et al. (2). ?- indicates not de-
tected.

oils has been reported on spent shale ash at temperatures
as low as 500 °C (18). The Stuart and Rundle deposits
are contiguous within The Narrows Graben (16), and thus,
the above results are directly relevant to these studies.

The adsorption and/or coking of primary oils onto
mineral surfaces can readily account for these results. It
is known that trace metals in crude oils and shale oils are
generally concentrated in the heavier oil fractions (10, 19)
and that these heavier fractions are preferentially adsorbed
and/or coked on clay mineral surfaces (20, 21). Delayed
coking is a well-established method for removal of heavy
metals from petroleum oils (22), and coking has been

shown to reduce metal contents in shale oils (19). Ac-
cordingly, the preferential adsorption and/or coking of
heavy oils during Fischer assay retorting would be expected
to result in a reduction in trace element levels in the oils.
The clay minerals, montmorillonite and kaolinite, are the
major minerals present in Rundle oil shales (6, 15), and
it is known that their concentrations increase in lower
grade samples. Thus the lower the grade, the greater is
the ratio of clay minerals (or clay mineral surface area) to
oil produced during retorting, the greater is the likelihood
of adsorption and/or coking of the primary oil, and the
lower should be the trace metal contents of the final oil
product. The product oils should also become progres-
sively depleted in heavier fractions as the oil shale grade
decreases, and this was confirmed by results of simulated
distillations of the whole oil products from this work.
Depletion of the heavy gas oil fraction (bp > 450 °C) was
particularly marked in the oil from the two lowest grade
samples.

The partitioning of a particular trace element during
retorting is controlled largely by operating conditions, the
mineralogical residence of the element, and the occurrence
of secondary reactions during retorting. The mineralogy
and dominant mineralogical residences have been de-
scribed elsewhere (6, 7) as follows: (i) As, Ni, and Co are
mainly resident in pyrite, but some Ni occurs as porphy-
rins. It is possible that some As and Co also occur as
organometallic compounds, which are as yet unidentified.
It is also considered that Se is associated with pyrite. (ii)
Cl and Br occur in halite for Rundle oil shale. (iii) Zn and

Table IX. Element Mobilities (%) at Different Retort Temperatures for Rundle Oil Shales

retort temperature, °C ore types®

element 300 350 400 450 495 545 ; § 4 5 6
Na 0.008 0.003 0.004 0.005 0.03 £ 0.003 0.01 0.03 £+ 0.003 0.005 0.005 0.003
Cl 0.08 0.4 1.10 1.45 2.86 £ 0.1 4.42 2.86 £ 0.1 4.2 - 24
Cr 0.07 0.08 0.11 0.12 0.33 0.57 0.33 0.07 0.08 0.06
Fe — - = = 0.006 £ 0.002 = 0.006 + 0.002 0.003 0.001 =
Co 0.008 0.007 0.007 0.09 0.14 £ 0.05 0.17 0.14 £ 0.05 0.02 0.055 0.005
Ni = = 0.034 0.066 0.35 £ 0.15 0.34 0.35 £ 0.15 0.05 = =
Zn 0.03 0.009 0.02 0.30 0.27 0.95 0.27 = 0.13 0.02
As 0.43 2.55 4.60 7.75 129 + 4.6 9.4 129+ 46 54 3.35 2.35
Se >0.1 >1 >1.8 >26 >4.8 >3.0 >48 2.25 2.1 0.8
Br 0.02 0.12 0.25 0.56 0.70 1.31 0.7 1.32 1.02 0.43

°Retorted at 495 °C. °- indicates not detected.
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Table X. Element Mobilities (%) to Oils and Retort
Waters®

Condor Rundle
element oil water oil water
Na - 0.018 0.02 0.01
a >1 >4 0.33 2.53
Cr = 0.06 0.22 0:11
Fe 0.003 0.0002 0.005 0.001
Co 0.24 0.06 0.12 0.02
Ni 0.7 - 0.35 -
Cu 0.28 0.003 0.54 -
Zn 0.21 0.002 0.25 0.02
As 2.3 0.43 10.0 2.9
Se = >21 >2 >2.8
Br 0.25 2.15 0.15 0.55

¢For retorting at 495-500 °C. ®- indicates not detected.

Table XI. Abundances and Mobilities (%) of Arsenic for
Rundle Ore Types

ore  Yield, wt % Ezlr;‘t:: abundance, ug g™ mobility, %
type oil water %o oil water tooil  to water
1 142 46 11 63+3 55+03 1046 29+0.1
4 107 4.55 0.7 3.3 3.7 3.7 1.7
5 74 46 0.5 2.3 3.3 1.75 1.6
6 26 35 0.3 2.0 2.0 1.0 1.35

Cu are mainly resident in sphalerite and chalcopyrite for
Condor oil shale but not for Rundle oil shale.

To check for the presence of organometallic compounds
in the shales, selected samples were Soxhlet extracted
sequentially with chloroform and methanol. Significant
amounts of several elements (which had been mobilized
to the oils during retorting) were detected. These included
cobalt, nickel, copper, zinc, chromium, and possibly iron.
With one notable exception (nickel in Condor oil shale),
more of the metals were extracted with methanol than with
chloroform. Notable proportions of total nickel (0.6-4.5%),
cobalt (about 1.5%), and zinc (0.5%) were extracted. This
suggests the presénce of a number of metal-organic com-
plexes in the shales. The total amounts extracted from
both shales were sufficient to account for the element
mobilities found on retorting. Nickel porphyrins have been
identified in the methanol extracts from both oil shales
with UV-visible spectroscopy (Fookes, unpublished).
Similar nickel porphyrins have previously been identified
in Green River (23) and Julia Creek oil shales (24).

Hence for both Condor and Rundle oil shales, it is
possible to account for the mobility of nickel, cobalt,
copper, zinc, chromium, and possibly iron on the basis of
volatility of metal-organic compounds. This would also
logically account for their partitioning mainly to the oil
rather than to the retort waters.

Of the other elements that are mobilized from the shale,
chlorine and bromine most probably arise from the sodium
salts, whereas arsenic and selenium may be derived from
pyrite (2, 5) or metal-organic compounds (25, 26) as pre-
viously discussed (5). Arsenic and selenium were not de-
tected in the organic extracts from Condor oil shale but
were just detectable in the methanol extract from Rundle
oil shale. About 3% of total arsenic was extracted with
methanol compared with 12.9% mobilized during retorting.
This suggests that organoarsenic compounds may be
present in Rundle oil shales and that arsenic in oils and
retort waters arises from both sources.

Summary and Conclusions
A number of trace elements, including chlorine, bromine,
arsenic, selenium, iron, cobalt, nickel, chromium, copper,
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and zinc, are progressively mobilized from Condor and
Rundle oil shales during retorting at temperatures from
300 to 545 °C. With the exceptions of chlorine, bromine,
and to a lesser extent selenium, these elements partition
mainly to the oil. Trace element partitioning patterns are
similar to those for Green River Formation and Julia Creek
oil shales.

For Rundle oil shales, elemental abundances in the oil
generally increased with oil shale grade. This is attributed
to the adsorption and/or coking of primary oils onto clay
mineral surfaces. These effects preferentially remove trace
metals from the oils and are enhanced in lower grade
samples because of increased clay mineral content relative
to oil produced during retorting.

The results suggest that nickel, cobalt, copper, zinc,
chromium, and iron are derived from nickel porphyrins
and other unidentified metal-organic compounds, that
chlorine and bromine are derived from sodium salts, and
that arsenic may be derived from both pyrite and orga-
noarsenic compounds present in the raw shale.

Trace element abundances in oils and retort waters are
relatively low compared with abundance levels for other
oil shales. Arsenic would appear to be the most significant
trace element in relation to shale oil refining and disposal
of retort waters.
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Proteins in Natural Waters and Their Relation to the Formation of
Chlorinated Organics during Water Disinfection'
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Victor Hahn and Mark Speed

Utilities Department, 9500 Civic Center Drive, Thornton, Colorado 80229

B Solutions of model proteins were chlorinated and found
to produce yields of trihalomethanes and total organic
chloride comparable to a humic acid. The concentrations
of proteins (total dissolved amino nitrogen) and algal
counts in a lake water were measured from April to No-
vember of 1985. Concentrations ranged from 0.07 to 0.3
mg/L as N while copper sulfate was added to the lake for
algae control. Increases in protein concentration correlated
with algal blooms. When copper sulfate treatment was
suspended, a massive algal bloom was observed and the
protein concentration increased to 0.96 mg/L as N. From
this protein concentration a 5-day trihalomethane forma-
tion potential of 115 ug/L was estimated. Pretreatment
with powdered activated carbon, alum coagulation, sedi-
mentation, filtration, and disinfection processes were ef-
fective in removing about 70% of the proteins. Organic
precursors in a natural water were fractionated by ul-
trafiltration and protein concentrations and trihalo-
methane formation potential (THMFP) measured in each
fraction. Proteins appeared to account for 8-11% of the
THMFP of each fraction. It was concluded that chlori-
nation of proteins produced during algal blooms may make
a significant contribution to the formation of trihalo-
methanes in chlorinated natural waters.

Introduction

Since the identification of carcinogenic trihalomethanes
(THMs) in chlorinated drinking waters (I, 2), utility
companies and government regulatory agencies have in-
vested considerable research and effort to determine the
factors that affect the formation of these compounds and
how to remove them.

Natural waters contain a complex mixture of organic
compounds (3, 4) that can react with aqueous chlorine to
form THMs. The reaction of humic and fulvic acids, which
compose the largest fraction of organic substances in
natural waters, is believed to be the major source of these
compounds. However, attempts to correlate the trihalo-
methane formation potential (THMFP) of natural waters

tThe material described herein was presented in part at the Fifth
Conference on Water Chlorination, Williamsburg, VA, June 3-8,
1984, and that portion was published in the conference proceedings.

0013-936X/88/0922-0537$01.50/0 © 1988 American Chemical Society

with a simple chemical parameter such as total organic
carbon have revealed only crude relationships and dem-
onstrated the fact that the characteristics of the organic
components of various waters differ widely (5).

In a number of instances seasonal variations in the THM
concentrations in finished waters have been linked to the
increased organic loading of a raw water produced by algal
blooms (6-9). Studies have shown that chlorination of
algae (6), algal biomass (7), and extracellular products
produced by algae (7-10) all produce THMs. Although
algae vary considerably in their metabolic activity and in
the organic products of their metabolism, proteins gen-
erally represent the largest single fraction of organic com-
ponents of many algae (11-13) and are especially important
extracellular products of blue-green algae (14). For in-
stance, approximately 60-70% of the dry weight of the
algae Monodus subterraneus and Spirulina maxima is
proteinaceous. Volesky et al. (I15) report that higher
protein content is found in the Chlorophyceae and Rho-
dophyceae families of algae than among others and that
these may contain 20-50% protein in addition to smaller
concentrations of carbohydrates and lipids.

The presence of algae can dramatically affect the organic
nitrogen content of natural waters. Ram and Morris (16)
have recorded 21.7 mg/L organic nitrogen in a freshwater
lake during the bloom of a blue-green algae. Gardner and
Lee (17) have found high concentrations of amino acids
during a period of rapid algal decomposition. Tuschall and
Brezonik (18) have found that 71% of the dissolved organic
nitrogen in the filtrate of a culture of Anabaena sp. was
proteinaceous. The full implications of these observations
for the treatment of natural water affected by algal growth
have not yet been fully realized, but Williams (19) has
described problems of taste, odor, disinfection require-
ments, and cost of treatment associated with the presence
of proteins in drinking water supplies.

The research described here was begun while investi-
gating the impact of high organic nitrogen levels on two
drinking water supplies. Until 1985 one of the principal
raw water sources for the City of Thornton, CO, was a
series of shallow gravel lakes that are adjacent to the South
Platte River 1 mi downstream from the discharge point
of the Denver Metro Wastewater Treatment Plant. Be-

Environ. Sci. Technol., Vol. 22, No. 5, 1988 537



sides periodic groundwater intrusion from the river, the
lakes are affected regularly by algal blooms. To suppress
algal growth, 100-150 1b of copper sulfate was added daily
to the central lake, N.E. Tani Lake (3.83 X 10° ft3), from
late May through mid September. Throughout the year,
the lakes are found to be high in ammonia and dissolved
organic nitrogen. The second water studied came from the
main water supply for a community in southeastern
Pennsylvania. In the late winter after the frozen ground
begins to thaw, this reservoir is affected by heavy runoff
from dairy farms. Since the ammonia level rises rapidly
and the water develops an amine odor, it was suspected
of containing the high concentrations of proteinaceous
amino nitrogen.

The purpose of this study was to evaluate the signifi-
cance of the formation of chlorinated organic byproducts
from the reaction of aqueous chlorine with proteins found
in natural waters. To make this evaluation, we have
measured the yields of organohalogen compounds from the
chlorination of model proteins and related these to the
concentrations of proteins found in natural waters.

Total dissolved amino nitrogen (TDAN) is a measure
of the primary amino organic nitrogen compounds present
after acid hydrolysis. On the basis of the work of others
(17, 18), proteins were presumed to make the largest
contribution to this measurement, and consequently the
terms TDAN and proteins are used interchangeably.

Experimental Section

General. All chemicals were of reagent grade or better.
Chlorine-demand-free water was prepared by chlorinating
Milli-Q water to 2 mg/L, allowing this to stand overnight,
boiling it for 1 h, irradiating it overnight with high intensity
UV light until no residual chlorine was detected, and
bubbling the water with nitrogen gas for 1 h. The water
was sealed under a nitrogen atmosphere and stored in the
refrigerator. All buffers and solutions used in THM and
total organic chloride (TOCI) determinations were pre-
pared in chlorine-demand-free (CDF) water. Solutions
were chlorinated with standard hypochlorite (1000 £ 10
mg/L) prepared as described in EPA method 510.1 (20).
Bromodichloromethane and chlorodibromomethane were
obtained from Columbia Organic Chemicals. Bromoform
(96%) and humic acid, sodium salt (lot no. 1204PE), were
obtained from Aldrich Chemical Co. Bovine serum albu-
min (BSA), pepsin, rennin, and cytochrome c¢ (type III)
were obtained from Sigma Chemical Co.

Gas chromatography was performed on a Varian Aero-
graph 3700 gas chromatograph equipped with a ®Ni
electron capture detector (ECD). The carrier gas used
throughout the experiments was high-purity nitrogen used
at a flow rate of 20 mL/min. Glass columns (4 mm i.d.
X 6 ft) were packed with 10% w/w squalane (Varian) on
Chromosorb W 100/120 mesh (Analabs, Inc.). A column
temperature of 67 °C, a detector temperature of 250 °C,
and an injector temperature of 160 °C were used for all
trihalomethane analyses. Chromatograms were recorded
and peak areas measured on a Shimadzu Chromatopac
C-R1B recording data processor. UV /vis spectrophoto-
metric determinations were performed on a Cary Model
219 spectrophotometer in the auto slit mode. A Corning
digital Model 110 pH meter with a Corning semimicro
calomel combination electrode (calibrated before each
measurement with standard buffers) was used for all pH
measurements. Total organic carbon analyses were per-
formed on a Dohrmann DC-54 TOC analyzer. Total or-
ganic chloride analyses were performed on a Dohrmann
DX-20 total organic halide analyzer according to EPA
method 450.1 (21). Free amino acid concentrations were
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determined by precolumn derivatization with ortho-
phthalaldehyde (OPA) and high-performance liquid
chromatography by a method similar to that of Jones et
al. (22).

Preparation of Protein Stock Solutions. By using
an analytical balance, the approximate amount of protein
was weighed out to make up 250 mL of a 500 mg/L solu-
tion in CDF water. This solution was stored in an amber
glass bottle in the refrigerator. A 50-mL portion of the
protein stock solution was dialyzed overnight against
deionized water using dialysis tubing with a nominal mo-
lecular weight cutoff of 8000 (1.25 in. inflated diameter;
Thomas Scientific). An aliquot of CDF water was also
dialyzed as a blank. The dialysis water was changed 3
times during the afternoon and evening. These dialyzed
stock solutions were quantitated spectrophotometrically
(23, 24).

Chlorination of Protein Solutions. An aliquot of the
dialyzed stock protein solution (generally containing 5.0
mg of protein) was pipetted into a 1-L volumetric flask and
diluted to approximately 900 mL with 0.025 M phosphate
buffer (pH 7.0, prepared from CDF water). The solution
was mixed thoroughly, the desired amount of hypochlorite
(1000 + 10 mg/L Cl,) was added with swirling, and the
sample was diluted to the mark with buffer. After the
solution was mixed thoroughly, it was decanted into 125-
mL sample bottles capped with Teflon-lined caps and
incubated without headspace at 20 °C.

Trihalomethane Analysis. In order to calibrate the
ECD response, standard solutions of the trihalomethanes
were prepared according to published procedures (25).
Correlation coefficients for calibration curves were always
greater than 0.95. Trihalomethanes were isolated and
analyzed by the liquid/liquid extraction method prescribed
by EPA protocol (25).

Handling of Natural Water Samples. Samples of
raw water were obtained in 4-L amber glass bottles and
sealed without headspace with Teflon-lined caps. Chlo-
rinated samples were dechlorinated with sodium metabi-
sulfite after sampling. Otherwise, no reagents were added
to the samples before they were shipped overnight to
Norfolk, VA. They were refrigerated at 4 °C and analyzed
within 1 week of receipt.

Total Dissolved Amino Nitrogen (TDAN) Analysis.
Samples were filtered through a Gelman type A/E glass-
fiber filter. Total dissolved free and hydrolyzable amino
nitrogen levels (protein concentrations) were measured
with the following variation of the method of Gardner and
Stephens (26). Eight vacuum hydrolysis tubes were used
to which standard additions of glycine were made. Sam-
ples were hydrolyzed with a 50% solution of distilled
propionic acid and ultrapure concentrated HC1 (26) for 30
min at 145 °C. After lyophilization, derivatization with
fluorescamine, and fluorescence analysis, a plot of relative
fluorescence vs amount of added glycine, was generated
as described previously (26). A least-squares analysis of
the data was performed and the intercept calculated. The
concentrations of glycine that would produce an equivalent
amount of fluorescence was then determined from the plot.
The variance in this number was a function of the mean
squared residual o2

o =[S0 - ¥7/ (0 - D)2

y —y’being the difference in actual measurements and the
calculated regression line. The variance k is defined as

k = 2[c?/8%[(1/n) + (a + BZ)%/ss,8%]]

where 3 = slope, a = intercept, n = number of data, £ =
average of glycine concentrations, and ss, = Yx? -



(X x)?/n. Since glycine contains 18.6% nitrogen, concen-
trations of TDAN (as glycine) were converted to TDAN
(as N) with multiplication by 0.186.

Ultrafiltration of Raw Water Samples. A water
sample from N.E. Tani Lake was fractionated with Amicon
ultrafiltration membranes. The water was first filtered
through a Gelman glass-fiber filter to remove particulates.
A 250-mL volume of the sample was forced through an XM
50 [50000 nominal molecular weight (M,) cutoff] mem-
brane with nitrogen (40 psi) until approximately 20 mL
of water remained above the membrane. The concentrate
was washed twice with 50 mL of CDF water and recon-
centrated by filtration. A total volume of 300 mL was
passed through the filter. The concentrate retained by the
membrane was recovered by thoroughly washing the ul-
trafiltration cell twice with 100 mL of CDF water. Finally,
a 50-mL volume of CDF water was added, stirred, re-
moved, and combined to give a total volume of the retained
material equal to the original water sample (250 mL).

The filtrate of the first membrane (a total volume of 300
mL) was next passed through a YM 5 membrane (M, 5000
cutoff) following the same procedure. The retained ma-
terial was removed and resuspended in CDF water to a
volume of 250 mL. This filtrate was next passed through
a YCO 5 membrane (M, 500 cutoff), and again the material
retained was resuspended in 250 mL of CDF water. To
obtain a fraction of material with lower molecular weight
than 500, a separate portion of the original glass-fiber
filtered water was passed through the YCO 5 membrane
until a 250-mL volume was recovered.

Chlorination of Nominal Molecular Weight Frac-
tions. To 200 mL of each molecular weight fraction was
added 2.00 mL of 2.5 M K,HPO,. With rapid stirring, 5.7
mL of hypochlorite (1055 mg/L as Cl,) was added slowly
to each solution and the pH adjusted to 8.25 = 0.05 with
1 M NaOH in high-purity water. The solutions were de-
canted into glass bottles, sealed with Teflon-lined caps
without headspace, and incubated in the dark in a con-
stant-temperature bath at 20.0 + 0.1 °C. After 5 days the
pH of each solution was checked and found to be within
0.1 unit of its original value. Each solution was analyzed
for free and total residual chlorine and found to contain
at least 14 mg/L free chlorine. The solutions were then
analyzed for THMs as described above.

Algal Counts. Counts were made within 3 h of col-
lection of a water sample. Enumerations were performed
with a Sedgwick-Rafter counting cell and a calibrated
Whipple grid according to method 1002 F of Standard
Methods for the Examination of Water and Wastewater
(28). The strip counting method was used after concen-
tration of 200 mL of water to 14 mL, producing a con-
centration factor of 0.07.

Results

Model Studies. Four commercially available proteins
were chosen as models of proteins present in nature. They
were chosen for their different molecular weights, which
span the range found by Tuschall and Brezonik (18).
Bovine serum albumin (BSA) is a readily available com-
pound frequently used in model studies because its purity,
secondary and tertiary chemical structures, activity, and
function have been well characterized by biochemists.
Pepsin and rennin are digestive enzymes found in the
stomachs of many mammals. Cytochrome ¢, which con-
tains an iron-porphyrin group, is a pigmented protein used
by aerobic cells to transfer electrons to oxygen. Although
the structure of cytochrome c isolated from different cells
varies slightly, a cytochrome of the ¢ type has been isolated
from blue-green algae (29).

Table I. Yields of Chloroform and Total Organic Chloride
(TOCI) Formed 5 Days after Chlorination of 5 mg/L
Solutions of Proteins and Humic Acid at pH 7.0 and 20 °C

., Tocy

To¢, - THMS ‘1o,

mg/L ug/L % yield pg/mg

bovine serum 66000 2.25 97 0.44 246
albumin (BSA)

chlorination
substrate M,

pepsin 30000 230 117 051 193
rennin® 30000 270 117 049
rennin 30000 270 47 020 99

cytochrome ¢ 12500 2.25 93 0.42 308
humic acid unknown 175 135 0.78 305

¢Data taken from ref 36. ®This solution of rennin was not dia-
lyzed.
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Flgure 1. Variation of protein concentrations (TDAN) and total algal
cell count in N.E. Tani Lake, Thornton, CO, in 1985.

Terminal 5-day THM and TOCI concentrations were
measured in solutions of each protein with a carbon con-
tent of 2-3 mg/L in 0.025 M potassium phosphate at pH
7.0, chlorinated to 20 mg/L Cl,, and incubated in the dark
at 20 °C. The results are recorded in Table I. Control
experiments showed that in all but one case (rennin)
dialysis did not reduce the amount of chloroform produced.
Commercial humic acid was used for comparison.

Solutions of BSA have a higher chlorine demand at pH
7.0 in 0.025 M phosphate buffer (20 £ 0.5 °C) than similar
solutions of humic acid. Four days after chlorinating 1
mg/L (as C) solutions of each to 11.9 mg/L (Cl,), the
humic acid solution showed a chlorine demand of 5.9 mg/L
per mg of TOC, while the BSA solution showed a demand
of 8.2 mg/L per mg of TOC.

BSA shows a marked increase in the yield of chloroform
as the pH is raised, especially above pH 9.0. Solutions of
BSA (5 mg/L) in 0.025 M aqueous potassium phosphate
(pH 7.0 and 8.0) or 0.025 M aqueous sodium borate (pH
9.0 and 10.0) were also chlorinated to 20 mg/L Cl, and
incubated in the dark for 5 days at 20 °C (£0.5 °C). The
relative yields of chloroform were 1.0 (pH 7.0), 1.2 (pH 8.0),
1.25 (pH 9.0), and 1.9 (pH 10.0).

Amino Nitrogen in Natural Waters. Copper sulfate,
approximately 0.5 mg/L, was added daily to N.E. Tani
Lake in Thornton, CO, from late May through mid Sep-
tember. The concentrations of total dissolved amino ni-
trogen (TDAN) were measured from April to November
1985. These concentrations as well as algal counts are
plotted in Figure 1. TDAN concentrations in N.E. Tani
Lake samples on September 11, 1984, measured 422 + 78
rg/L. Amino acid concentrations measured (ug/L amino
acid) were as follows: aspartic acid, 10.2; glutamic acid,
14.6; serine, 16.6; alanine, 19.0; valine, 12.6. This repre-
sented a total of 9 ug/L free amino acid nitrogen. Con-
centrations of other amino acids were much less.

Two studies were conducted to determine how water
treatment processes affect the concentrations of proteins
and the production of THMs in natural waters. On Feb-
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Table II. Protein Concentrations® and 5-Day Total
Trihalomethane Concentrations Produced from
Chlorination of Raw Water [pH 8.2, 20 (+0.5) °C] from N.E.
Tani Lake at Well 28,° Thornton, CO, Sampled on February
28, 1984

chlorine residual chlorine, 5-day TTHM, TDAN,?
dose, mg/L mg/L ug/L ug/L
0 0 71 £11
2 0 26 89
5 0 169 60 = 8
7 0 217 77 £ 13
10 .6 274 54+9
12 1.8 286 35+4

¢ Initial concentration of NH;—N was 0.45 mg/L. ®Protein con-
centration is defined as total dissolved amino nitrogen (TDAN)
following acid hydrolysis measured by fluorescence after derivati-
zation with fluorescamine (25). Data is recalculated from ref 36.

ruary 28, 1984, a study was conducted to determine the
effect of different chlorine dosages along a breakpoint
curve on the destruction of proteins and the concomitant
formation of trihalomethanes over 5 days (Table II). The
sample was collected from N.E. Tani Lake, which was
found to contain approximately 71 (£11) ug/L TDAN, and
had a 1-h chlorine demand of about 4 mg/L. It was
chlorinated to various levels along the chlorine-demand
curve of the water. The 5-day terminal THM concentra-
tions as well as the TDAN concentrations at each dosage
level are listed in Table II.

In a second study, water from a reservoir in southeastern
Pennsylvania was found to contain 179 + 30 ug/L TDAN.
Water was obtained from several points in the local
treatment plant to determine the effect of the different
phases of water treatment on the removal of proteins. The
utility adds powdered activated carbon to its raw water,
followed within 5 min by a rapid mix with chlorine and
alum and sometimes lime. The water is flocculated for 20
min, settled for 4-5 h, and filtered through a dual medium
of sand and anthracite coal. Ammonia is added after
filtration, followed by lime and chlorine before the water
is held in the clear well. The filter effluent was found to
contain 69 £ 11 ug/L TDAN, and the finished water was
found to contain 48 £ 11 ug/L TDAN.

Nominal Molecular Weight Fractionation of Raw
Water Organics: Proteins and Trihalomethane Pro-
duction. Ultrafiltration was used to separate by nominal
molecular weight the organics present in water from N.E.
Tani Lake, sampled on September 11, 1984. The original
sample contained 420 + 78 ug/L TDAN. The protein
concentrations and 5-day terminal THM concentrations
for each fraction are plotted in Figure 2. The recovery
of the raw water organics from the ultrafiltration mem-
branes appeared to be quantitative from a comparison of
the THMFP of the unfractionated water (298 mg/L) and
the sum of the THMFP of each fraction (329 mg/L).

Discussion

Yields of THM and TOCI from Proteins. The yields
of chloroform produced by proteins of widely varying
structure and molecular weight are remarkably similar to
each other. This is not surprising since, unlike humic or
fulvic acids, proteins have well-defined subunits, the 20
essential amino acids, which are found in all proteins. The
yields are about half that of humic acid (Table I, column
5).

Morris et al. (30) have measured the yields of chloroform
from excess chlorination at pH 7 of various amino acids.
In general, yields from most amino acids after a 24-h
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Figure 2. Protein concentrations in water from N.E. Tani Lake,
Thornton, CO, which had been fractionated by nominal molecular
weight using ultrafiltration. The fractions (in 0.025 M phosphate buffer
at pH 8.25 £ 0.05) were chlorinated to 30 mg/L Cl, and incubated 5
day at 20 °C and the THM concentrations measured.

contact time are low. Tryptophan and hydroxyproline give
the highest yields with alanine, phenylalanine, and proline
giving much lower yields. However, BSA contains no
hydroxyproline and only 0.35 mol % of tryptophan (24).
According to Morris et al. (30), the yield of chloroform from
tryptophan is 7.8% at pH 7.0 after a 24-h contact time.
Consequently, the yield of chloroform from the excess
chlorination of tryptophan residues in BSA is

2 mol of tryptophan 0,078 mol of chloroform

1 mol of BSA 1 mol of tryptophan
0.16 mol of CHCl,4

1 mol of BSA

Alanine, because of its greater abundance in the protein,
appears to be the largest producer of chloroform of the
amino acids studied by Morris, even though the yield of
chloroform from this amino acid is only 1%. If the same
calculation is performed for each of the four amino acids
examined by Morris using its abundance in BSA and the
yields of chloroform from each determined by Morris et
al. (30), then the total yield of chloroform expected from
the chlorination of BSA is 1.09 mol of CHCl;/mol of BSA.
If a solution of 10 mg/L BSA (1.5 X 1077 M, 4.4 mg/L as
carbon) in 0.025 M aqueous potassium phosphate at pH
7.0 is chlorinated to 20 mg/L chlorine and incubated for
24 h at 20 °C, a chloroform concentration of 1.09 X (1.5
X 107 M) would be predicted. In fact, such a solution
produces 80 ug/L or 6.7 X 107 M chloroform or 4.2 as
much as the predicted value. To determine if the higher
than predicted yield was due to an enhancement of the
reaction catalyzed by neighboring groups in the large
macromolecule, the protein was hydrolyzed before it was
chlorinated. The yield of chloroform from the hydrolyzed
protein was 84% of that from the unhydrolyzed protein.
However, this difference is insignificant, since some amino
acids, especially tryptophan, are decomposed by acid hy-
drolysis. Consequently, the discrepancy between the
predicted and the observed yields of chloroform from the
protein is probably due to very low yields of chloroform
from amino acids not studied by Morris.

The fact that chlorination of the hydrolyzed protein
produces almost as much chloroform in 5 days as the intact
protein suggests that the chloroform is being produced




from side chains of the amino acid with little influence
from the amide linkages.

Because BSA exerts a greater chlorine demand per
milligram of TOC than humic acid, it was expected that
the proteins would form significant concentrations of
TOCL There appears to be more variability in the TOCI
yields from the different proteins than in the THM yields.
Except for cytochrome ¢, the TOC1/TOC ratios for the
proteins are lower than for humic acid. Bruchet et al. (31)
reported a similar finding for a similar chlorine dosage and
a 24-h contact time. If the chlorine demand of proteins
is greater than humic acid but the TOCI levels are lower,
then a greater part of the demand must be going to re-
duction of the chlorine to chloride. The reactions of
aqueous chlorine with amino acids have been studied by
many workers and have been reviewed by Burleson et al.
(32) and Helz et al. (33). Recent work (30, 34, 35) has
demonstrated new reactions of amino acids not previously
noted. All of these studies have shown that a considerable
amount of chloride is produced in oxidizing primary amino
groups to carbonyls and carboxylic acid units to CO,.
Those TOCl-forming reactions that involve decarboxyla-
tion would also require scission of amide linkages, which
may be more dependent on the tertiary structure of the
protein than chloroform formation.

Seasonal Variations of Total Dissolved Amino Ni-
trogen Concentrations and Algal Counts in N.E. Tani
Lake, Thornton, CO. Less than 3% of the TDAN in N.E.
Tani Lake on September 11, 1984, was due to free amino
acids. Proteins appeared to be the major portion of
TDAN. These results are consistent with those of Tuschall
and Brezonik (18), who found that free amino acid con-
centrations in two lake waters and an algae culture were
between 3 and 8% of the TDAN levels.

When routine measuring of TDAN concentrations was
begun in April 1985, levels were comparatively low. They
increased gradually throughout the summer months
(Figure 1). Several small algal blooms were recorded on
June 26 and on August 20 (Figure 1), and the TDAN
concentration was found to have increased in the nearest
sampling. Addition of copper sulfate was suspended in mid
September, and a massive algal bloom was recorded shortly
thereafter. In the sampling at the end of September, the
concentration of TDAN had jumped to 0.96 mg/L or
greater than 4 times the concentration in the previous
sampling. These data support the correlation between
algal blooms and protein concentrations in natural waters.

Implication of Models for Natural Waters. Typical
proteins (e.g., BSA in Table I) have carbon/nitrogen
weight ratios of 3:1. To estimate the concentration of
proteinaceous carbon, the TDAN value was multiplied by
3. Therefore, the water in Figure 1, which contained 0.96
mg/L TDAN, contained approximately 2.9 mg/L protein
C. If the proteins in the natural water respond to chlo-
rination like the BSA model, then with sufficient chlorine
0.4 mol % of the carbon will be converted to chloroform.
This means that, regardless of any humic or fulvic acids
in the water, the proteins alone have the potential for
producing 115 ug/L CHCl,, which exceeds the U.S. En-
vironmental Protection Agency’s (EPA) maximum con-
taminant level (MCL) for chloroform.

Water Treatment and the Removal of Proteins. The
presence of ammonia in a natural water inhibits the de-
struction of proteins as well as the production of THMs.
As shown in Table II, THM formation was minimized
when a natural water containing ammonia was chlorinated
to levels below the ammonia breakpoint (4 mg/L as Cly).
THM concentrations begin to increase dramatically at

dosage levels of 5 mg/L and above. However, the protein
levels remain relatively constant in samples that contain
no free chlorine after 5 days. When free chlorine is de-
tected in a sample, the protein concentrations begin to
decrease. This suggests that the peptide backbone, which
would account for the major portion of amino nitrogen
measured after hydrolysis, remains intact while more re-
active side chains (as well as humic acid) react with active
chlorine. This is consistent with the slow reaction rate of
amide linkages with hypochlorite. Coagulation, sedimen-
tation, filtration, and disinfection remove successively in-
creasing amounts of proteins but do not remove them
completely. Throughout the treatment process about 50%
of the proteins was removed.

Nominal Molecular Weight Distribution of Pro-
teins and THM Precursors. Veenstra and Schnoor (36)
showed that greater than 85% of both the total organic
carbon (T'OC) and the total THM yields from chlorination
of Iowa River water was produced by organic precursors
with nominal molecular weights less than 3000. Figure 2
shows that 75% of the THM precursors and 74% of the
TDAN in water from N.E. Tani Lake have a nominal
molecular weight less than 5000. By using the calculation
discussed above to estimate the amount of chloroform
produced in 5 days by chlorination of each fraction, it
appears that proteins contribute between 8 and 11% of
the total chloroform produced in each of these fractions.
The remainder presumably is derived from humic and
fulvic precursors.

Conclusions

Proteins react with aqueous chlorine to produce chlo-
roform and total organic chlorine compounds with yields
slightly lower than, but comparable to, a model humic acid.
Chlorination of ultrafiltrate fractions of one natural water
suggested that proteins contribute about 10% of the
THMFP of this water. However, seasonal variations in
the concentrations of proteins in natural waters appear to
be related to algal blooms. Consequently, their contribu-
tion to the THMFP of a natural water may be more sig-
nificant during summer months of high algal growth. Since
proteinaceous THM precursors differ from the classical
polyhydroxylated phenolic precursors, it may be important
for treatment plant operators to develop different treat-
ment techniques to control the concentration of different
types of precursor molecules. This may be especially im-
portant if the EPA lowers the MCL of total THMs in
finished drinking waters, as recommended recently by the
National Academy of Sciences (38).

Registry No. Pepsin, 9001-75-6; rennin, 9001-98-3.
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Occurrence and Bioaccumulation of Organochlorine Compounds in Fishes
from Siskiwit Lake, Isle Royale, Lake Superior

Deborah L. Swackhamer' and Ronald A. Hites*

School of Public and Environmental Affairs and Department of Chemistry, Indiana University, Bloomington, Indiana 47405

B A wide range of chlorinated organic compounds was
measured in different size classes of lake trout (Salvelinus
namaycush namaycush) and whitefish (Coregonus cul-
peaformis neohantoniensus) from Siskiwit Lake, a remote
lake on Isle Royale in Lake Superior. Our results confirm
the long-range transport of several chlorinated pesticides
and polychlorinated biphenyls (PCBs) and, in addition,
indicate that technical chlordane constituents, octa-
chlorostyrene, pentachloroanisole, and decachlorodiphenyl
ether also are transported to remote locations. Chemical
concentrations as a function of fish age (size) were not
similar between species and were not consistent among
compounds. Differences in bioaccumulation with age
between species for a given compound indicated that
physical-chemical properties alone do not determine bio-
accumulation in a species; fish characteristics are also im-
portant. The relationship of the bioconcentration factor
(BCF) and the octanol-water partition coefficient (K,)
was examined. The correlation was weak (% = 0.73) for
pesticides and poor (r? = 0.46) for PCB congeners when
compared to published relationships based on laboratory
data.

Introduction

The contamination of aquatic environments by per-
sistent organic compounds has affected biota at every point
of the food web. Because of the concentration of these
compounds at top levels, fishes are an excellent indicator
organism for detecting trace organic compounds whose
presence in water would be difficult to measure directly.
The difference in contaminant concentration between
water and fishes provides an indication of the bioavaila-
bility of these compounds. Although numerous data bases
exist on organic compound concentrations in Great Lakes
fishes (1-9), few data are available for more remote regions.

In this paper, the concentrations of a wide range of
chlorinated organic compounds in lake trout (Salvelinus
namaycush namaycush) and whitefish (Coregonus cul-
peaformis neohantoniensus) obtained from Siskiwit Lake,
located near the south shore of Isle Royale National Park
in Lake Superior, are reported. This remote lake is more
than 50 km from the nearest city (Thunder Bay, Ontario).
The island was designated as a national park in 1940 and
has had little anthropogenic activity. Access to the lake
is by backpack trail only. The lake is a recharge lake with
no inflow from Lake Superior. Our intent was threefold:
(1) to evaluate the extent of contamination by these com-
pounds in a remote lake system as indicated by concen-
trations of contaminants in fish, (2) to assess the relative
bioavailabilities of these compounds by looking at species
differences and age differences within species, and (3) to
determine the relationship of bioconcentration factor
(BCF) and octanol-water partition coefficient (K,,) and
to compare these data to bioaccumulation models. Because

'Present address: Environmental and Occupational Health,
School of Public Health, Box 197 Mayo, 420 Delaware St. SE,
University of Minnesota, Minneapolis, MN 55455.
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Table I. Characteristics of Fish Composites from Siskiwit
Lake

13
@®
L

size mass range, size range,

species class N kg (mean) cm (mean) M F
lake trout XLG 4 2.5-3.1(27) 62-67(64) 2 2
LG 6 2.1-23(22) 5862(60) 2 4

MED 5 1.7-2.0(1.8) 53-58(56) 2 3

SM 3 1.1-16(14) 4856(52) 3 O

whitefish LG 6 14-2.1(16) 52-53(53) 1 5°
MED 5 1.2-13(1.2) 47-53(51) 4 1°

SM 4 1.0-12(L1) 46-48(47) 2 2°

2One female not spawning at time of collection. ®Two females
not spawning at time of collection.

these previously reported relationships have been based
on laboratory rather than field studies, the models were
tested for their applicability to natural systems.

Methods

Fishes were collected by net. They included lake trout
and whitefish. Specimens were frozen upon collection.
Fish were grouped into composites of similar size and
weight; their characteristics are described in Table I. Sex
was determined by dissection.

Whole fish were ground with a commercial meat grinder,
and composites were reground together to homogenize
them. Samples (approximately 12 g, wet tissue) were
mixed with anhydrous Na,SO, (approximately 85 g) and
Soxhlet extracted with hexane—acetone (1:1) for 24 h. The
internal standard, 2,2',3,4,4’,5,6,6'-octachlorobiphenyl, was
added to the extraction solvent prior to extraction. Ex-
tracts were reduced in volume, solvent-exchanged to hex-
ane, and subsampled for lipid analysis. The lipids were
removed from the extracts by gel permeation chromatog-
raphy (GPC) (10). Extracts were passed over a 2.5 X 38
cm column containing SX-2 Bio-Beads (Bio-Rad, Inc.) and
eluted with cyclohexane—dichloromethane (3:2). The el-
uate was monitored by a fixed-wavelength UV flow de-
tector (254 nm) in order to isolate the fraction containing
the compounds of interest. Extracts were reduced in
volume, solvent-exchanged to dichloromethane, and
cleaned on a microcolumn (0.5 X 8 cm) of silica gel (1%
deactivated, w/w). Extracts were eluted with 3 column
volumes of dichloromethane followed by methanol. The
dichloromethane fraction was solvent-exchanged to hexane,
reduced to approximately 1 mL, and stored at —20 °C until
analysis. Lipid content was determined gravimetrically
by drying a 50.0-uL aliquot of sample extract at room
temperature to constant weight (48-60 h).

Samples were analyzed by gas chromatographic mass
spectrometry (GC-MS) in the electron capture, negative
ion mode with methane as the enhancement gas. The gas
chromatograph was a Hewlett-Packard 5840 equipped with
splitless injection, a DB-5 capillary column (0.2 mm X 30
m, J&W Scientific), and helium carrier gas. The oven was
programmed from 40 to 280 °C at 4 deg/min and held at
280 °C for 15 min after an initial 2-min hold. The splitless
vent time was 0.9 min, and the column flow rate was 1.0
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Table II. Contaminant Concentrations in Siskiwit Lake Fish Expressed as ng/g of Lipid

whitefish concn

SM

MED

LG

XLG

SM

compound mean MED LG mean
BHC 140 110 180 110 130 150 180 280 200
pentachlorobenzene 3.3 2.2 3.0 4.7 3.3 3.9 6.4 838 6.4
hexachlorobenzene 48 40 62 110 65 64 88 100 85
heptachlor epoxide 74 30 45 85 58 210 190 120 170
dieldrin 470 180 310 1200 550 690 760 420 620
pentachloroanisole 3.1 3.1 3.8 4.4 3.6 44 6.3 838 6.5
DDE 3600 2800 4300 37000 12000 4700 7600 5100 5800
chlordane 320 230 380 770 420 320 330 140 260
octachlorostyrene 13 13 17 32 19 12 24 13 16
toxaphene 4400 15000 14000 8500 11000 6400 10000 4500 7000
nonachlor 290 360 600 1100 570 490 370 500 450
mirex 19 17 nd® nd 9.1 11 nd nd 3.7
decachlorodiphenyl ether 4.2 18 15 nd 9.3 84 53 31 31
Dacthal 43 28 42 38 38 37 30 70 46
oxychlordane 43 34 45 170 73 160 200 140 160
endosulfan nd 1.5 nd nd 0.4 nd nd nd nd
PCBs
2,2 57 nd nd 24 20 110 nd nd 36
2,4’ 460 420 400 320 400 490 570 360 480
4,4 180 410 440 380 350 460 620 230 440
2,25 23 80 84 71 64 54 80 48 60
2/,3,4 97 300 290 200 220 210 210 83 160
2,233 20 65 60 35 45 160 390 120 230
2,2',4,5’ 40 130 120 70 90 78 100 33 i
2,2',5,5’ 60 160 130 90 110 120 180 110 130
2,2,3,4,5 54 96 130 67 86 160 210 83 150
2,245, 170 270 220 190 210 150 230 190 190
2,3',4,4',5 170 250 210 520 290 280 420 130 280
2,2',3,4,4',5 85 160 150 88 120 190 260 56 170
2,2/,3,4,4',5 530 790 560 1500 830 1000 1600 490 1000
2,2/,34'5,6 73 120 110 93 100 73 130 36 80
2,2/,34,4',5,5 230 290 250 1100 470 350 540 220 370
2,2,34,5,5,6 180 320 180 330 250 150 250 96 160
2,2',3,3,4,4',5,5 49 76 56 260 110 95 140 70 100
2,2,3,3,4',5,5,6 85 130 110 260 150 120 180 86 130
2,2/,3,3/,4,4',5,5,6 nd 66 nd 160 56 nd 98 nd 33

?nd = not detected.

mL/min. The transfer lines, modified as described by
Jensen et al. (11), and the injection port were kept at 285
°C. The MS was a Hewlett-Packard Model 5985B. The
ion source temperature was 100 °C, and the methane
pressure was 0.35 Torr as measured by a capacitance
manometer (12).

Polychlorinated biphenyl (PCB) congeners were quan-
tified with an HP 5890 GC equipped with an electron
capture detector, splitless injection, HP 7376 autosampler,
and HP 3392 integrator interfaced to an IBM XT com-
puter. The column used was the same as above. GC
conditions were as follows: injection port, 225 °C; detector,
325 °C; hydrogen carrier gas, 1.3 mL/min; 95/5% argon-
in-methane makeup gas, 20 mL/min; splitless vent time,
0.9 min; initial temperature, 100 °C for 1 min; ramp to 160
°C at 30 deg/min; ramp to 260 °C at 2 deg/min; ramp to
280 °C at 10 deg/min.

Fish samples were examined for the following com-
pounds: trichloroanisole, pentachloroanisole, penta-
chlorobenzene, hexachlorobenzene, a-, 8-, y-, and §-hexa-
chlorocyclohexane (BHC), chlordene, heptachlor, aldrin,
Dacthal, octachlorostyrene (OCS), heptachlor epoxide,
oxychlordane, a- and vy-chlordane, endosulfan I, trans-
nonachlor, dieldrin, p,p~DDE, 0,p-DDD, p,p-~DDT, mirex,
photomirex, penta- and decachlorinated diphenyl ethers,
total toxaphene, and 22 PCB congeners. The PCB con-
geners chosen for study were selected to span a wide range
of chlorination, molecular weight, solubility, and vapor
pressure, and because they were prominent in the samples
and contribute significantly to the mass of commercial
Aroclors. The detection limit for all compounds was ap-
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proximately 1 ng/g, expressed on a fish lipid basis. Com-
pounds were identified by comparing their mass spectra
and GC retention times to those of known standards. All
compounds except toxaphene and PCBs were quantitated
by comparing the areas of representative mass chromato-
grams from the unknown and the internal standard (m/z
430) and from the relative response factor for the standard
compound. New response factors were determined for
each day’s analyses.

Toxaphene was quantitated by a selected ion monitoring
(SIM) program developed in this laboratory (13). PCB
congeners were quantitated against standard response
factors by the internal standard method. Response factors
were determined from individual PCB congeners (Ultra
Scientific) on the same day as analyses.

Procedural blanks were included with every five sample
extractions. Blank levels were negligible. Three of the
eight samples were extracted in duplicate, and three of the
resulting 11 extracts were analyzed in duplicate. The
coefficients of variation were 36 and 28% for duplicate
extractions and duplicate GC-MS analyses, respectively.
Because quantitation was done relative to an internal
standard added at extraction, all reported concentrations
are corrected for procedural losses. Duplicate lipid
analyses varied by 6%.

Results and Discussion

The concentrations of compounds found in Siskiwit
Lake fish are shown in Table II expressed as nanograms
of compound per gram of fish lipid. Because these com-
pounds are lipophilic, their concentrations are normalized



Table III. Concentrations of Selected Organochlorine Compounds in Lake Superior and Siskiwit Lake Lake Trout and

Whitefish®

species location date ref

lake trout Lake Superior 1975 15
Lake Superior 1977-1979 5

Siskiwit Lake 1975 15

Siskiwit Lake 1983 e

whitefish Lake Superior 1975 15
Lake Superior 1977-1979 5

Siskiwit Lake 1975 15

Siskiwit Lake 1983 e

PCB
14

5
34
d
4
3
3
d

DDE dieldrin HCB BHC hept epox
4 04 0.08 0.1 0.05
2 0.3 0.05 0.1 nm®

68 0.3 0.1 0.3 0.2

12 0.5 0.06 0.1 0.06
2 0.3 0.06 0.1 0.04
0.9 0.4 0.1 0.2 nm
2 0.2 nd°® 0.2 0.2
6 0.6 0.09 0.2 0.2

2 All concentrations are expressed in ug/g of fish lipid. ® Not measured. Not detected. Total PCB was not measured in this study, but
based on congener analysis, PCB levels are estimated to be less than in 1975. ¢This study.

to lipid content to facilitate comparisons among samples
having differing amounts of fat. Of the compounds tar-
geted for study, trichloroanisole, §- and 6-BHC, chlordene,
heptachlor, aldrin, DDD, photomirex, and pentachloro-
diphenyl ethers were not found in the fish. DDT was
detected in large and medium lake trout composites but
not in amounts that could be reliably quantitated. Ad-
ditional isomers of chlordane and nonachlor were also
detected. For these compounds, an average response factor
of the available isomer standards was used for their
quantitation.

Toxaphene, a mixture of chlorinated camphenes, gen-
erally was the most abundant contaminant. The most
abundant single pesticide in all the samples was DDE,
followed by dieldrin and trans-nonachlor. PCB congeners
were also present in high concentrations relative to other
compounds. The least abundant compounds were penta-
chlorobenzene, pentachloroanisole, y-BHC, and deca-
chlorodiphenyl ether. Mirex was detected in only three
fish composites, and endosulfan was in a single composite.

The high concentrations of DDE may partly be due to
localized DDT application. Isle Royale National Park
officials recall that some DDT was used on the island in
the 1960s. However, no other pesticides were used.

Atmospheric Transport. Because Siskiwit Lake is
remote and far from point sources, the presence of con-
taminants in Siskiwit Lake indicates their source is the
atmosphere. Long-range atmospheric transport of PCBs,
chlorobenzenes, DDT, BHC, dieldrin, heptachlor epoxide,
and toxaphene have been documented (14-18). The oc-
currence of Dacthal, mirex, chlordane, nonachlor, oxy-
chlordane, octachlorostyrene (OCS), pentachloroanisole,
and decachlorodiphenyl ether (DPE) in a remote site has
not been reported previously, and this indicates that these
compounds are transported and deposited in sites far re-
moved from their initial application or formation. Once
they are transferred to the lake by wet and dry removal
processes, they enter the food chain and are accumulated
in fish.

It is not surprising that these pesticides are widely
distributed in the environment because many of them were
used extensively and are resistant to degradation. How-
ever, it is surprising to find OCS in Siskiwit Lake. This
chemical was not manufactured directly for a specific use,
but it was a byproduct in the manufacture of chlorine gas
(19). High concentrations of OCS are found in the Lake
Ontario ecosystem because of a point source on the Niagara
River; there is little evidence of its presence in the upper
Great Lakes (6). The presence of OCS in Siskiwit Lake
fishes confirms that it is also subject to atmospheric
transport to remote sites. Pentachloroanisole and DDE
are biodegradation products of pentachlorophenol and
DDT, respectively. These compounds were either trans-
ported directly or were formed after transport prior to

uptake by fish. Decachlorodiphenyl ether (DPE), a by-
product in the formation of pentachlorophenol, apparently
also is transported to remote sites.

Concentrations of chlorinated organic compounds in
Siskiwit Lake fishes are generally similar to those in Lake
Superior fishes (see Table III) and less than those in fishes
from the other Great Lakes on a species basis (1-5, 7). The
similarity in concentrations to Lake Superior fishes is
expected because the atmosphere is thought to be the
primary source of contaminants to Lake Superior (20).

Swain (18) conducted a study in 1976 that compared
contaminant concentrations in lake trout and whitefish
from several locations in Lake Superior to those in Siskiwit
Lake. He found that when concentrations were normalized
to lipid content, the Siskiwit lake trout had significantly
higher concentrations of PCBs, HCB, BHC, heptachlor
epoxide, and DDE than lake trout from Lake Superior.
Siskiwit whitefish had higher concentrations of BHC and
heptachlor epoxide. Further investigation revealed that
concentrations of PCBs in Siskiwit Lake water were con-
siderably greater than those in open Lake Superior waters.
Thus, increased exposure led to higher contaminant con-
centrations in fishes. Although both lakes may receive
similar inputs, differences in depth and particle removal
mechanisms possibly account for the different aqueous
concentrations. Recent findings by this laboratory support
these observations (21).

Comparison of the contaminant concentrations in
Siskiwit lake trout from 1975 and 1983 indicates that
contaminant concentrations in fish generally have de-
creased over time. A quantitative comparison could not
be made for PCBs because earlier studies measured total
PCBs and this study measured selected congeners. How-
ever, a qualitative assessment of the data indicates that
PCB concentrations have decreased with time. The ob-
servation of decreasing contaminant concentrations is
supported by a comparison of the Lake Superior lake trout
data from 1975 and 1977-1979. This decrease is consistent
with a decrease in the input functions for these com-
pounds; for example, PCBs are now banned for use by the
EPA. This decreasing trend is not seen in the whitefish,
where DDE and dieldrin are higher in the later measure-
ments. This indicates that the source of contaminants to
the whitefish has not decreased over time and is different
from the source for lake trout. This observation may be
explained by differences in fish food sources. The lake
trout are deep-water pelagic piscivores, while the whitefish
are benthic omnivores. Because of low sedimentation rates,
mixing, and resuspension, concentrations of PCBs in
sediments (and in benthic biota) would respond more
slowly to decreased atmospheric inputs than would the
water column and its biota.

Species and Age Differences. Concentrations aver-
aged across all size groups were not consistently higher in
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Figure 1. The distribution of concentrations relative to fish size for 17
compounds in Siskiwit lake trout and whitefish. Concentrations of each
compound are normalized to the highest concentration in the species
size classes. PCBs are the sum of selected congeners and are not
total PCB.

one species compared to the other. This is probably be-
cause they are both near the top of their respective, but
separate, food webs. To compare relative differences
among size classes for each of the compounds in a given
species, concentrations were expressed as a fraction of the
highest concentration. The results are displayed in Figure
1 for both species.

Among lake trout, the extra-large (XLG) size group
generally had the highest concentration of contaminants.
If one assumes that size is directly correlated to age, then
longer exposure times would lead to increased concentra-
tions of compounds in these fish. The large class usually
had higher concentrations than the medium class. For
most compounds, the small size class also had higher
concentrations than the medium size class. It is possible
that this is an artifact due to the sexual composition of the
composites. The small lake trout contained no females (see
Table I), and thus, they would have no way to lower body
burdens of lipophilic contaminants by spawning (22).
Excluding the small class from the comparison, the general
trend is medium < large < extra-large for many of the
compounds, which suggests that bioaccumulation of com-
pounds is related to length of exposure or to dietary intake.
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The food sources for the extra-large lake trout may have
a greater contaminant burden than those for smaller lake
trout, thus contributing to the higher contaminant con-
centration in the larger fish. The profiles of BHC, mirex,
DPE, and Dacthal suggest that length of exposure does
not affect bioaccumulation of these compounds.

The concentration distribution with age in whitefish
differed among compounds to a greater extent than the
same distributions did in lake trout. No one size class
consistently had the highest concentrations. Although the
medium size class usually had higher concentrations than
the small size class, this trend did not extend to include
the large size class. Because the latter consisted of 80%
females, it is possible that spawning may have decreased
their body burdens. Thus, fish sex may be an important
variable to consider when compositing fish.

Note that the size profile for a given compound was not
the same between species for about half of the compounds
studied. This indicates that contaminant properties alone,
such as K, or solubility, do not determine uptake but that
species factors may play an equally important role. Pos-
sible factors may include lipid compositional differences
(relative amounts of saturated and unsaturated fatty
acids), metabolic differences, contaminant source differ-
ences, or dietary intake. However, because the number
of fish in each size class is small, the conclusions offered
here are not definitive.

Bioconcentration. Bioaccumulation of compounds in
fish is the process by which chemicals are enriched in the
organisms relative to the water in which they reside. It
is well accepted for fishes and many other animals that
hydrophobic compounds preferentially accumulate in lip-
ids relative to other compartments. Accumulation of
contaminants in fish lipids can occur by two routes: (a)
diffusion from the water across the gills into the body and
(b) transfer from the gut into the body after consumption
of contaminated food. The relative importance of these
routes is affected by species, locale, food web, and con-
taminant physical-chemical properties.

The bioconcentration factor, BCF, has been used to
quantitatively describe bioaccumulation. It is defined as
the dimensionless ratio of wet-weight contaminant con-
centration in fish, Cy, to the water concentration, Cy:

BCF = Cp/Cy

It also describes the equilibrium reached between uptake
and depuration of a contaminant by fish and is the ratio
of the respective rate constants for those processes.

The association of contaminants with fish lipids has led
several researchers to model bioaccumulation on the basis
of lipid-water equilibrium partitioning and to develop
correlations between BCF and K, the octanol-water
partition coefficient (23-29). These models assume that
octanol is suitable for modeling fish lipids and that the
contaminant is recalcitrant. Mackay (28) argues that the
slope of a plot of log BCF vs log K, should be unity if
octanol is a good surrogate for fish lipids, and his model
supports this. Significant correlations have been observed
for a wide range of hydrophobic organic compounds having
K, and BCF values spanning 4-5 orders of magnitude.
These models serve as a reasonable approximation for
modeling BCF, but they can have errors of up to 1 log unit.
The BCF data for these older studies were all derived from
laboratory tank studies where fish were exposed to water
having a known contaminant concentration. Thus, con-
sumptive uptake was not included.

How well do these models explain the real world? BCF
values were calculated for 27 compounds in our data set
where contaminant concentrations in water were obtained.
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Figure 2. Least-squares linear regression of log BCF vs log K, for
Siskiwit lake trout (X) and whitefish (+). The BCFs are lipid-normalized.
The 90% confidence limits about the population mean are shown.
DDE and decachlorodiphenyl ether (DPE) were omitted from the re-
gression.

Whitefish and lake trout values were normalized to lipid
content, and the resulting log BCF values were plotted
against log K, (see Figure 2). Lipid normalization fa-
cilitates comparison of the two species and affects the
intercept but not the slope of the relationship. While a
trend is observed between log BCF and log K, there is
considerable scatter in the data. Omitting DDE and DPE
from the regressed data set (because of highly enhanced
and depressed BCF values, respectively), a regression
coefficient (r?) of 0.46 was obtained. While this is a sta-
tistically significant correlation (r? = 0.18 at p = 0.01), it
is much less than the regression coefficients obtained in
the aforementioned laboratory studies, all of which were
>0.9. Thus, laboratory-derived models may be poor ap-
proximations of bioaccumulation of these compounds in
fish in the environment.

Oliver and Niimi (30) developed a log BCF-log K.,
relationship for chlorinated benzenes in laboratory ex-
periments with rainbow trout and then tested their model
against fish from Lake Ontario. They found that, with the
exception of hexachlorobenzene (HCB), their model ac-
curately predicted the field contaminant concentrations
in fish. They concluded that lake exposure rather than
consumptive processes controlled the chlorinated benzene
concentrations in rainbow trout (except for HCB). How-
ever, Thomann and Connolly (31), in their model of the
Lake Michigan lake trout food chain, found that concen-
trations of PCBs in lake trout could not be predicted by
a simple log BCF-log K, relationship and that >99% of
the PCBs in lake trout were derived from food chain up-
take rather than lake water exposure. This was also found
for PCBs in Lake Michigan lake trout by Weininger (32).
Farrington and co-workers reported that the BCF values
of selected PCB congeners in mussels, lobster, and flounder
were poorly predicted by log K, (33, 34). Thus, evidence
exists that this relationship cannot be strictly applied to
PCB bioaccumulation in the field. Possible explanations
for this PCB anomaly include selective metabolism of
different congeners, differential uptake, or depuration rate
variations due to chlorine configuration differences af-
fecting membrane transport.

If PCBs are excluded from our data set, the regression
becomes log BCF = 1.05 log K, + 0.39 with r*> = 0.73.
This correlation more closely resembles that of Mackay
(28). However, substantial deviations still exist. The re-
gression underestimates the BCF for DDE by more than
2 orders of magnitude. The observed enhanced biocon-

centration may be due to preferential membrane transport
because of its more planar configuration compared to the
other compounds in the data set. The planarity of a
molecule has been implicated in controlling bioavailability
of dioxin congeners in fish (35).

The BCF for DPE is several orders of magnitude lower
than predicted by the regression. It has been postulated
that accumulation of certain high molecular weight com-
pounds is prohibited when the width of the compound is
>9.5 A (36). This may explain why octachlorodioxin and
octachloronaphthalene are not readily accumulated,
whereas decachlorobiphenyl is accumulated. The low
accumulation of DPE is consistent with this model.

Clearly, the log BCF-log K, model is only useful as a
rough approximation of bioaccumulation in the field, and
it fails completely for some classes of compounds such as
PCBs. The assumption that octanol can be used to ap-
proximate lipids may be incorrect. The thermodynamics
for equilibrium partitioning between water—fish lipid and
water—octanol may not be similar (37, 38). Inclusion of
metabolism, lipid composition, and molecular size and
configuration is needed to reliably model bioaccumulation
of contaminants in fish in the environment.
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Comparative Toxicology for Risk Assessment of Marine Fishes and

Crustaceans’

Glenn W. Suter II* and Aaron E. Rosen

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

B The goal of this study was to collect data on the effects
of chemicals on marine fishes and crustaceans and to
evaluate the predictive power of the data for assessing risks
to marine resources. The data sets consisted of acute
median lethal concentrations (LCss) and chronic maxi-
mum acceptable toxicant concentrations (MATCs). They
were analyzed with regression models and simple com-
parisons. The conclusions include the following: (1) the
variability found in the marine data was comparable to
that found in freshwater data; (2) the standard marine test
fish Cyprinodon variegatus appears to be representative
of marine fishes; (3) the responses of marine crustaceans
are so highly diverse that the concept of a representative
crustacean is questionable; (4) mysid and penaeid shrimp
appear to be particularly sensitive to toxic chemicals.
These conclusions are subject to the constraints of the
existing limited data base and should be confirmed by a
systematic study of the relative sensitivity of marine or-
ganisms to chemicals with diverse modes of action.

Introduction

Fishes and crustaceans inhabiting coastal marine waters
are subject to the effects of a variety of pollutants plus
habitat loss, harvesting, entrainment in water intakes, and
natural stresses. Changes in the abundance of these or-
ganisms are apparent but difficult to explain. The goal
of this study was to collect data on the effects of chemicals
on marine fishes and crustaceans and evaluate the pre-
dictive power of the data using environmental risk as-

tPublication No. 2792, Environmental Sciences Division, Oak
Ridge National Laboratory.
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sessment methods developed for the U.S. Environmental
Protection Agency (EPA) (I). The results would be a tool
for determining where pollutants may be affecting coastal
stocks of fishes and crustaceans.

The specific objectives were as follows: (1) to evaluate
the utility of existing marine toxicity data for developing
the types of taxonomic and acute—chronic extrapolation
formulas that have been used for risk analysis of toxic
effects on freshwater organisms (2, 3), (2) to examine the
representativeness of the standard marine test species, (3)
to compare the relative sensitivities of toxicants of different
marine species, (4) to evaluate the feasibility of extrapo-
lating from freshwater to marine species.

Methods

Data Sets. We used four data sets in this study. The
first is a marine chronic toxicity data set consisting of data
from studies reporting acceptable life cycle, partial life
cycle, or early life stage maximum acceptable toxicant
concentrations (MATCs) for marine or estuarine fishes or
crustaceans. The MATC is the geometric mean of the
lowest concentration producing a statistically significant
effect and the highest concentrationproducing no such
effect on survival, growth, or fecundity in any life stage
in a life cycle, partial life cycle, or early life stage test. It
is used as a threshold for toxic effects in exposures of
indefinite duration but does not correspond to any par-
ticular level or type of effect on any particular life stage.
The MATCs and associated 96-h median lethal concen-
trations (LCjys) for 114 species—chemical pairs are listed
in Table I. The second is an equivalent set of chronic data
for freshwater fishes, containing the results of 177 chronic
tets (I). The third is a set of chronic data (MATCs and

0013-936X/88/0922-0548$01.50/0 © 1988 American Chemical Society



Table I. Marine Chronic Data Set

LCs;, MATC, MATC LCs, MATC, MATC
chemical species® upg/L  pug/L  type®  ref chemical species” ug/L  pg/L  type®  ref
AC 222, 705 Ccv 11 0.04 ELS 4 endrin PP 035 0.04 LC 31
acenaphthene Ccv 3100 710 ELS 5 MB 018  0.01 LC 32
acephate MB 73000 900 LC 6 CVv 0.34 0.19 LC 33
silver nitrate MB 249 19 LC 17 CV  0.38 0.31 ELS 34
MB 141 15 LC 8 EPN [O-ethyl O-(p-nitrophenyl) MB 3.01 1.35 LC 25
MB 59 LC 8 phenylthiophosphonate]
MB 300 53 LC 8 (%Y 57 LC 35
aldicarb MB 16 1.2 LC &6 ethoprop MB 175 0.47 LC 6
ammonium jarosite CVv 500000 180000 ELS 9 Ccv 180 16 ELS 6
Aroclor 1016 (01% 71 ELS 10 fenvalerate CvV 5 11 ELS 4
Aroclor 1254 Ccv 0.098 ELS 11 fluoranthene MB 40 16 LC 28
arsenic MB 1740 893 LC | guthion CcvV 0.35 LC 35
atrazine MB 1000 123 LC 12 heptachlor CV 368 1.58 ELS 36
Cv 16000 2542 ELS 12 CvV 10.5 14 LC 37
bis(tributyltin) oxide = CV 0.96 3.7 LC 13 mercury MB 35 11 LC 38, 39
bromoform CVv 71000 6400 ELS 5 isophorone CcvV 140000 110000 ELS 5
carbofuran CcvV 386 19 LC 14 kepone EA 40 71 LC 40
carbophenothion PP 29 0.28 LC 6 MB 101 0.043 LC 15
MB 3.0 0.76 LC 6 Cv 69.5 0.094 LC 41
(61% 2.8 19 ELS 6 CvV 69.5 0.08 LC 42
cadmium MB 155 5.5 LC 15,16 leptophos MB 331 1.06 LC 25
MB 110 71 LC 1T malathion Cv 51 6 LC 14
chlordane (01% 125 0.6 LC 18 methoxychlor Cv 49 17 LC 14
cv 24.5 11 ELS 19 methyl parathion MB  0.77 0.13 LC 25
oxidants MP 0054 0.072 ELS 20 nickel MB 508 93 LC 38
chlorpyrifos MM 1.7 0.37 ELS 21 lead MB 3130 25 LC 7
LT 13 1.2 ELS 21 pentachlorobenzene CcvV 26 ELS 30
MY 4.2 0.54 ELS 21 Ccv 29 ELS 30
MP 1.3 46 ELS 21 CvV 66 ELS 30
CvV 2.3 ELS 22 Cv 87 ELS 30
OB 560 <3.7 ELS 23 CvV 145 ELS 30
chlorine MP 54 46 ELS 24 CVv 73 ELS 30
cyanide MB 113 (1} LC 7 CV 155 ELS 30
Ccv 300 36 ELS 7 CVv 88 ELS 30
chromium MB 2030 132 LC 24 Ccv 74 ELS 30
copper MB 181 54 LC 1 pentachloroethane MB 5060 580 LC 28
DEF MB 455 <0.34 LC 25 pentachlorophenol CV 420 64 LC 18
(S,S,S-tributyl permethrin Ccv 7.8 1.06 ELS 4
phosphotrithioate) phorate MB 033 0.11 LC 25
diazinon MB  4.82 1.94 LC 25 CV 13 0.31 ELS 6
diazinon Ccv 1470  <0.47 LC 26 selenium MB 15000 212 LC 43
dieldrin EA 23 1.4 LC 27 CV 7400 675 ELS 43
dieldrin MB 45 0.73 LC 28 tetrachloroethylene MB 10200 450 LC 28
dimilin MB  2.06 <0075 LC 29 thiobencarb MB 330 28 LC 8
endosulfan MB 137 0.48 LC 28 thallium Ccv 20900 6000 ELS 28
MB 130 0.48 LC 8 toluene CV 13000 5000 ELS 5
MB 105 0.21 LC 8 toxaphene MB 269 0.10 LC 25
MB  5.00 0.41 LC 8 CvV 11 19 ELS 36
MB 460 0.25 LC 8 trifluralin CvV 190 25 LC 18
CVv 0.95 0.40 ELS 28 zine MB 499 166 LC 7
(61 0.68 ELS 30 1-chloronaphthalene CV 690 555 ELS 5
Cv 0.41 ELS 30 1,2,4-trichlorobenzene CV 214000 222 ELS 28
Cv 0.41 ELS 30 1,2,4,5-tetrachlorobenzene CvV 330 129 ELS 5§
CvV 0.37 ELS 30 1,3-dichloropropane MB 10300 3040 LC 28
Ccv 1.77 ELS 30 2,4-dichloro-6-methylphenol CV 3700 360 ELS 5
Ccv 0.29 ELS 30 2,4-dinitrophenol CvV 29400 7900 ELS 28
CV 0.86 ELS 30 4-nitrophenol CV 32000 12650 ELS 5
Ccv 0.83 ELS 30
Cv 0.27 ELS 30
Ccv 0.45 ELS 30

eCV = Cyprinodon variegatus; EA = Eurytemora affinis; LT = Leuresthes tenuis; MB = Mysidopsis bahia; MM = Media menidia; MP =

Menidia peninsulae; MY = Menidia beryllina; OB = Opsanus beta; PP = Palaemonetes pugio. *ELS = early life stage; LC = life cycle or partial

life cycle.

associated 48-h LCys) for Daphnia, the standard fresh-
water crustacean test species. The Daphnia data were
taken from the EPA’s national water quality criteria
support documents (24, 28). The fourth data set consists
of the 2580 96-h LCj, values for saltwater fishes and
crustaceans in the EPA aquatic toxicity data base
AQUIRE.

Regression Analysis. To extrapolate data between
taxa and between test end points (numeric expressions of
the results of toxicity tests, e.g., LCss and MATCs), we
used an errors-in-variables regression model (3). The
choice of extrapolation model for this method was based

on the following characteristics of toxicity data: (1) the
observed values of both the independent variable (X) and
dependent variable (Y) are subject to error of measurement
and to inherent variability; (2) X is not a controlled var-
iable (like settings on a thermostat); (3) values assumed
by X and Y are open-ended and nonnormally distributed
(44).

These characteristics suggest that an ordinary least-
squares regression model would be inappropriate and an
errors-in-variables model should be used (44). Because
values of A, the ratio of the error variances of Y to X, can
be determined from duplicate test results, a functional

Environ. Sci. Technol., Vol. 22, No. 5, 1988 549



errors-in-variables model is identifiable and provides
maximum likelihood estimators of the regression param-
eters. For further discussion of errors-in-variables re-
gression models, see papers by Ricker (44) and Mandel
(45).

The estimators of the slope (8) and intercept («) are

b=
(Ty2 - AZ2? + [(Zy2 - AZx2)? + AN(Zxy)?Y% /2 xy
and
a=y-bx

where x = X;-Xandy=Y,-Yfori=1..n.

The variance of a single predicted Y value for a given
X value (X = X,) is the sum of the error variance of Y and
the variance of a fitted value as given by Mandel (46). It
is estimated as

var(Y)X,) =
sA1+ 1/n + [1 4 (B2/N]P(X, - X)?/ Zu?])

where s? = (b2 x% - 2b3 xy + Yy /n -2 and Yu? = 3 x?
+ (2b)/ AT xy + (/N y%

This variance is the appropriate value to use in calcu-
lating confidence intervals and risk estimates because the
interest in this case is the certainty concerning an indi-
vidual future observation of Y, such as a toxic threshold
for an untested species—chemical combination. This var-
iance is larger than the variance on the mean of a Y| X,
which in turn is larger than the variance of the regression
coefficient. Confidence intervals calculated from this
variance are larger than those that are conventionally re-
ported and are referred to as prediction intervals (46).

For ease in using this method, we reduce the variance
formula to

var(Y|X,) = Fy + Fo(X, - X)?

and, where the inverse regression is useful, the variance
of a predicted X value is

var(X|Y,) = G, + Gy(Y, - V)2

We provide values for F;, Fy, Gy, and G, in Tables II, IV,
VI, and VII. These variances are used to calculate 95%
prediction intervals and can be used in calculating risks
of toxic effects (3).

This model requires that A, the ratio of the point vari-
ances of Y to X, be estimated. When extrapolating be-
tween common bench marks for organisms aggregated at
the same taxonomic level, A was set to 1. Otherwise A was
set to the ratios of the n-weighted means of the variances
of bench marks from replicate tests. When extrapolating
from LCjyis to MATCs for fishes, A was set to the ratio of
the mean of variances of all sets of replicate fish MATCs
to the mean of variances of all sets of replicate fish LCys.

Relative Sensitivity. The possibility that certain
species might be particularly sensitive or insensitive to
toxic chemicals was examined by ranking and by using the
ratio LCy(sp.x) /LCsy(sp.r), where sp.r is any species in the
AQUIRE data set for which there are at least eight 96-h
LCs, values and sp.x is any species that has a 96-h LCy,
for any chemical in common with sp.r. MATC values from
the acute—chronic data set were assessed analogously. The
geometric mean, standard error, and range of the quotients
of these ratios were determined for each sp.r.

General. All the data used in the regressions are log
transformed, and the reported results are for the trans-
formed values. Log transformations were used to induce
homogeneity of variance. Test results expressed as greater
than or less than values were not used except for ranking.
Where replicate data existed for a single combination of

550 Environ. Sci. Technol., Vol. 22, No. 5, 1988

test type, species, and chemical, one replicate was chosen
at random for each analysis (using the mean of replicates
would have artificially reduced the variance).

Results

Taxonomic Extrapolations. Taxonomic extrapola-
tions of marine acute LCjs from the AQUIRE data set are
presented in Table II. The extrapolations are performed
between taxa having the next higher taxonomic level in
common rather than simply matching all possible species
combinations. This approach permits extrapolation to
species that have rarely or never been tested by assuming
that they are represented by those members of a taxon to
which they belong that have been tested. It is based on
the concept that taxonomic similarity implies toxicological
similarity (2, 3, 47, 48). Only those regressions for which
there were at least five data pairs and significant corre-
lations were included.

We use the 95% prediction intervals (PIs) on Y at mean
X as indicators of the quality of the extrapolations because
we are interested in the ability of the model to predict
future observations. Comparison of correlation coefficients
(r values) is done only to compare the ability of different
models to explain the variance in a particular set of existing
data. The average PIs for each taxonomic level of marine
fishes and crustaceans are presented in Table III and
compared to earlier results for freshwater taxa (3). The
extrapolation uncertainty, represented by the average Pls,
increases by almost a factor of 2 as we move up the tax-
onomic hierarchy from congeneric species to orders within
Osteichthyes and Crustacea. The mean PlIs are quite
similar to those for freshwater fishes and arthropods at the
same taxonomic levels even though the freshwater data,
which came from the Columbia National Fisheries Re-
search Laboratory (48), would be expected to have less
extraneous variance than the AQUIRE data, which came
from numerous laboratories. This result suggests that the
uncertainty in these extrapolations is primarily due to
variance in the response of the organisms rather than to
the test methods and conditions.

Representativeness of Standard Test Species. Re-
cently, the atheriniform fish Cyprinodon variegatus
(sheepshead minnow) and the mysid shrimp Mysidopsis
bahia have become the most commonly used marine test
species. Eighty-eight percent of the marine MATCs were
for one of these species (Table I), and they are becoming
predominant in acute toxicity studies. Table IV contains
the results of regressions to predict the response of higher
taxa of fish and crustaceans from test results for these two
species. As expected, C. variegatus LCsys are reasonably
representative of LCss for other members of the order
Atheriniformes (i.e., the slope and intercept are near 1 and
0, and the PI is +1 order of magnitude, which is compa-
rable to the family-level extrapolations in Table III). There
is somewhat greater uncertainty in predicting LCss for all
Osteichthyes from C. variegatus (P1 = 1.49), and consid-
erably greater uncertainty associated with the prediction
of LCys for Crustacea (PI = 2.15; Figure 1a) and MATCs
for Crustacea (PI = 1.80; Figure 1b). On the basis of the
regression parameters, C. variegatus appears to be less
sensitive than Perciformes and Crustacea, more sensitive
than Gasterosteiformes, and fairly typical of Osteichthyes
in general.

There are not enough MATCs for marine fishes, other
than C. variegatus, to examine the representativeness of
C. variegatus chronic responses for all Osteichthyes.
However, analogy to the extrapolationi of C. variegatus
LCss (Table IV) and to the extrapolation of Pimephales
promelas MATCs to all freshwater Osteichthyes [PI = 1.12
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Table III. Summary of Freshwater and Marine Taxonomic
Extrapolations for LCyys

n-weighted
mean of 95%

taxonomic level n® prediction intervals

species

marine fish 1 0.75

freshwater fish 8 0.76

freshwater arthropods 2) 1.10
genera

marine fish 1 0.82

freshwater fish 8 0.74

freshwater arthropods 2 0.78
families

marine fish 3 0.96

freshwater fish 4 0.97

marine crustaceans /4 0.94

freshwater arthropods 3 1.37
orders

marine fish 13 1.27

freshwater fish 10 1.35

marine crustaceans 4 2.38

freshwater arthropods 10 2.06

%n = the number of pairs of taxa at that taxonomic level.

with n = 51; (3)] suggests that the PI for MATCs for
marine Osteichthyes would fall within £1-1.5 orders of
magnitude of C. variegatus MATCs.

Extrapolations from M. bahia to higher taxa are more
uncertain (i.e, the PlIs are larger) than those from C.
variegatus. While the differences in PIs for the same Y
taxon are not large, it is surprising that M. bahia does no
better than a fish in predicing the acute or chronic response
of crustaceans as a group (Figure 2). The crustaceans are
highly diverse, and perhaps no single member can serve
any better as a representative of the class than can a fish.

Relative Sensitivity. The geometric means of ratios
of LCys show two shrimp, Penaeus duorarum and M.
bahia, to be, on average, the most sensitive species of
marine fishes or crustaceans in the AQUIRE data set
(Table V). While they were, on average, 13 and 42 times
as sensitive as other species, neither mean ratio was more
than 1 SE greater than 1 (i.e., equal average toxicity). The
high standard errors were due to the 18 cases where a
species was more than 3 orders of magnitude less sensitive
than either M. bahia or P. duorarum, all of which involved
fishes and all but one of which involved a pesticide. Other
species were more sensitive in only 15% of cases for P.
duorarum and 17% of cases for M. bahia. In the one case
where a species was 2 orders of magnitude more sensitive
than M. bahia, that species was P. duorarum. In the two
cases where a species was 2 orders of magnitude more
sensitive than P. duorarum, the species were M. bahia and
Marinogammarus obtusatus. Thus, these species are

L] o N~ ®

-

1og ALL CRUSTACEANS LCqs
..

-

log ALL CRUSTACEANS MATC
o

i

)
1 | 1 1 1
0 1 2 3 4

log SHEEPSHEAD MINNOW MATC

Figure 1. (a) Regression of LC;, for all crustaceans against those for
Cyprinodon variegatus (sheepshead minnow). Units are log (ug/L); n
= 34; PI = 2.15. (b) Regression of MATC values for all crustaceans
against those for C. variegatus. Units are log (ug/L); n = 15; PI =
1.80.

generally, but not invariably, more sensitive than other
species with which we are able to compare them. Two
species, the cyprinid minnow Alburnus alburnus and the
tetraodontid puffer Sphoeroides maculatus, have geome-
tric mean ratios that are more than 2 SE less than 1,
suggesting that they are relatively insensitive to chemicals.
The other 17 species considered have ratios near 1.

It is considerably more difficult to draw conclusions
about the relative sensitivity of marine species in chronic

Table IV. Extrapolations from the Standard Test Species Cyprinodon variegatus and Mysidopsis bahia

species X taxon Y bench mark  n°
C. variegatus Osteichthyes LCy 51
Atheriniformes LCy 17

Perciformes LCs 20
Gasterosteiformes LCs 5

Crustacea LCs 34

Crustacea MATC 15

M. bahia Crustacea LCs 14
Osteichthyes LCy 29

Crustacea MATC 5

Osteichthyes® MATC 12

PI®

1.49
1.00
1.56
1.10
2.15
1.80
2.46
1.85
2.22
1.40

slope intercept F, F, iR ¥
0.97 0.03 0.58 0.01 1.25 1.24
1.02 0.04 0.26 0.01 1.22 1.28
0.85 -0.12 0.63 0.02 1.36 0.99
1.08 0.43 0.31 0.07 0.81 1.30
1.14 -0.41 1.21 0.11 1.78 1.62
0.93 -0.54 0.84 0.03 0.53 -0.05
2.89 -0.55 1.57 0.53 0.71 1.50
1.08 0.35 0.88 0.01 2.42 2.96
0.80 0.43 1.28 0.27 -0.57 -1.28
1.02 0.75 0.51 0.28 0.03 0.78

2n = number of points, each consisting of a toxicological bench mark value for a standard test species and an equivalent value for a species

belonging to the Y taxon for the same chemical. ®Prediction interval (a

0.05) at the mean (X) is ¥ £ PL. ©All are C. variegatus.

552 Environ. Sci. Technol., Vol. 22, No. 5, 1988



Table V. Ratios of LCgs of All Marine Fish and

Crustaceans to Potential Reference Species b F Z
geometric 3.0 L B
reference species n® mean ratio SE
Alburnus alburnus 53 0.07 0.10
Anguilla rostrata 149 1.06 0.71 9‘
Cancer magister 36 0.99 14.76
Crangon crangon 13 0.97 12.08 ;
Crangon septemspinosa 162 6.37 247.32 9
Cyprinodon variegatus 85 0.86 1.07 g
Fundulus heteroclitus 167 0.39 0.38 E
Fundulus majalis 149 0.76 0.91 4
Gasterosteus aculeatus 139 0.42 17.40 <
Menidia beryllina 11 0.68 4.00 g
Menidia menidia 174 2.15 90.81
Morone saxatilis 23 1.09 0.79
Mugil cephalus 161 0.47 1.15
Mysidopsis bahia 30 41.97 3321.4
Nitocra spinipes 97 0.09 0.88
Pagurus longicar 154 1.01 74.25
Palaemonetes pugio 92 0.68 45.36 028 0 025 050 075 10
Palaemonetes vulgaris 162 1.83 164.75 log MYSIDOPSIS LC o
Penaeus duorarum 81 13.51 516.35 T T T T T T
Sphoeroides maculatus 149 0.10 0.06 10 ' —
Thalassoma bifas 149 1.35 2.83
%n = number of ratios.
0.8 —
tests. However, the results tend to confirm the relative g
sensitivity of M. bahia. M. bahia is more sensitive than
other crustaceans in three out of four cases. It was more g 0 —
sensitive than C. variegatus in 10 out of 13 cases and less 2
sensitive once (cyanide), and the comparison was incon- !
clusive twice. C. variegatus was never more sensitive than ‘:" 0.8 =
other fishes; however, all but one of the matches with four <
other fish species were for a single chemical, chlorpyrifos. g
The geometric mean ratio of the MATCs for all other o B
marine species to the MATCs for M. bahia is 7, but this )
value is less than 1 SE greater than 1.
Acute-Chronic Extrapolations. MATCs for fishes wl ; i n | ion

and crustaceans were regressed against L.Cy, values for the %0 18 -0 =08 0 05
same species determined in the same study (Figure 3).
The dl? ta are given in Table, an.d ‘heireailis ate presel_nted Figure 2. (a) Regression of LC, values for all crustaceans against
inTa !e VI The PI for all marine fishes and all chemicals those for Mysidopsis bahia. Units are log (ug/L); n = 14; P1 = 2.46.
(1.27) is smaller than the analogous regression for fresh- (b) Regression of MATCs for all crustaceans against those for M.
water fishes [PI = 1.53; (3)], and the PIs for all marine bahia. Units are log (ug/L); n = 5; P = 2.22.

crustaceans and all chemicals (0.90, which is based on 90%

log MYSIDOPSIS MATC

M. bahia data) is smaller than the analogous regression standard marine and freshwater fishes and crustaceans are
for Daphnia [P = 1.35; (3)]. presented in Table VII and in Figure 4. Since Pimephales
Freshwater-Marine Extrapolations. Because of the promelas and C. variegatus are in different orders of

relatively small number of marine MATCs available, it Osteichthyes and Daphnia and M. bahia are in different
would be useful to extrapolate from freshwater to saltwater orders of Crustacea, these extrapolations are between
MATCs. The results of such extrapolations for the distantly related organisms as well as between major ha-

Table VI. Extrapolation from 96-h LCys to MATCs for Marine Fishes and Crustaceans

taxon n® PI® A slope intercept F, F, X Y
Osteichthyes 41 1.27 14 0.98 -0.60 0.42 0.004 1.80 1.16
Crustacea 43 0.90 1.4 1.00 -0.88 0.21 0.003 1.58 0.70

®n = number of points, each consisting of an LCg, and an MATC for the same species and chemical in the same laboratory. b Prediction
interval (@ = 0.05) at the mean (X) is ¥ + PL

Table VII. Freshwater to Marine Extrapolations

species X taxon Y bench mark  n° PI® slope intercept F, F, X ¥
P. promelas C. variegatus MATC 16 1.58 0.99 -0.02 0.65 0.01 1.10 1.07
D. magna M. bahia MATC 15 1.70 1.01 -0.06 0.76 0.04 1.38 1.33
marine crustaceans MATC 17 1.90 0.95 0.00 0.94 0.04 1.31 1.24

®n = the number of points, each consisting of an MATC for species X and an MATC for species Y for the same chemical. bPrediction
interval (« = 0.05) at the mean (X) is Y + PL
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Flgure 3. (a) Regression of MATC values against LCs, values for fish.
Units are log (ug/L); n = 41; PI = 1.27. (b) Regression of MATC
values against LCg, values for crustaceans. Units are log (ug/L); n
= 43; PI = 0.90.

bitat types. The PI for the P. promelas to C. variegatus
extrapolation (1.58) is a little worse than the PIs for ex-
trapolating LCsps between orders of saltwater fish and
between orders of freshwater fish (Table III). The PI for
the Daphnia to M. bahia extrapolation (1.70) falls below
the mean PI for extrapolating LCgs between orders of
marine crustaceans and that for extrapolating between
orders of freshwater arthropods (Table III). The slopes
and intercepts for these two regressions are very close to
1 and 0, indicating that the members of both species pairs
have very similar average sensitivities.

These results are somewhat surprising, since salinity
affects the toxicity of some chemicals, particularly metals
(49). However, there is no evidence that metals are par-
ticularly difficult to extrapolate between freshwater and
saltwater. While there are no MATCs for common metals
for the two fishes, more than half of the MATC pairs for
crustaceans are for metals, and they cluster around the
slope 1, intercept 0 line (Figure 4b). The results are con-
sistent with the finding of Klapow and Lewis (50) that
LCys for freshwater and saltwater species have indistin-
guishable distributions for nine metals and four other
chemicals. They are also consistent with the finding of
LeBlanc (47) that the LCxs for C. variegatus and M. bahia
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1 1 1 ] |
-1 0 1 2 3
log DAPHNIA MATC

Figure 4. (a) Regression of MATCs for Cyprinodon variegatus
(sheepshead minnow) against those for Pimephales promelas (fathead
minnow). Units are log (ug/L); n = 16; PI = 1.58. (b) Regression of
MATCs for Mysidopsis bahia against those for Daphnia. Points marked
with a closed circle are metals; those marked an open circle are
nonmetals. Units are log (ug/L); n = 15; PI = 1.70.

are significantly correlated with those for P. promelas and
D. magna, respectively, and with the finding of Zaroogian
et al. (51) that structure—activity models for P. promelas
and Poecilia reticulata (guppy) can be used to predict LCs,
values for C. variegatus and M. bahia.

Discussion

While the parameters of the regression lines presented
above can be used to indicate relative sensitivity, they
should not be used simply to generate point predictors.
Since there is no such organism as the mean fish or mean
shrimp, the variance about the line cannot be treated as
measurement error about a true value. Rather, the vari-
ance about the line should be used to determine the
probability that the LCs, or MATC for an untested species
from the specified taxon will be less than a particular
ambient concentration, given a test result for a standard
test species.

For example, if a chemical has an LCy; of 17.8 ug/L (log
17.8 = 1.25) for C. variegatus, then from Table IV we can
see that, given a two-tailed 95% PIof 1.24 + 1.49 at X =



1.25,97.5% of marine Osteichthyes would be expected to
have an LCy, greater than 0.56 ug/L (log 0.56 = —0.25 =
1.24-1.49). In other words, the risk that the median lethal
concentration for any particular fish species would be less
than 0.56 is 0.025. Calculations of probabilities for other
predicted test results or for particular ambient concen-
trations are performed analogously; for detailed instruc-
tions, see Suter et al. (3).

The analyses of relative sensitivity confirm prior results
for freshwater species, indicating that no species is con-
sistently the most sensitive (48, 52, 53). Since there is no
most sensitive species, some correction must be made when
the results of a single species test is used to determine a
safe or acceptable concentration for a taxon or biota.
These corrections can be used on the risks of not protecting
the species of interest or of affecting more than x% of
members of a taxon calculated from the variances on these
regressions.

Alternatively, the results of the analyses of relative
sensitivity can be used as a guide for planning monitoring
studies or interpreting their results. While no species can
be counted on to respond first to pollution, monitoring
efforts would be best concentrated on the species with the
greatest average sensitivity. Of the taxa considered, pe-
naeid shrimp and mysid shrimp appear to have the highest
average sensitivity, and crustaceans appear to be more
sensitive than fish.

These analyses depend on the assumption that the data
sets used are representative. Specifically, we assume that
the array of species tested are randomly chosen from the
higher taxa in which they occur. This is clearly not the
case: test species are chosen for their ability to be main-
tained in the laboratory for at least the duration of the test;
for their availability to the investigators; and in some cases,
for their relevance to a particular pollution problem, but
not by some random process. However, they have not, in
general, been chosen for their sensitivity because relative
sensitivities are only now becoming apparent. Therefore,
we do not believe, for example, that the nine atherinid fish
in the AQUIRE data set are a biased sample of Atherinidae
with respect to sensitivity to pollutants. What is proble-
matical is the ability of the tested species to represent
marine fishes and crustaceans in general. Many important
marine taxa such as Clupeiformes, Gadiformes, and
Pleuronectiformes are clearly underrepresented, and some
taxa such as Scombridae will never lend themselves to
testing. Therefore, it is possible, and even likely, that
highly sensitive marine species exist that do not appear
in this analysis.

The other aspect of representativeness of the data sets
is the assumption that the tested chemicals are repre-
sentative of those that will be important in the field. This
assumption is difficult to verify, and we know that the
mode of action of a chemical can affect the extrapolations
(3). This assumption can be minimized by parititioning
the data sets by chemical class, but in most cases the data
sets are not large enough to tolerate partitioning. That
being the case, we must assume that the investigators had
a reasonable grasp of the relative importance of pollutants
when they chose their test chemicals or that the chemicals
chosen for testing are at least a reasonable assortment.

Conclusions

Data extrapolations are required to assess the risk of
almost any chemical to any marine fish or crustacean
because of the large number of species and chemical to be
assessed. These extrapolations must often be made at very
high taxonomic levels, and even when they can be made
between closely related species, nontrivial uncertainties

are involved. In general, toxic effects can be predicted with
+1-2 order of magnitude precision. These uncertainties
are comparable to those associated with extrapolations of
freshwater data (3). The practical significance of these
uncertainties depends on the individual assessment. Given
the extremely wide range of concentrations at which
chemicals occur in the environment, most environmental
concentrations can be expected to fall outside the pre-
diction intervals for most predicted-effects concentrations.
When environmental concentrations do fall within the
uncertainty bounds of a predicted-effects concentration,
the uncertainty can be considered to constitute a risk, that
is, a probability of an undesired effect (2). The uncertainty
and associated risk can be decreased by additional testing.

Another conclusion that may be drawn from this study
is that more systematic testing needs to be done to de-
termine the relative sensitivity of marine organisms to
chemical pollutants. Better knowledge of relative sensi-
tivity will allow better estimation of risk and greater
confidence in the appropriateness of criteria. The existing
data, particularly that for chronic toxicity, cannot said to
be representative of the marine biota. Particular emphasis
must be placed on invertebrates because of their great
diversity relative to fish. A testing program that examines
the responses of a taxonomic array of species to a set of
chemicals with diverse modes of action could greatly im-
prove the confidence with which data from standard test
species can be used in risk assessments.
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Catalytic Oxidation of Polychlorinated Biphenyls in a Monolithic Reactor

System
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Department of Chemical Engineering, University of Akron, Akron, Ohio 44325

B Air containing 200-1000 ppm of Aroclor 1254 vapors
[a mixture of polychlorinated biphenyls (PCBs)] was
passed through a 22.86 cm long heated section of 0.64 cm
i.d. monolithic a-alumina support, which had been pre-
viously treated with one or more catalytic agents. At 600
°C, with a residence time of about 9.4 s, results showed
that the overall PCB destruction efficiency ranged from
a high of 97.3% for supported CuO to a low of 69.3% for
Cr,0;. Supported catalysts of Co;0,, CuCr,0,, and Pt-Pd
were intermediate in activity. Relative activity for this
group of p-type catalysts in deep oxidation was in ac-
cordance with Sabatier’s principle, decreasing with in-
creasing heats of O, chemisorption. Selectivity toward
oxidation of the more toxic high-chlorine-containing PCBs
was found to be greater for catalysts made from transition
metal oxides than for noble metal systems or homogeneous
(thermal) decomposition.

Introduction

Because thermal destruction of polychlorinated bi-
phenyls (PCBs) requires temperatures of at least 1200 °C
and residence times of over 1 s, standard municipal in-
cinerators merely vaporize and release PCBs into the at-
mosphere (1) or result in the formation of even more toxic
polychlorinated dibenzofurans (PCDFs) and poly-
chlorinated dibenzo-p-dioxins (PCDDs) (2-4). Hence,
there is a compelling need for development of economically
viable lower temperature processes capable of effectively
treating incinerator flue gas or other effluents that may
be contaminated with PCB vapors.

Previous work by Lombardi et al. (5) has shown some
success in destroying PCB vapors by two-stage contact
with Cr,05-Al,04 particles in fluidized-bed reactors at
temperatures between 595 and 695 °C. However, the
relatively complex system suffers from a high-pressure
drop and requires pumps, cyclones, and multiple stages
for good conversion. In addition, no fundamental kinetic
data (which could be applied to the design of simpler
reactor geometries) are reported.

Chemical treatment methods (patented by Franklin
Institute, SunOhio, and Goodyear), which use a reagent
containing sodium or calcium to strip chlorine from the
PCBs, are portable but involve dangerously exothermic
reactions (6) and apply primarily to liquids. Other
methods of PCB disposal (activated-carbon adsorption,
microwave plasma, chlorinolysis, dehydrochlorination,
wet-air oxidation, and biological destruction) suffer from
various defects; none has been shown to be workable for
large-scale destruction (7, 8).

Scope. The objective of this study was primarily to
determine PCB destruction efficiencies and product se-
lectivities for each catalyst studied at temperatures be-
tween 500 and 600 °C, utilizing low-pressure drop monolith
supports treated with noble metals or transition metal
oxides. Mathematical modeling of these results and the
role of diffusion in PCB reactivity was also of importance
but has been reported on elsewhere (9).

Experimental Section
Apparatus. A schematic of the reactor system is shown
in Figure 1. At the beginning of a run, approximately 1
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g of Aroclor 1254 (a mixture of chlorinated biphenyl iso-
mers with an average of five chlorine atoms per molecule,
54% chlorine by weight, and a molecular weight of 325)
was placed in the sample vaporizer (a shallow cup attached
to a long quartz tube) and vaporized at controlled tem-
peratures in the lower tube furnace. A stream of dry,
preheated primary air from a Linde high-purity com-
pressed air cylinder carried the PCB vapors generated in
the lower heated sections upwards into the separately
heated/controlled catalytic reaction chamber. Products
comprising condensable organics and water were collected
in a train of dry ice/acetone traps attached to the reactor;
unconverted PCBs were trapped in a Florisil Sep-Pak
cartridge and analyzed quantitatively with electron capture
gas chromatography (10). Vapors emerging from the exit
of the last trap were vented to the hood. Vapor samples
for analysis were taken periodically, above and below the
catalyst tube from sampling ports A and B, by syringes
with 15.24 cm long needles in order to just reach the center
of the gas stream.

The lower furnace, manufactured by Lindberg, was
controlled by an ERC Co. West Model 10 on/off controller,
while the heating rate was manipulated by means of a
Superior Electric Co. powerstat. The catalytic reaction
chamber was heated by a HEVI-DUTY Electric Co. Model
70 tube furnace and controlled by a West Gardsman II
proportional controller. The tube furnaces were capable
of maximum temperatures of 1010 °C, but the limit on the
upper furnace controller was 600 °C. All system tem-
peratures, including reactor wall and centerline, during a
run were measured with chromel-alumel thermocouples
connected to an Analog Devices Type K scanning digital
thermometer. Thermolyne Co. heating tapes connected
to Superior Electrical Co. powerstats and insulated with
fiberglass prevented condensation of vapors on exposed
surfaces of the quartz tube.

Catalyst Preparation. The catalyst support tubes used
in all experiments were ceramic a-alumina monoliths,
either 22.86 or 15.24 cm long by 1.59 cm o.d. and 0.64 cm
id. The blank for studying the homogeneous reaction was
made of thin-walled Pyrex of similar dimensions. These
monoliths were provided by the Norton Co. with the fol-
lowing specifications: surface area, 0.48 m?/g; apparent
porosity, 31.94% (by weight); water absorption, 14.61%
(by weight); apparent specific gravity, 3.21; particle density,
2.19 g/cm® mercury pore volume, 0.23 cm®/g; median pore
diameter, 1.45 pm.

The outer surface of the monoliths was glazed to prevent
the diffusion (and consequent loss) of reactants and/or
products from the gas stream to the surrounding furnace.
It should be noted that these hollow ceramic tubes have
a number of other advantages when used as catalyst sup-
ports, including excellent thermal shock resistance, high
strength, light weight, chemical inertness, and reasonably
high melting temperatures (11).

The method of incipient wetness was used to impregnate
the various catalytic agents on the support substrates by
dissolving a known weight of metal ions, usually in the
form of the nitrate salt, in water and/or dilute HCL. The
solution was used to physically saturate the support, care
being taken to ensure uniformity in distribution. Water
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Figure 1. Experimental apparatus.

and other volatiles were first driven off by heating the
treated monoliths to 110 °C in a drying oven for 24 h. The
monoliths were subsequently installed in the upper tube
furnace and then calcined at 600 °C with airflow for a
period of 24 h. Refractory baffles were placed at various
intervals along the outer length of the monolith when
installed in the upper furnace to minimize the effects of
free convection. The resultant catalyst tubes were sub-
sequently used directly in the oxidation studies. In all, five
different monolith catalyst systems were used, four p-type
transition metal oxides (4% CryO3, 10% CuCr,Oy, 6%
Co30,, and 10% CuO), and one noble metal type (0.05%
Pt plus 0.05% Pd).

In the case of the CuCr,0, catalyst, an unglazed tube
was used, and a solution containing the nitrates of copper
and chromium (with excess copper) was impregnated on
the support. The monolith was oven-dried and the tem-
perature subsequently increased to 200 °C to facilitate
decomposition of the metal nitrates. It was then fired at
600 °C for 6 h, when CuO and CuCr,0, were formed. The
monolith was then leached in 3 M HCI, thoroughly washed,
and subsequently fired to 800 °C to leave CuCr,0, as the
only remaining active species.

Procedures. The basic run procedure was to meter air
at a flow rate of 500 mL/min (STP) through the catalyst
monolith section. Product traps consisting of cooled
preweighed Pyrex U-tubes (250 mL of acetone in 600-mL
Pyrex beaker with dry ice to fill) were attached to the top
of the reactor; the U-tubes were connected by Tygon
tubing, and a cellulose filter was installed after the last
U-tube to pick up the remainder. The entire system was
allowed to attain thermal equilibrium prior to commencing
a run.

To initiate a run, the sample holder, containing a pre-
weighed amount of liquid Aroclor 1254, was inserted into
the lower furnace causing controlled vaporization of the
sample. The lower furnace was maintained at 300 °C for
12 min, elevated to 400 °C at the rate of 10 deg/min, and
held at this temperature for 5 min. The temperature
programming procedure allowed for reasonably constant
rates of PCB vaporization over the entire run period, as
the more volatile (low-chlorine isomers) were gradually
replaced by less volatile (high-chlorine isomers) in the
vapor stream. Temperature data were obtained from all
thermocouples with the digital scanner. Vapor samples
before and after passage though the monolith reactor were
taken at designated times with syringes inserted through
sampling ports A and B.

At the end of the run (27 min), the sample holder was
removed from the lower furnace, cooled, and reweighed.
The U-tubes containing products were disconnected, re-
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moved, dried, and reweighed; power to the system was
disconnected, and the airflow was stopped.

The vapor samples removed periodically from ports A
and B were analyzed for H,, O,, N,, CO, CH,, and CO,
(water-free basis), with a Varian 90P-3 gas chromatograph
(GC) equipped with a thermal conductivity detector
maintained at 225 °C. The column was 2.44 m long by 0.32
cm id. stainless steel and packed with 100/120-mesh
Carbosieve-S. The samples were injected with the column
temperature initially at 27 °C; this was raised to 190 °C
at the rate of 20 deg/min once the O, peak had been
observed on the associated Leeds and Northrup Speedo-
max W strip-chart recorder. A Columbia CSI-Model 38
digital integrator was used to obtain the peak areas.

Analysis of reactor products during this study was lim-
ited to PCB isomers, COy, Oy, Ny, and CO. It is unlikely
that detectable quantities of dioxins or dibenzofurans were
formed at reactor temperatures of 500-600 °C on the basis
of the literature (12), which reports that chlorinated
phenols, not chlorinated biphenyls, are the necessary
precursors for significant PCDD formation. However,
analysis for these compounds or other chlorinated hydro-
carbons was not performed during this study.

To determine the residual PCBs in the condensate from
the U-tubes, 20 mL of pesticide-grade hexane was injected
into each tube. Solutions from all U-tubes were thoroughly
mixed in a beaker where PCBs deposited on the filter were
also dissolved. One milliliter of the mixed solution was
injected into a Florisil Sep-Pak cartridge (Waters Asso-
ciates) that had been preeluted with 10 mL of hexane. The
eluate was collected in a 100-mL volumetric flask, and
PCBs deposited in the cartridge were flushed into the flask
by repeated injections of hexane; interfering organics and
unnecessary compounds remained behind (13, 14). The
liquid in the flask was brought up to the mark by addition
of hexane. Five-microliter samples of this liquid were
injected into a Bendix-2200 GC equipped with tritium foil
electron capture detector maintained at 200 °C. The glass
column (1.83 m X 0.64 cm i.d., packed with 3% SE-30 on
100/120-mesh Gas-Chrom Q) was operated in the iso-
thermal mode at 192 °C. Peak areas were determined in
a Columbia CSI-Model 38 digital integrator. Each of the
11 prominent isomer peaks was previously calibrated by
means of injecting a series of standard PCB solutions into
the electron capture gas chromatography (EC) and de-
termining the resultant concentration-dependent response
factors based on the method developed by Goodyear (15).
The product of each isomer concentration and the liquid
sample volume (in appropriate units) gave the total weight
of each PCB isomer in the condensate.

Summation over all isomers present yielded the total
weight of all PCBs collected. An iterative procedure (10)
was utilized when running reactor effluent samples that
allowed convergence to the correct isomer concentrations.
A typical chromatogram of Aroclor 1254 is shown in Figure
2. (The key for Figure 2 is shown in Table 1.)

On the basis of peak areas from these chromatograms
and the method outlined above, the weights of each PCB
isomer before and after passage through the catalytic re-
actor were calculated. By using these results, destruction
efficiencies for each PCB isomer as well as overall de-
struction efficiencies (total PCB destroyed/total PCB
charged) were obtained. The average rate of PCB de-
struction (PCB destroyed /unit catalyst, unit time) was also
found.

Results and Discussion

Catalyst Activity. Experimental values of overall PCB
destruction rates and overall PCB destruction efficiences
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Column: 3% SE-30 on 100/120 mesh
Gas Chrom Q, 192° C.

] Detector: Tritium foil, 200° C.
s 225° C.

Bendix-2200, Electron-
Capture Detector.

Figure 2. Typical chromatogram of Aroclor 1254.

Table I. Key to Figure 2

peak no. RRT® no. of CI's on isomer  mean wt %
1 47 4 6.8
2 54 4 3.2
3 58 4 1.5
4 70 4 (25%) 14.5
5 (76%)
5 84 5 19.0
6 104 5 14.9
T 125 5 (70%) 16.4
6 (30%)
8 146 6 (30%) 114
6 (70%)
9 174 6 9.2
10 203 6 2.0
11 232 7 1.1
total 100.0

“Retention time in seconds relative to p,p~-DDE = 100. Mea-
sured from first appearance of solvent (hexane).

of the blank Pyrex tube (assumed to represent homoge-
neous reaction only) as well as the five monolithic catalyst
systems are summarized in Table II. Comparative results,
listed in order of increasing catalyst activity, are shown
at both 500 and 600 °C and in all cases are an average of
two or three separate experimental determinations.

Only one relatively low level of noble metal (0.05% Pt
plus 0.05% Pd) catalyst was formulated and tested.
Hence, it is possible that higher noble metal loaded mon-
oliths would have outperformed all transition metal oxide
(TMO) catalysts activitywise. Nevertheless, comparative
economics would probably mitigate against such a com-
mercial catalyst because of the high cost.

The four p-type TMOs were formulated with sufficient
catalytic agent to potentially attain at least monolayer
coverage for the metal cations throughout the entire pore
structure of the support. These levels are generally in line
with TMO loadings for commercially available catalysts.

Passage of PCB vapors through the Pyrex blank, a
measure of homogeneous reaction rate, yielded almost no
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Flgure 3. Catalyst activity versus heat of chemisorption for O,.

activity at 500 °C (0.2%) increasing to 7.2% PCB de-
struction efficiency at 600 °C. All of the catalytic mono-
liths showed heterogeneous activity for PCB disposal,
which was 1 or more order of magnitude above that ob-
tained in the homogeneous Pyrex system. Differences in
rate for homogeneous versus heterogeneous system are
especially noticeable (3 orders of magnitude) at 500 °C but
diminish to 1 order of magnitude difference at 600 °C.
Temperature insensitivity (low activation energy) for
heterogeneous reactions at high temperatures is not unu-
sual. Limits on the rate of reactant diffusion to the catalyst
surface sites within the pores, especially at higher tem-
peratures, are probably responsible for this phenomenon,
a result which has subsequently been supported by sepa-
rate modeling studies (9).

Activities of the p-type TMOs and the noble metal
catalyst are plotted versus initial heats of oxygen chemi-
sorption in Figure 3. In catalytic deep oxidation processes,
activity often decreases with an increase in the strength
of the oxygen—catalyst surface bond energy (measured here
by the initial heat of oxygen chemisorption) basically be-
cause these bonds must be broken during the oxidation
process (often called the principle of Sabatier). Figure 3
shows good correlation with this relationship for all four
TMOs tested. Had diffusion limits not blunted activities
of the best catalysts, the trend might have been even more
pronounced. Results for the noble metal Pt-Pd catalyst
(not a TMO) are also shown in Figure 3 for purposes of
comparison.

It is not surprising that destruction efficiencies do not
extend above 99%. First, the monolith is (importantly)
a low-pressure drop device useful in treating high vapor

Table II. Catalyst Activity
500 °C

overall PCB dest rate,

catalyst g of PCB cm™ of cat. s
Pyrex 6.26 X 108
4% Cr,0, 1.46 X 105
10% CuCr,0, 2.48 X 107
0.05% Pt, 0.05% Pd 2.86 X 10°°
6% C00, 2.93 X 10
10% CuO 3.37 X 107

600 °C
overall PCB overall PCB dest rate, overall PCB
dest eff, % g of PCB cm™ of cat. s™! dest eff, %
0.2 2.63 X 1078 T2
39.2 2.46 X 1078 69.3
68.3 3.13 X 107 83.0
784 3.20 X 1075 874
80.1 3.14 X 10 85.9
924 3.56 X 10 97.3
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Table III. Catalyst Selectivity for Deep Oxidation of PCB

deep oxidation efficiency,
% (PCB carbon —

CO and CO,)
catalyst 500 °C 600 °C
Pyrex 1.0 (1.00)° 4.9 (1.00)*
4% Cry04 40.5 (0.864) 50.3 (0.817)
10% CuCr,0, 51.4 (0.871) 85.1 (0.810)
0.05% Pt, 0.05% Pd 38.3 (0.798) 75.6 (0.792)
6% Co30, 45.5 (1.00) 81.0 (0.975)
10% CuO 55.5 (1.00) 75.4 (1.00)

2 Represents fraction present as CO,, with balance as CO.

flow rate streams. However, without the inherent mixing
found in packed or fluidized beds, film diffusion may limit
reactivity. Second, low surface area supports (<1 m?/g)
were purposely chosen for this study so that surface re-
action rates (not just diffusion rates) play a role in catalyst
activity. Future studies using higher surface areas, thin-
walled supports, and closely spaced multicell monoliths
will effectively maximize the destruction efficiency.

Catalyst Selectivity. Many reaction products are
possible for the oxidation of mixed polychlorinated bi-
phenyls depending largely on the relative amounts of
combined hydrogen and chlorine. When combined hy-
drogen is in excess, considerable water and HCI should be
anticipated; when combined chlorine is in excess, products
such as CCl,, Cl,, and COCl, might be expected.

In this study, only individual PCB isomer destruction
rates along with CO and CO, formation rates were quan-
titatively measured. Hence, conclusions as to catalyst
selectivity are necessarily limited by these available data.

One criterion for the effectiveness and potential envi-
ronmental usefulness of any catalyst system is its prefer-
ential selectivity toward deep oxidation of the PCB isomers
(i.e., total formation of CO and CO, from PCB carbon).
Deep oxidation selectivities for each of the five catalysts
and blank reactor at both 500 and 600 °C are shown in
Table III.

Table III shows that even at 600 °C deep oxidation
efficiencies for the best catalysts appear to level out, never
exceeding the 75-85% range. This is in contrast to overall
PCB destruction efficiences, which were found to exceed
90% at both 500 and 600 °C. One possible explanation
for this is that the initial PCB oxidation step is most likely
heterogeneous (occurs on the surface of the catalyst),
whereas one or more of the subsequent steps in the oxi-
dation process, which eventually leads to CO and CO,, may
well be homogeneous and hence relatively independent of
the nature of the catalyst surface.

The fraction of deep oxidation product present as CO,
for each catalyst system is also shown (brackets) in Table
III and projects a minimum value of 0.792 with a high of
1.00. High fractional CO, formation is obviously preferred;
however, in making comparisons it should be realized that
high CO, fractions for systems showing minimal deep ox-

idation efficiencies are not of significant merit.

A third measure of catalyst selectivity is its effectiveness
in destroying PCB isomers with high-chlorine levels (6 or
more Cls per PCB molecule) versus low-chlorine levels (4
or less Cls per PCB molecule). An important physiological
ramification is that high-chlorine-containing isomers are
much more carcinogenic than low-chlorine-containing
isomers.

This selectivity comparison was accomplished in this
study for each catalyst by determining GC/EC areas for
each of the 11 peaks observed in the commercial mixture
of PCB isomers (Aroclor 1254), before and after passage
of the mixed vapors (plus excess air) through the catalytic
reactor of 600 °C. Areas were then converted to weight
fractions for each isomer by the method previously out-
lined under Procedures. The results are shown in Table
IV. Changes in isomer weight fraction (averaged for three
determinations in each case) were lumped into three
categories: peaks 1-4 (low-chlorine-content isomers with
4 Cls), peaks 5-7 (medium-chlorine-content isomers with
5 Cls), peaks 8-11 (high-chlorine-content isomers with 6-7
Cls).

Several interesting results emerge from these compari-
sons. First, the Pyrex blank reactor, representing the
homogeneous reaction, yielded not only poor overall PCB
destruction (4.9%) but also showed an increase (+22.4%)
in the fraction of more toxic high-chlorine isomers after
passage through the reactor. With thermal stability gen-
erally increasing with chlorine content, this relative result
was not surprising, although the actual pyrosynthesis of
the high-chlorine isomers was not anticipated.

Second, comparisons from Table IV show that TMO
catalyst activity and selectivity can be significantly more
favorable than the homogeneous case and even more fa-
vorable than the noble metal counterpart. For example,
the CuO catalyst shows not only high overall PCB de-
struction activity (97%) but also excellent selectivity (>-
99%) in removing high-chlorine-containing isomers. Of
course, other concerns must be satisfied before settling on
a given catalyst system for commercial application.

Long term deactivation and stability of the catalytic
agent must be determined. In the case of the CuO catalyst,
one would expect slow conversion to CuCl, on the basis
of contact with HCI formed during the dechlorination
reactions. Since the melting point of CuCl, is only slightly
above 600 °C, slow volatilization of the catalytic agent is
probable. Thermal stabilization is possible, however,
through use of promoters such as KCl, and it is probable
that the resultant Deacon-process-type catalyst would be
quite acceptable.

Conversely, Pt-Pd catalysts are known to slowly deac-
tivate under conditions where HC1 and Cl, are prevalent,
another good reason to focus on TMOs when searching for
a commercial catalyst system.

In summary, the high degree of flexibility for catalytic
versus thermal means of destruction is clearly demon-
strated. Product distribution, which may be more im-

Table IV. PCB Destruction Levels versus Isomer Chlorine Content (600 °C)

av change in
isomer weight for

catalyst peaks 1-4 (low Cl), wt %
Pyrex -31.7
4% Cry04 -67.6
10% CuCr,0, -94.9
0.05% Pt, 0.05% Pd -92.8
6% Co,0, -92.4
10% CuO -99:1

peaks 5-7 (med Cl), wt %

av change in
isomer weight for

av change in
isomer weight for
peaks 8-11 (high Cl), wt %

-11.7 +22.4
-73.6 -69.0
-87.5 -98.6
-87.8 -85.4
-83.5 -92.6
-96.9 =997
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portant than activity, can be tailored to fit needs and
conditions by changing catalytic agents and/or mixtures
thereof.

The low surface area, thick-walled monlithic reactor used
in this study was not designed for direct commercial ap-
plication. Thin-walled multicellular cores with higher
surface area could pack at least 100 times more active
catalytic sites into each cubic centimeter of catalyst system.
Nevertheless, estimation of scaleup potential with the
present 10% CuO catalyst on low surface area Al,O;
monolith shows that a 1000-L vapor-phase reactor oper-
ating at 500-600 °C would convert 50-70 kg of PCB/h.
However, with higher surface area commerical multicell
cores, reactivity could be at least 1 order of magnitude
higher.

Registry No. Aroclor 1254, 11097-69-1; C¢H;CgHs, 92-52-4;
Cr,0;, 1308-38-9; Pt, 7440-06-4; Pd, 7440-05-3; Coz0,, 1308-06-1;
CuO, 1317-38-0; CuCr,0,, 12018-10-9.
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A Numerical Solution for Mass Transport in Membrane-Based Diffusion
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B The Galerkin finite element method was used to develop
a numerical model for the design of porous-wall diffusion
scrubbers, devices which may be used as alternatives to
diffusion denuders, and to selectively separate dissolved
components from a liquid stream. It was found that the
analytical Gormley—Kennedy solution for a tube with an
ideally absorbing interior wall is appropriate for scrubbers
characterized by a gas-liquid interface at the wall. How-
ever, the major conclusion of this work is that the Gorm-
ley-Kennedy solution is often inappropriate for application
to diffusion scrubbers based upon a liquid-liquid interface
at the wall. For such scrubbers, the unknown concentra-
tion boundary condition at the interior wall can be ac-
counted for with the numerical solution, thus providing
a design tool that has not been previously available. A set
of penetration curves was generated for design purposes,
and example applications are provided.

Introduction

The diffusion denuder is a device which can be used to
remove a gaseous component selectively from a gas mixture
or aerosol. Denuders are typically constructed from a
cylindrical tube or concentric tubes with the inner wall(s)
coated with a substance to sorb a specific component.
They have been used to remove water selectively from a
nebulized aerosol sample while permitting the passage of
sulfate particles (1), to remove sulfur dioxide from air-
streams containing sulfur particles (2-4), and to remove
ammonia in order to prevent neutralization of sulfuric acid

0013-936X/88/0922-0561$01.50/0 © 1988 American Chemical Society

aerosol collected on downstream filters (5). Additional
applications for denuders have been suggested (6-8), but
specific design and operational limitations have also been
cited (3, 9). Limitations include a finite adsorptive capacity
(3), the choice of sorbents, the sorbent concentration and
form, the wall material, the denuder geometry, and the
sample flow rate (9).

Dasgupta (10) investigated alternative device configu-
rations for the collection of atmospheric gases. His work
led to the construction of a diffusion scrubber, a device
which is similar in principle to the diffusion denuder but
which employs a thin membrane tube as the collection
element. In subsequent work a porous-membrane tube was
found to be the material of choice (11). A schematic
representation of the hollow cylindrical diffusion scrubber
is shown in Figure 1. It consists of a porous-wall hollow
fiber. Molecules of interest diffuse through the wall and
are removed by a scrubber liquid flowing counter to the
transport medium. Applications of diffusion scrubbers
include not only diffusion denuders for gas separation but
also the separation of dissolved species from a liquid
stream (12-15). Diffusion scrubbers have also been used
as concentrators for continuous chemical analysis (16). In
addition, Dasgupta (17) described the use of an annular
helical diffusion scrubber in ion chromatography as an
efficient conductance suppressor column having both low
dispersion and low dead volume.

Models to describe species transport in diffusion devices
can be used to determine design parameters such as de-
nuder length and the sample flow rate required to achieve

Environ. Sci. Technol., Vol. 22, No. 5, 1988 561



EXTERIOR WALL

~—— SCRUBBER SOLUTION

INTERIOR WALL FLUD sTREAM POROUS WALL
i Yo b otnoven”  (SoluTion ik pomes

~—— SCRUBBER SOLUTION 1

(NOT TO SCALE)

Figure 1. A simplified diagram of the porous-wall diffusion scrubber
illustrating the internal fluid stream, porous wall, and scrubber solution.

a desired species collection or removal efficiency. Ana-
lytical solutions exist to predict the penetration Pt, defined
as

Pt=_C,/C, 1)

where C, and C, are the average concentrations at the tube
inlet and outlet, respectively, of a chemical species in fully
developed, laminar flow in a cylindrical tube, given either
an ideally absorbing wall or known concentration profiles
at the wall (18-21). These solutions are applicable to
laminar flow in diffusion denuders or other devices sat-
isfying the boundary conditions such as diffusion through
silicone tubing or possibly ion-exchange membranes. The
authors are unaware of any extant solutions which predict
concentration profiles and penetration in a diffusion
scrubber for which a nonuniform concentration boundary
condition applies, but cannot be initially prescribed, at the
inside surface of the porous wall (see Figure 1). This study
was undertaken in order to investigate the effects of such
a condition and to develop a numerical finite element
model for use as a design tool in cases not described by
existing analytical solutions such as the Gormley-Kennedy
(19) solution. The latter is expressed as

Pt = 0.819¢7145772 + 0.976¢7592% + 0.01896¢ %1% + ...
@)

where
b = Dz /(4aR?) (3)

and D is the diffusion coefficient of the species of interest,
z is the axial distance from the tube inlet, @ is the average
axial velocity, and R is the tube’s inner radius. Equation
2 has been used successfully to model denuder systems
with interior walls that act as perfect sinks (19-21).

In order to verify model results for a porous wall, in this
study a simplified case corresponding to an impermeable
adsorbing inner wall which behaves as a perfect sink for
the species of interest was solved by a finite element ap-
proach. The penetration of a component was then com-
pared with values obtained from the Gormley-Kennedy
solution, an analytical solution which has been widely used
and tested in the field of aerosol science. A permeable wall
boundary condition and the inclusion of a hydrodynamic
entrance region were subsequently added to examine their
effects on species transport. It should be emphasized that
the numerical solution only treats the condition of laminar
flow, which is the dominant flow regime for most diffusion
scrubber applications.

Model Methodology

Governing Equations. The steady-state convective—
diffusion equation governs diffusion through a homoge-
neous medium flowing in a cylindrical tube. It may be
written as

acC aC 14( aC *C
“oz " Var D( r 6r(r ar ) 92* ) @
where u is the velocity in the axial (z) direction, v is the

velocity in the radial (r) direction, and C is the concen-
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tration of the component of interest. Axial symmetry has
been assumed, along with the assumption that there are
no sources or chemical transformations occurring within
the tube.

Equation 4 can be simplified by assuming that the radial
velocity component and the axial diffusion term are neg-
ligible. It is assumed that there is no bulk flow of fluid
through the wall. Following the arguments of Tan (22),
the assumption of a negligible radial velocity is valid for
typical flow rates, scrubber geometries, and species diffu-
sion coefficients for which diffusion scrubbers are applied.
Ingham (20) and Tan and Hsu (21) noted the conditions
for which axial diffusion is insignificant. These conditions
are also easily met for typical diffusion scrubber geometries
and flows (10). Use of these assumptions allows eq 4 to

be simplified to
aC Daf aC
”az = r 6r(r5) (5)
Introduction of the dimensionless variables
C'=C/C, u'=u/2u r'=r/R

leads to the nondimensional equation

ac’ D g ac
[ i ~ —_—— e o
= 9z’ r’ar’(r 6r’) ®©
where L is the effective scrubber length. The characteristic
nondimensional Fourier parameter D is

D = DL/(2aR? )

For reasons which will become apparent in a later example
application, D is chosen for design purposes. The choice
of D, i, and R, together with a known value for D, defines
a characteristic scrubber length, L. The design, or actual,
scrubber length, x, is obtained as the product of L and the
dimensionless axial distance z”. The selection of an ap-
propriate value for z’is demonstrated later in this paper.

For fully developed laminar flow, the appropriate di-
mensionless velocity distribution is

u'=10-r"? (8)

If a significant entrance length exists, eq 8 is not an ac-
curate representation of the velocity profile for the entire
flow domain. Instead, a solution for the developing velocity
field is required as input data for the numerical model. For
this study, an equation based upon the linearization of
momentum was used to describe the entrance region ve-
locity field (23).

Boundary Conditions. The dimensionless concentra-
tion at the inlet, z’ = 0, was prescribed with a uniform
value of 1.0. At the outlet, z’ = 1, both a zero concentration
boundary condition and a second boundary condition were
investigated. The alternative boundary condition was
based upon a parabolic fit of the penetration which was
obtained by the Gormley—Kennedy solution. Results ob-
tained with the two boundary conditions were not sig-
nificantly different. The latter condition was arbitrarily
chosen for this study. Either condition imposes limitations
on the minimum value which may be chosen for D, since
small values of D correspond to conditions associated with
high penetration that would violate the assumed boundary
condition at the outlet.

For permeable walls at steady state, the flux at the
interior surface of the wall must necessarily be equal to
the flux through the wall. It was assumed that the
transport through the wall is such that a linear concen-
tration gradient exists in the wall and that only radial
diffusion is significant in the wall. This leads to

41 =1[1.0/(1.0 + WAr’/t)]C} 9

2/=z/L
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Figure 2. An illustration of the region near the porous wall. Important
wall assumptions and dimensionless parameters are noted.
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Figure 3. A typical finite element grid. Boundary conditions are noted.

where C, is the dimensionless concentration in the liquid
phase at the inner surface of the wall, C/ is the dimen-
sionless concentration at a dimensionless radial distance
Ar’ from the inner surface of the wall, and ¢’ is the di-
mensionless wall thickness defined to be the ratio of the
actual wall thickness ¢ to the scrubber radius R (see Figure
2). The term W is a nondimensional wall parameter. For
the case of a liquid flow medium and a gas space in the
porous wall (liquid—gas interface), W is

W = DK /(DR,T) (10)

where D, and D, are diffusion coefficients of the species
of interest in the gas and liquid phases, respectively, K is
the Henry’s law coefficient governing its partition between
the two phases, R, is the universal gas constant, and T is
the absolute temperature. For a liquid-liquid interface
of two immiscible liquids, the wall parameter is

W = DpK’/Dy (11)

where Dy, is the diffusion coefficient of the species of in-
terest in the outer acceptor liquid (which occupies the pore
space in the wall or the wall itself), D), is the diffusion
coefficient in the donor liquid bearing the species of in-
terest flowing through the tube, and K”is the equilibrium
partition coefficient of the species of interest between the
two immiscible liquid phases. Specifically, K’ is the ratio
of the species concentration in the acceptor liquid to that
in the donor liquid at equilibrium.

Numerical Solution. To determine concentration and
penetration values, a Galerkin finite element numerical
model (24, 25) was developed. Bilinear interpolation
functions were used along with four-node, isoparametric,
quadrilateral elements to describe the geometry of, and
concentration within, elements subdividing the diffusion
scrubber volume. Figure 3 depicts a typical grid system
with nodes at which concentrations were computed. The
boundary conditions for this study are also denoted. Axial
symmetry was assumed, and computed values of C’ were
numerically integrated across the scrubber cross-section
to solve for the penetration at specified values of 2.

Gormley—
Kennedy
Solution

-Log (P1)

00 0'1 02 0‘5 0‘4 0‘5 06 o7 o8
2
Figure 4. Penetration as a function of the dimensionless axial distance
(z’) and properties of the porous wall (W/t’). The Gormley-Kennedy
solution is shown by the solid line. D = 2.0.

Results

The model was solved with the aid of a grid system
similar to the one shown in Figure 3. A sensitivity analysis
of concentration profiles near the scrubber wall suggested
that D should exceed a value of 1.0 to be consistent with
the outlet boundary condition. A value of D equal to 2.0
was used for this study. The algorithm of the numerical
model was verified for the simplified case of an ideally
adsorbing wall by comparison of model results with values
obtained from the Gormley-Kennedy solution. For typical
scrubber geometries and sample flow rates, the effect of
a hydrodynamic entrance region was determined to be
insignificant.

The permeability of the scrubber wall was found to be
a significant factor only for values of W/t’less than 50.0.
Given typical values of ¢’ less than 0.25 for porous-mem-
brane tubes and typical values of W calculated according
to eq 10, the value of W/t’is nearly always greater than
50.0 for systems composed of a liquid transport medium
and a gas phase in the scrubber wall. Thus, the Gorm-
ley—Kennedy solution for laminar flow in a cylindrical tube,
strictly applicable to an ideally adsorbing wall, can also
be used as an accurate model for predicting penetration
in porous-wall gas-liquid scrubbers. The Gormley-Ken-
nedy solution does not, however, yield accurate results for
systems with values of W/t’significantly less than 50.0.
Such systems might be based upon the interface of two
immiscible liquids at the scrubber wall.

Figure 4 consists of a plot of — log Pt versus 2’ for various
values of W/t’and D = 2.0. Curves are shown only to z’
= (.75, which was the nondimensional distance corre-
sponding to the last set of grid nodes at which concen-
trations were numerically solved. The next set of nodes
corresponded to the outlet nodes where concentrations
were specified as mentioned previously. The solid line
indicates the Gormley-Kennedy solution. Figure 4 can be
used for diffusion scrubber design in those cases where the
Gormley—-Kennedy solution would be inappropriate. The
following examples are provided to illustrate the use of
Figure 4.

Example Application 1. A diffusion scrubber is to be
used to remove a specific compound from a liquid stream
which requires pretreatment before chemical analysis.
With 1-octanol as the scrubber solution and water as the
transport medium, the values of Dj, and Dy, are 3.0 X 1078
cm?/s and 3.0 X 107° cm?/s, respectively. The octanol-
water partition coefficient is 30.0. A scrubber tube with
an inner diameter equal to 0.625 mm and a wall thickness
of 0.125 mm is available. It is desired to find the minimum
scrubber length x required to remove 99% or more of the
compound. The sample flow rate is expected to be less
than 0.25 mL/min:
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Step 1: Solve for D;;/D;; = 3.0 X 10%/3.0 X 105 = 0.1.

Step 2: Solve for t’ = 0.125/0.3125 = 0.4.

Step 3: Solve for W/t’ = 0.10(30.0)/0.4 = 7.5.

Step 4: Solve for — log Pt = — log (1.0-0.99)

Step 5: Solve for z’ at — log Pt = 2.0 for W/t’
From Figure 4, 2’ = 0.365.

Step 6: Compute the maximum average sample velocity
for a flow rate of 0.25 mL/min and a radius of 0.3125 mm.
The average velocity is calculated by dividing the sample
flow rate by the cross-sectional area of the scrubber tube.
z = 1.36 cm/s.

Step 7: Let L = x/z’and use eq 7 along with the known
or calculated values of D, D, z, @, and R to solve for x; x
= 65 cm.

Use of the Gormley—Kennedy equation leads to a value
of x equal to 53 cm. For W/t’ = 7.5, this corresponds to
a penetration of 3%. Thus, use of the Gormley—Kennedy
equation for this application may lead to an undersized
(in length) scrubber and too low of a removal efficiency
for the intended end use of the sample.

Often, a specific length of scrubber tube is available, and
the removal efficiency that can be achieved with that
length is desired to be known. The following example
shows how the removal efficiency can be calculated with
the use of Figure 4.

Example Application 2. A 30-cm segment of a
scrubber tube is available to remove a compound from a
liquid stream. With 1-octanol as the scrubber solution and
water as the transport medium, the values of D), and Dy
are 2.0 X 10° cm?/s and 2.5 X 10 cm?/s, respectively.
The octanol-water partition coefficient is 25.0. The
scrubber tube has an inner radius equal to 0.5 mm and a
wall thickness of 0.1 mm. It is desired to find the com-
pound removal efficiency given a sample flow rate of 0.2
mL/min:

Step 1: Solve for Dy,/Dy, = 2.0 X 106/2.5 X 107 = 0.08.

Step 2: Solve for t’=0.1/0.5 = 0.2.

Step 3: Solve for W/t’ = 0.08(25.0)/0.2 = 10.0.

Step 4: Solve for the average velocity of the sample; &
= 0.42 cm/s. _

_ Step 5: Solve for L = x/z’given D, D, G, and R. Use
D = 2.0 for consistency with Figure 4. From eq 7, L = 168
cm. .

Step 6: Solve for z’= x/L = 30/168 = 0.18.

Step 7: Solve for the penetration (Pt) using Figure 4
with 2/ = 0.18 and W/t’ = 10.0; Pt = 0.1.

Thus, a 90% removal efficiency is expected with the
30-cm length of scrubber tube. Given the specific tubing,
the removal efficiency could be improved by lowering the
sample flow rate. This will lead to a decrease in L and a
subsequent increase in z’. Figure 4 could again be used
to solve for the appropriate flow rate to achieve the desired
removal efficiency.

2.0.
7.5.

Summary

A numerical solution of diffusion of a single component
from a fluid flowing in laminar conditions through a
permeable-wall cylindrical tube has been completed. The
results demonstrate that a dimensionless ratio, W/t’, can
be used as a criterion for satisfactory application of the
Gormley-Kennedy solution to the mass-transfer problem.
In cases where W/t’is less than 50, the numerical solution
would provide more accurate results. The application of
diffusion scrubbers extends to several disciplines, and the
penetration curves presented in this paper should be of
assistance in the design of such devices. The analysis
presented here is based on the assumption of smooth walls
without local mixing due to surface irregularities and pores.
Future work should be directed toward verifying such an
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assumption for typical porous-wall diffusion scrubbers.
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Glossary

b diffusion parameter used in the Gormley-Kennedy
equation; b = Dz/(4aR?

r radial coordinate (cm)

r’ dimensionless radial coordinate; r’ = r/R

t scrubber wall thickness (cm)

t’ dimensionless wall thickness; ¢’ = t/R

axial velocity component (cm/s)

dimensionless axial velocity; u’ = u/2a

average axial velocity (cm/s)

radial velocity component (cm/s)

axial coordinate (cm)

dimensionless axial coordinate: 2’ = z/L

concentration (g/cm?)

concentration at the scrubber inlet (g/cm?®)

dimensionless concentration; C’ = C/C,

dimensionless concentration at a dimensionless
distance Ar’from the interior wall of the scrubber

C dimensionless concentration at the interior surface
of the scrubber wall

average concentration across the scrubber outlet

~

QQAaNNCS RE R

®

_ (g/cm®)

C average concentration across the scrubber inlet
(g/cm?)

D diffusion coefficient of the species of interest

. (cm?/s) =

D nondimensional Fourier parameter; D = 2b

D, diffusion coefficient in air (cm?/s)

D, diffusion coefficient in liquid (cm?/s)

Dy diffusion coefficient in the liquid flowing through
the scrubber (cm?/s)

Dy, species diffusion coefficient in the scrubber liquid
which permeates the porous wall (cm?/s)

K Henry's law constant of the diffusing species
(atm-m?/mol)

K’ liquid-liquid partition coefficient

L length of the diffusion scrubber (cm)

Pt penetration through the scrubber; Pt = C,/C,

R scrubber inner radius (cm)

R, universal gas constant (atm-m?/mol-K)

T absolute temperature of the gas phase (K)

w nondimensional wall parameter
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Development and Evaluation of a Procedure for Determining Volatile

Organics in Water

Larry C. Michael and Edo D. Pellizzari*

Research Triangle Institute, Research Triangle Park, North Carolina 27709

Roger W. Wiseman

National Institute of Environmental Health Sciences, Research Triangle Park, North Carolina 27709

B A comprehensive procedure for isolation of volatile
organic compounds from various waters was developed
through the use of representative volatile organic com-
pounds as part of the EPA Master Analytical Scheme.
Preliminary recoveries were determined for a broad range
of analytes in distilled water, municipal wastewater ef-
fluent, and industrial (energy-related) wastewater effluent.
The apparatus for isolation of the compounds from water
was interfaced directly to a gas chromatograph/mass
spectrometer /computer, and recoveries were determined
for compounds comprising different functional groups in
drinking water and municipal/industrial wastewater.

Introduction

Analysis of organic compounds in water has traditionally
been approached by selecting analytical methods on the
basis of the target compounds. Examples of such an ap-
proach are the 600 series methods presented in the Federal
Register (1). Alternatively, broad spectrum analytical
methods provide a comprehensive assessment of all sample
components. This philosophy was embraced by the U.S.
EPA “Master Analytical Scheme” program (2). Analytical
methods developed under this program were designed to
encompass all gas chromatographable compounds with the
fewest analytical methods.

The overall approach to development of a comprehen-
sive analytical scheme for purgeables in water was to em-
ploy gas chromatography/mass spectrometry/computer
(GC/MS/COMP) in conjunction with an isolation tech-
nique which would include the volatile (bp < 150 °C),
water-insoluble compounds and also many compounds
considered to be semivolatile and semi water soluble. An
additional objective was to detect and quantitate these
compounds at 0.1 ug/L in drinking water, 1 ug/L in surface
waters, and 10 pg/L in effluent waters. On the basis of
a comprehensive review of the current literature (3), only
two techniques possessed adequate sensitivity to warrant
experimental investigation of their range of applicability:
(1) purge and trap (4) and (2) closed-loop gas stripping
(Grob) analysis (CLSA) (5-7). Preliminary evaluation of
both of these methods revealed that the conventional purge
and trap method had a significantly shorter analysis time

0013-936X/88/0922-0565$01.50/0 © 1988 American Chemical Society

per sample and was inherently freer from interferences
than closed-loop gas stripping analysis. In particular, the
carbon disulfide used for desorption of the carbon trap in
CLSA chromatographically obscured early-eluting ana-
lytes. Consequently, extensive method optimization was
performed only on the purge and trap method. This was
accomplished with 1“C-labeled compounds and is too ex-
tensive for inclusion here (2). This paper addresses method
refinement, interface of the purge and trap apparatus to
the GC/MS/COMP, and the method evaluation. Non-
radiolabeled purgeable compounds, encompassing a broad
range of compound types, were employed for method
evaluation.

Experimental Section

Method Refinement Studies. Recovery determina-
tions with representative compounds followed the ana-
lytical protocol outlined below:

(1) Organic-free water was prepared by purging deion-
ized water for 2 h at 90 °C with 100 mL/min helium
followed by continued purging while cooling to 30 °C.

(2) Aliquots (200 mL) were transferred to purge flasks
containing 60 g of anhydrous Na,SO, and were shaken to
dissolve the salt.

(3) The 30% Na,SO, solution was spiked with 5 uL of
the appropriate standard mixture in methanol, mixed
gently, and equilibrated at 30 °C for 10 mins.

(4) After the Tenax GC cartridge was attached, 500 mL
of helium was passed through the solution at 25 mL/min.

(5) Exposed cartridges were analyzed by thermal de-
sorption gas chromatography with flame ionization de-
tection (GC/FID) on either a 180 X 0.2 ¢cm Tenax GC
(80/100 mesh) packed column or a 65 m X 0.5 mm SE-30
WCOT column.

(6) Recoveries were calculated by comparison to stand-
ard cartridges using electronic peak height measurements.

(7) In experiments involving municipal and energy ef-
fluent samples, 20 mL of effluent was combined with 180
mL of distilled water prior to introduction into the purge
flask.

Evaluation of an Integrated GC/MS/COMP Purge
and Trap System. A purge and trap system (Figure 1)
consisting of a purge and trap module (A), an injection
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Table I. Component Identification: Purge and Trap System

item
1 rope heaters—Hotwatt Inc., 250 W, 120 V, 60 in.
2 insulation—glass wool sleeve !/, in. X !/¢ in. thick

3 glass fiber tape—Scotch 27 (3M Co.)

description

4 sorbent trap—1.5 g of Tenax GC (Enka Research Institute, The Netherlands); 35/60 mesh
4A  3/gin-'/4 in. stainless steel, fritted (10 xm) reduction union

4B 3/gin. stainless steel nut
4C 10 in. X 3/g in. 0.d. X 1/ in. i.d. stainless steel tubing

5 heated /insulated nickel transfer line from six-port valve to GC injection system, !/4 in. 0.d. X 0.040 in. i.d. X 30 in.
6 heated /insulated nickel transfer line from six-port valve to sorbent trap, !/¢ in. 0.d. X 0.040 in. i.d. X 14 in.

7 support and heater for six-port valve, Valco HA-1 (Valco Instruments Co., Inc.)

8 six-port valve, Valco C-6-T, !/ 4 in. zero dead volume fittings

9 support bracket for sample valve

10 sample valve, Tekmar 14036 (Tekmar Co.)
11 sample introduction needle, Tekmar 14217

12 Teflon (E. I. du Pont de Nemours and Co.) tubing (/4 in. 0.d. X 0.040 in. i.d. X 20 in.) with needle (18 gauge X 55 in.)
13 Teflon tubing (/g in. 0.d. X 0.040 in. i.d. X 8 in.) with Cheminert (LDC/Milton Roy) connector for connecting to item 20

14 sampler union, Tekmar 14049
15 same as item 14
16 sample container, 243 mL, glass, 24-mm septum cap

17 three-finger clamp, Fisher 05-742 (Fisher Scientific Co.)

18 clamp holder, Fisher 05-754
19 aluminum rod, !/, in., Fisher 14-666

20 heated/insulated nickel transfer line from purge flask connecting line to six-port valve, !/ in. 0.d. X 0.040 in. i.d. X 14 in.
21 heated/insulated nickel transfer line from six-port valve to sorbent trap, !/ in. 0.d. X 0.040 in. i.d. X 20 in.

22 heated/insulated nickel transfer line from sorbent trap to six-port valve, !/ in. 0.d. X 0.040 in. i.d. X 5 in.

23 clamp

24 soap bubble flowmeter

25 purge flask
approximate dimensions—18 in. X 1.5 in.
purge gas inlet—!/5 in. o.d.
frit porosity—medium
material—borosilicate glass

(A) Microflex valve, Kontes K-749100-21 (Kontes Scientific Glassware/Instruments)

(B) Chromaflex column valve, Kontes K-423600
(C) Chromaflex column valve, Kontes K-423600
26 spring, 1.5 in.

27 dry purge valve, four-port, Valco C-4-T, !/ ; in. zero dead volume fittings

28 aluminum panel, 16 in. X 26 in. X !/ in.
29 Flexframe foot plate, Fisher 14-666-25

30 purge gas line, Teflon tubing (!/,6 in. 0.d. X 0.040 in. i.d. X 20 in.) with Cheminert fitting
31 Teflon tubing (/6 in. 0.d. X 0.040 in. i.d.) with stainless steel needle (18 gauge X 1 in.)
32 purge gas flow metering valve, Nupro SS-2SG (Nupro Co.), /4 in. fittings

33 temperature controller/readout no. 1

port/cryofocusing trap (B), and other ancillary devices was
evaluated for analysis of volatile organic compounds. Parts
listings are given in Tables I and II.

Organic-free water was transferred into a 250-mL bottle
equipped with a magnetic stirrer and a silicone-Teflon
septum closure until the bottle was filled to capacity (no
head space). Compounds of interest were introduced
through the septum in 2 uL of a methanol solution con-
taining 200-300 ng/uL of each compound and deuteriated
internal standards ([?H;]bromoethane; [*Hj]anisole;
[2H;]chlorobenzene) and then stirred for 2 min.

Gaseous solutions of the external standard perfluoro-
toluene (PFT) were prepared in a 1-L gas bulb which had
been flushed with helium and heated with a heating mantle
to 85 °C. With continual magnetic stirring, PFT was
injected into the bulb through a septum to produce 200
ng of PFT/1 mL of gas; the system was equilibrated for
30 min.

Sixty grams of anhydrous powdered sodium sulfate
(Baker) was added to the dry 200-mL purge vessel. The
vessel was equipped with a foam trap on the purge gas exit
and Teflon valves on the purge gas inlet and exit lines.
Following the introduction of salt, the vessel was purged
(with the exit line disconnected from the Tenax trap) at
25 mL/min for 20 min to simultaneously purge the salt
and displace the void volume of the flask. The Teflon
valves on the flask were then closed, and the flask was
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Table II. Component Identification: Injection System

injection block, containing six-port valve

liquid nitrogen cooled, nickel capillary trap

gas chromatograph carrier gas inlet to injector

septum purge outlet (closed during operations)

injection splitter exit (closed)

vent

heated/insulated transfer line inlet from purge and trap
system, !/g in. 0.d. X 0.040 in. i.d. X 30 in. (other end of
item 5, Table I)

8 purge flask heater, 3/, in. diameter X 8 in., Watlow 01808081

(Watlow Winona, Inc.)

9 electrical connection to injector body

10 electrical connection to cryogenic trap heater

11 gas chromatograph bulkhead

12 gas chromatograph injection port

13 fused-silica capillary column

14 temperature controller/readout no. 2

N OO W~

shaken to redistribute the salt for easier dissolution. After
the valve on the exit line leading to the Tenax trap was
opened (to allow head-space displacement), 200 mL of
sample was introduced into the vessel by a pressurized
delivery system (Figure 2) using helium. When delivery
was complete, the valves on the flask were closed, and the
flask was shaken to dissolve the salt. The foam trap and
Teflon valves prevent water from entering the system lines
during the shaking procedure. After the salt was dissolved,
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Figure 1. (A) Purge and trap system; (B) injection system.
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Figure 2. Pressurized sample delivery system.

the valves were reopened, and the sample was purged for
20 min at 25 mL/min. At the conclusion of the normal
purge cycle, the purge gas was diverted (part 27, Figure
1) around the purge flask for an additional 5 min to remove
residual water vapor from the Tenax trap. During this
“dry” purge (18 min into the cycle), 1 mL of gaseous PFT
in helium was injected with a 5-mL gas-tight syringe into
the cold cryogenic trap. Trapped compounds were de-
sorbed from the Tenax trap at 200 °C onto the cryogenic
trap for 8 minutes at 15 mL/min. The cryofocused eluent
was then flash evaporated onto the capillary column by
ballistic heating of the cryotrap to 200 °C. All experiments
were conducted in triplicate.

Results and Discussion

Method Refinement Studies. Recovery studies with
representative compounds were performed in triplicate at
1 ppb in tap water and 100 ppb in municipal and energy
effluents. These studies encompassed ten different
functional group classifications including aldehydes, ke-
tones, esters, ethers, aromatic hydrocarbons, aliphatic
hydrocarbons, halogenated aromatic hydrocarbons, halo-

genated aliphatic hydrocarbons, miscellaneous nitrogen
compounds, and miscellaneous sulfur compounds. The two
effluent waters were diluted 1:10 prior to purging to
minimize foaming. Recovery data (Table III) indicate
compound classes which are amenable to purge and trap
as described here. Recoveries for aldehydes, ketones, es-
ters, and miscellaneous nitrogen compounds were ex-
tremely low (<50%) and demonstrate that purge and trap
cannot be applied successfully to these compounds at 1
ppb. Three exceptions to this conclusion were ethyl bu-
tyrate, butyl propionate, and ethyl hexanoate, all of which
exhibited recoveries of 90% or better, presumably because
of an optimum relationship between volatility and water
solubility not possessed by other esters. Recovery ex-
periments were not performed for aldehydes, ketones, and
miscellaneous nitrogen compounds in the effluent media.

A poorly defined but general decrease in recovery was
observed with decreasing volatility for all three water types.
The data predict that compounds in chemical classes
amenable to purge and trap, including ethers, aromatic
hydrocarbons, aliphatic hydrocarbons, halogenated aro-
matic hydrocarbons, halogenated aliphatic hydrocarbons,
and certain sulfur compounds, can be determined up to
a boiling point of approximately 220 °C. This range of
volatilities affords appreciable overlap with compound
isolation procedures employing solvent extraction.

On the basis of the research described above, an interim
protocol for volatile organics was prepared. The interim
protocol was tested with field samples fortified with in-
ternal standards and model compounds. Two studies were
conducted to test the interim protocol. An intralaboratory
study was first conducted by Research Triangle Institute
(RTI) on distilled and drinking water (one each) and on
energy (three each), industrial (three each), and municipal
(two each) effluents. The interim protocol was applied in
triplicate to spiked and unspiked (control) water samples.
Subsequently, an interlaboratory study was performed on
water samples spiked with model compounds and then
analyzed by EPA/Athens, GA, and RTI. The samples
represented distilled, drinking, and surface waters and
municipal, energy, and industrial effluents. Spiked and
unspiked samples were analyzed by both laboratories.

Several problems in the interim protocol became ap-
parent during the interlaboratory study. Further research
addressed improvements to the purge and trap protocol:
(1) simplification of the sample transfer, (2) improvement
in the procedures for adding internal and external stand-
ards, and (3) design and validation of a purge and trap
apparatus interfaced directly to a gas chromatograph/mass
spectrometer/computer. This last modification was to
significantly reduce background interferences associated
with the Tenax GC trap.

Evaluation of an Integrated GC/MS/COMP Purge
and Trap System. Candidate closed-system designs for
purge and trap included (1) a modification of the Tekmar
LSC-3 system (Tekmar Co., Cincinnati, OH), (2) the
UNACON 810A (Envirochem, Inc., Kemblesville, PA), and
(3) an RTI-designed system. All three designs were
evaluated under nearly identical criteria. Ultimately, the
RT1I-designed purge and trap system was selected for in-
clusion in the final analytical protocol on the basis of its
superior overall performance relative to the other two
systems.

The injection component of the RTI system provided
for introduction of gas or liquid samples, or the intro-
duction of desorbed analytes from the trap of a purge and
trap system, onto glass or fused-silica capillary columns.
As part of this system, cryofocusing was utilized to faci-
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Table III. Recovery Studies with Representative Volatile Compounds

mean percent recovery (% RSD)

bp distilled municipal energy
class compound (°C) water effluent (10%) effluent (10%)
esters ethoxyethyl acetate 156 ND* ND ND
ethyl hexanoate 168 108 (12) 95 (3) 100 (3)
furfuryl acetate 177 ND ND ND
diethyl oxalate 186 ND ND ND
phenyl acetate 196 ND ND ND
dimethyl adipate >>200 20 (26) ND ND
benzyl acetate 216 94 (10) 4 (25) 5 (20)
ethers diethyl ether 35 100 (14) 100 (49) b
propylene oxide 35 12 (12) b b
2-methylfuran 63 ND 28 (90) 87 (21)
tetrahydrofuran 66 24 (39) 24 (22) 11 (10)
diisopropyl ether 69 b 109 (11) 100 (4)
diallyl ether 94 b 100 (8) 89 (11)
1,4-dioxane 101 b 6 (40) 3(12)
epichlorohydrin 118 26 (9) 3 (33) 4 (16)
dibutyl ether 142 b b b
anisole 156 76 (7) 83 (7) 65 (10)
dihexyl ether 223 66 (23) 40 (12) 45 (11)
diphenyl ether 259 97 (14) 70 (6) 85 (4)
dibenzyl ether 298 78 (116) 5 (50) 10 (60)
aliphatic hydrocarbons pentane 36 185 (58) b 109 (14)
cyclopentane 49 115 (10) b 124 (26)
hexane 68 97 (7) b 124 (26)
cyclohexene 83 81 (11) 124 (4) 115 (14)
heptane 98 110 (10) 121 (27) 130 (10)
aldehydes propionaldehyde 49 b b b
n-butyraldehyde 75 13 (14) b b
crotonaldehyde 104 b b b
heptaldehyde 153 34 (16) b b
furfural 162 ND b b
benzaldehyde 179 ND b b
salicycladehyde 196 ND b b
p-tolualdehyde 200 ND b b
anisaldehyde 248 ND b b
ketones acetone 57 b b b
methyl ethyl ketone 80 b b b
cyclopentanone 131 ND b b
acetylacetone 141 ND b b
2-heptanone 151 53 (10) b b
cyclohexanone 57 b b b
2-octanone 173 ND b b
fenchone 194 ND b b
acetophenone 202 b b b
phenylacetone 217 ND b b
trans-4-phenyl-3-butene ND b b
esters methyl formate 32 36 (31) 95 (24) 110 (23)
methyl acetate 57 25 (24) b b
ethyl acetate 1i] 23 (9) 29 (12) 30 (31)
tert-butyl acetate 98 34 (3) 98 (13) 74 (26)
propyl acetate 102 b 64 (20) 58 (23)
allyl acetae 104 34 (7) 22 (14) 26 (31)
ethyl butyrate 120 90 (4) 82 (4) 85 (9)
butyl propionate 146 126 (2) 94 (3) 94 (4)
aliphatic hydrocarbons 1-octane ~122 104 (7) 110 (21) 143 (20)
octane 125 104 (7) 98 (23) 102 (22)
nonane 151 57 (11) 70 (5) 70 (20)
dipentene ~170 87 (11) 92 (5) 79 (12)
decane 174 38 (21) 66 (7) 66 (17)
dodecane ~216 48 (30) 64 (4) 65 (9)
tetradecane 254 27 (40) 22 (22) 36 (10)
hexadecane 287 ND 5 (25) 10 (26)
halogenated aliphatic hydrocarbons ~ methylene chloride 40 99 (3) 105 (14) b
allyl chloride 45 113 (11) b b
trans-1,2-dichloroethylene 48 116 (13) 103 (10) 106 (5)
chloroform 61 79 (14) 105 (18) 95 (7)
bromochloromethane 68 79 (14) b 110 (18)
1,2-dichloroethane 83.5 80 (9) 82 (6) b
trichloroethylene 87 87 (2) 84 (12) 97 (7)
1,2-dichloropropane 96 84 (13) 111 (11) 97 (5)
1,1,2-trichloroethane 113 86 (7) 87 (3) 85 (2)
1-bromo-3-methylbutane 122 100 (12) 101 (4) 113 (12)
1,2-dibromoethane 131 90 (6) 80 (6) 96 (7)
1-chlorohexane 132 100 (7) b 103 (10)
1,2-dibromopropane 141 96 (6) 99 (3) 98 (5)
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Table III (Continued)

mean percent recovery (% RSD)

bp distilled municipal energy
class compound (°C) water effluent (10%) effluent (10%)
3-bromo-1-chloropropane 142.5 b 101 (2) 102 (4)
1,4-dichlorobutane 161.3 86 (2) 91 (2) 91 (6)
1,4-dibromobutane 197 92 (11) 86 (4) b
1-bromodecane 238 27 (15) 45 (12) 38 (30)
aromatics benzene 80 76 (9) 104 (5) 111 (87)
toluene 111 74 (15) 103 (4) 107 (5)
ethylbenzene 163 66 (15) 94 (4) 101 (4)
xylene 139 66 (15) 100 (1) 100 (5)
cumene 152 59 (20) 99 (1) 96 (10)
tert-butylbenzene 134 b b 97 (11)
1,2,4-trimethylbenzene 170 84 (10) 99 (2) 97 (11)
diethylbenzene ~182 60 (16) 86 (1) 81 (15)
triethylbenzene 217 42 (24) 68 (3) 66 (22)
naphthalene 218 83 (8) 85 (2) b
diphenylmethane 266 63 (9) 66 (5) 64 (22)
halogenated aromatics fluorob 85 91 (10) 107 (5) 101 (9)
a,a,a-trifluorotoluene 103 83 (12) 103 (8) 101 (9)
chlorobenzene 132 93 (8) 101 (4) 95 (3)
bromobenzene 156 92 (4) 95 (2) 91 (7)
p-bromotoluene 184 92 (2) 91 (4) 86 (14)
iodotoluene 189 92 (4) 91 (3) 87 (9)
1,2,4-trichlorobenzene 214 103 (7) 84 (8) 93 (1)
a,a,a-trichlorotoluene 221 b b b
1,2,4,5-tetrachlorobenzene 244 79 () 56 (12) b
sulfur (misc) carbon disulfide 47 93 (29) 93 (15) b
thiophene 84 64 (13) b b
tert-butyl disulfide ~200 ND b b
benzyl sulfide 296 b b b
nitrogen (misc) propionitrile 97 25 (34) b b
nitroethane 114 6 (7) b b
1-nitropropane 132 9 (4) b b
benzonitrile 191 ND b b
nitrobenzene 210 30 (7) b b

@ Compound not detected. ®Recovery not determined.

Table IV. Recovery of Volatile Organic (VO) Compounds from Drinking Water and Industrial/Municipal Wastewater

mean percent recovery mean percent recovery
(% RSD)* (% RSD)®
compound drinking water ~ wastewater compound drinking water ~ wastewater

n-pentane c 25 (16) chloroform 74 (6) 82 (15)
n-hexane 90 (19) 120 (8) tetrachloroethylene 82 (8) 73 (7)
n-heptane 120 (3) c 1,2-dibromoethane 68 (8) 86 (6)
n-octane 103 (11) 104 (30) 1,4-dibromobutane 94 (7) ¢
n-nonane 80 (40) 78 (4) allyl chloride c 48 (2)
n-decane 70 (14) 51 (10) 1-chlorohexane 128 (9)
n-dodecane 64° 71 (5) bromochloromethane 48 (7) 144 (7)
n-tridecane 52 (34) 36° 2-bromobutane 117 (3) c
n-tetradecane 58 (38) 40 (12) 2-bromo-1-chloropropane 99 (4) e
dipentene 96 (16) 83 (22) 1-bromohexane 129 (5) c
cyclopentane e 131 (3) 1,2-dibromopropane 90 (4) c
cyclohexane 79 (10) 91 (2) trichloroethylene 118 (8) ¢
propylene oxide 67 (22) ¢ 1,2-dichloroethane 102 (10) c
diethyl ether ¢ 115 (4) trans-1,2-dichloroethylene 82 (7) 93 (10)
dihexyl ether 68 (23) 72 (8) chlorobenzene 98 (10) 84 (16)
diallyl ether 87 (10) 109 (3) 1,2-dichlorobenzene 116 (9) c
diphenyl ether ¢ 47 1,2,4-trichlorobenzene 88 (3) 86 (4)
2-methylfuran 65 (5) 95 (2) p-iodotoluene 96 (8) 117 (3)
benzene 78 (7) 74 (13) bromobenzene 123 (10) &
p-xylene 108 (12) 89 (13) a,a,a-trifluorotoluene ¢ 58 (2)
tert-butylbenzene 113 (3) c 2-bromochlorobenzene 73 (4) 112 (10)
1,2,4-trimethylbenzene 97 (2) 91 (18) 4-bromochlorobenzene 90 (5) 106 (2)
1,3,5-trimethylbenzene 65 (5) 90 (3) 1,4-dichlorobenzene 83 (4) c
ethylbenzene 96 (5) c p-bromotoluene 104 (3) ¢
p-deithylbenzene 61 (6) 101 (6) 1,3-dichlorobenzene 90 (5) 116 (2)
o-diethylbenzene 98 c anisole 62 (2) 74 (5)
toluene 125 (5) ¢ thiophene 120 (6) 149 (1)
(3-methylisopropyl)benzene 100 (5) ¢ carbon disulfide ¢ 100 (3)
naphthalene ¢ 74 (3) diphenylmethane 59 (9) ¢

¢ Triplicate determinations; percent recoveries were calculated relative to the nearest eluting deuteriated internal standard ([*Hgbromo-
ethane, [?Hj]anisole, and [2H;]chlorobenzene). °Single determination. ¢Not determined.
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litate sharp, discrete sample injection. Specific features
of this sample introduction mechanism are described at
length elsewhere (2).

Experiments conducted with the RTI purge and trap
design equipped with injection port/cryofocusing showed
this system to be compatible with capillary GC/MS for
the isolation of volatile organic compounds from water.
Table IV illustrates the recoveries and precision of the
volatile organic model compounds from drinking water and
industrial/municipal wastewater calculated relative to the
nearest eluting internal standard.

Acknowledgments

We acknowledge technical support from J. Bursey, J.
Harry, R. Porch, J. Turlington, and M. Parker and edi-
torial assistance from C. Sparacino and R. Zweidinger.
Sincere appreciation is also offered to A. W. Garrison of
the U.S. Environmental Protection Agency for his guidance
during this effort.

Registry No. Ethoxyethyl acetate, 111-15-9; ethyl hexanoate,
123-66-0; furfuryl acetate, 623-17-6; diethyl oxalate, 95-92-1; phenyl
acetate, 122-79-2; dimethyl adipate, 627-93-0; benzyl acetate,
140-11-4; diethyl ether, 60-29-7; propylene oxide, 75-56-9; 2-
methylfuran, 534-22-5; tetrahydrofuran, 109-99-9; diisopropyl
ether, 108-20-3; diallyl ether, 557-40-4; 1,4-dioxane, 123-91-1;
epichlorohydrin, 106-89-8; dibutyl ether, 142-96-1; anisole, 100-
66-3; dihexyl ether, 112-58-3; diphenyl ether, 101-84-8; dibenzyl
ether, 103-50-4; pentane, 109-66-0; cyclopentane, 287-92-3; hexane,
110-54-3; cyclohexene, 110-83-8; heptane, 142-82-5; propion-
aldehyde, 123-38-6; n-butyraldehyde, 123-72-8; crotonaldehyde,
4170-30-3; heptaldehyde, 111-71-7; furfural, 98-01-1; benzaldehyde,
100-52-7; salicylaldehyde, 90-02-8; p-tolualdehyde, 104-87-0; an-
isaldehyde, 123-11-5; acetone, 67-64-1; methyl ethyl ketone, 78-
93-3; cyclopentanone, 120-92-3; acetylacetone, 123-54-6; 2-hep-
tanone, 110-43-0; cyclohexanone, 108-94-1; 2-octanone, 111-13-7;
fenchone, 1195-79-5; acetophenone, 98-86-2; phenylacetone,
103-79-7; trans-4-phenyl-3-butene, 1005-64-7; methyl formate,
107-31-3; methyl acetate, 79-20-9; ethyl acetate, 141-78-6; tert-butyl
acetate, 540-88-5; propyl acetate, 109-60-4; allyl acetate, 591-87-7;
ethyl butyrate, 105-54-4; butyl propionate, 590-01-2; 1-octane,
111-65-9; nonane, 111-84-2; dipentene, 138-86-3; decane, 124-18-5;
dodecane, 112-40-3; tetradecane, 629-59-4; hexadecane, 544-76-3;
methylene chloride, 75-09-2; allyl chloride, 107-05-1; trans-1,2-
dichloroethylene, 156-60-5; chloroform, 67-66-3; bromochloro-
methane, 74-97-5; 1,2-dichloroethane, 107-06-2; trichloroethylene,
79-01-6; 1,2-dichloropropane, 78-87-5; 1,1,2-trichloroethane, 79-

570 Environ. Sci. Technol., Vol. 22, No. 5, 1988

00-5; 1-bromo-3-methylbutane, 107-82-4; 1,2-dibromoethane,
106-93-4; 1-chlorohexane, 544-10-5; 1,2-dibromopropane, 78-75-1;
3-bromo-1-chloropropane, 109-70-6; 1,4-dichlorobutane, 110-56-5;
1,4-dibromobutane, 110-52-1; 1-bromodecane, 112-29-8; benzene,
71-43-2; toluene, 108-88-3; ethylbenzene, 100-41-4; xylene, 1330-
20-7; cumene, 98-82-8; tert-butylbenzene, 98-06-6; 1,2,4-tri-
methylbenzene, 95-63-6; diethylbenzene, 25340-17-4; triethyl-
benzene, 25340-18-5; naphthalene, 91-20-3; diphenylmethane,
101-81-5; fluorobenzene, 462-06-6; a,a,a-trifluorotoluene, 98-08-8;
chlorobenzene, 108-90-7; bromobenzene, 108-86-1; p-bromotoluene,
106-38-7; iodotoluene, 61878-58-8; 1,2 4-trichlorobenzene, 120-82-1;
a,a,a-trichlorotoluene, 98-07-7; 1,2,4,5-tetrachlorobenzene, 95-94-3;
carbon disulfide, 75-15-0; thiophene, 110-02-1; tert-butyl disulfide,
110-06-5; benzyl sulfide, 538-74-9; propionitrile, 107-12-0; nitro-
ethane, 79-24-3; 1-nitropropane, 108-03-2; benzonitrile, 100-47-0;
nitrobenzene, 98-95-3; water, 7732-18-5.

Literature Cited

(1) “Guidelines Establishing Test Procedures for the Analysis
of Pollutants Under the Clean Water Act”; Fed. Regist.
1984, Oct 26.

(2) Pellizzari, E. D.; Sheldon, L S.; Bursey, J. T.; Michael, L.
C.; Zweidinger, R. A.; “Master Analytical Scheme for Or-
ganic Compounds in Water”; final report on U.S. EPA
Contract 68-03-2704; U.S. EPA: Washington, DC, 1985.

(3) Pellizzari, E. D.; Sheldon, L. S.; Bursey, J. T.; Michael, L.
C.; Zweidinger, R. A. “Master Scheme for the Analysis of
Organic Compounds in Water, State-of-the-Art Review of
Analytical Operations”; U.S. EPA Contract 68-03-2704; U.S.
EPA: Washington, DC, 1985.

(4) Bellar, T. A.; Lichtenberg, J. J. The Determination of
Volatile Organic Compounds at the Microgram per Liter
in Water by Gas Chromatography; U.S. EPA: Washington,
DC, 1974; EPA-670/4-74-009.

(5) Grob, K. J. Chromatogr. 1973, 84, 255-73.

(6) Grob, K.; Grob, G. J. Chromatogr. 1974, 90, 303-13.

(7) Grob, K.; Grob, K., Jr.; Grob, G. J. Chromatogr. 1975, 106,
299-315.

Received for review July 18, 1986. Revised manuscript received
November 24, 1987. Accepted December 18, 1987. Although the
research described in this article has been funded wholly or in
part by the U.S. EPA through Contract 68-03-2704 to the Re-
search Triangle Institute, it has not been subjected to the
agency'’s required peer and administrative review and therefore
does not necessarily reflect the views of the agency, and no official
endorsement should be inferred.



Environ. Sci. Technol. 1988, 22, 571-578

Influence of Vapor-Phase Sorption and Diffusion on the Fate of
Trichloroethylene in an Unsaturated Aquifer System

Michele S. Peterson,’ Leonard W. Lion,* and Christine A. Shoemaker

Department of Environmental Engineering, Cornell University, Ithaca, New York 14853

B This research evaluates the influence of vapor-phase
sorption and diffusion on the fate and transport of a
common volatile pollutant, trichloroethylene (TCE). Va-
por-phase sorption of TCE by a porous aluminum oxide
surface coated with humic acids (to simulate an aquifer
material) was observed to be highly dependent on moisture
content. Linear partition coefficients for binding of TCE
vapor under a range of unsaturated conditions were 1-4
orders of magnitude greater than the value measured for
the saturated sorbent. In addition, laboratory measure-
ment of the TCE diffusion coefficient through the simu-
lated aquifer material indicated that an existing empirical
formula used to estimate this parameter can be in error
by as much as 400%. The significance of differences in
sorptive partition coefficients and diffusion coefficients was
examined with an existing one-dimensional vertical
transport model for the unsaturated zone. Model calcu-
lations indicate that the common practice of assuming
saturated partition coefficients apply to unsaturated con-
ditions should be avoided to obtain accurate predictions
of volatile contaminant transport.

Introduction

Most studies dealing with the transport and sorption of
groundwater contaminants have focused on chemical, bi-
ological, and physical activity in the saturated zone.
However, a major category of groundwater pollutants are
volatile organic compounds that can readily move between
the aqueous phase and vapor phase in aquifers that have
saturated and unsaturated zones. An understanding of the
extent and significance of vapor-phase transport and re-
action may be important for accurately forecasting the
movement of volatile contaminants and in evaluating the
usefulness of alternative remedial methods for removing
pollutants.

Compared to our understanding of pollutant behavior
in saturated systems, our present knowledge of vapor-
phase reactions in soils is relatively deficient. For example,
the aqueous-phase sorptive partitioning coefficient of a
wide array of nonionic organic compounds may generally
be estimated (within a factor of 3-10) from a knowledge
of two parameters: (1) a measure of the pollutant hy-
drophobicity such as the octanol-water partitioning
coefficient or aqueous solubility and (2) a measure of soil
hydrophobicity such as the weight fraction of organic
carbon (I, 2). By comparison, our understanding of organic
vapor adsorption allows no such empirical prediction.
Vapor-phase sorption reactions are anticipated to depend
on specific soil properties that may not play a significant
role in control of sorption in saturated systems. For ex-
ample, the results of Chiou and Shoup (3) suggest that
competition between organic vapors and water vapor for
adsorption sites on soil minerals may be extremely im-
portant.

Transport processes for organic solutes in saturated
systems include advection, dispersion, and diffusion. In
the absence of vapor pressure gradients, gaseous diffusion
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is expected to be the major mechanism for vapor transport.
Since vapor-phase diffusion coefficients greatly exceed
those in the aqueous phase, movement of organic vapors
in the gaseous headspace of unsaturated aquifers may be
a significant aspect of volatile pollutant transport.

It is the purpose of this paper to report the results of
a sequence of laboratory experiments and model simula-
tions performed to determine the potential impact of va-
por-phase adsorption and gaseous diffusion on the move-
ment of trichloroethylene (TCE) in unsaturated aquifer
systems. Linear sorptive partitioning coefficients for TCE
were measured both from aqueous solution and from the
vapor phase onto a synthetic soil. Vapor-phase sorption
was evaluated for several moisture contents. The gaseous
diffusion coefficient for TCE in the synthetic soil was also
measured. This information was incorporated into an
existing one-dimensional behavior assessment model for
volatile organic materials to illustrate the impact of va-
por-phase sorption and diffusion on the fate of TCE.

TCE was selected as the subject for the study because
it is one of the most common groundwater pollutants in
the nation. In 1980, 18 states surveyed reported a total
of 2894 wells containing volatile organics, of which TCE
was the most often detected compound (4).

Determination of Partition Coefficients. Methods
used to determine sorptive partition coefficients include
bottle-point equilibrium and/or soil column retardation
studies. We have employed a recently developed heads-
pace technique (5) to measure the aqueous partition
coefficient for TCE. The procedure was also modified to
obtain TCE vapor-phase partition coefficients.

In analysis of solute sorption in aqueous systems, dif-
ficulties can arise if results are based on direct sampling
of the aqueous phase, particularly if the compound of
interest is bound to colloidal solids or dissolved macro-
molecules that are not removed in separation processes
such as filtration or centrifugation. Experimental artifacts
of this nature are one of the explanations offered to de-
scribe the “solids effect”, in which linear sorptive partition
coefficients are observed to decrease with increasing solids
concentration (6-8). Since headspace analysis obviates the
need for separation of solids from the aqueous phase, solids
effects that result from incomplete separation should be
avoided. In the results described below, we have compared
the TCE sorptive partitioning coefficient obtained with
the headspace batch equilibration procedure (over a range
of solids concentrations) with the results of a soil column
study.

Headspace Theory: Aqueous-Phase Partition
Coefficient. The headspace procedure makes use of
Henry’s law, which interrelates the concentration of a
compound in aqueous and gaseous phases at equilibrium:

vCy = Co/Kn (1)

where C, is the liquid concentration, Cg is the gaseous
concentration, Ky is Henry’s constant (dimensionless), and
v is the aqueous activity coefficient correcting for nonideal
behavior. To evaluate the sorption process, a system with
known liquid volume, gas volume, and mass of sorbent is
compared to a control, which contains no sorbent. If the
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total mass of the volatile compound in each system is the
same, then the mass balance equations for each system
may be equated. If, in addition, a linear adsorption iso-
therm is used to describe the relationship between the
sorbed and liquid concentrations, then

Ca = X/M = KdCL (2)

where C, = sorbed concentration (mass sorbed /mass solid),
X = mass sorbed, M = mass of solid sorbent, and K3 =
the solid-liquid partition coefficient (cm®/gm). Following
the procedure of Garbarini and Lion (5), a combination
of the mass balance equations for the control and the
system containing sorbent, and substitution of eq 1 and
2 gives

Vo Kuy + Vi,
(CG‘/CG)m =Ky4M/(Vy, + KyvyVg,)] + 1
(3)

with Vi, and V, being the volume of liquid and gas in a
standar& control %ottle without sorbent (mL), Vi, and Vg,
being the liquid and gas volumes in bottles containing
sorbent, Cg, being the headspace vapor concentration in
the control, and Cg, being the vapor concentration in the
bottle with sorbent.

Headspace Theory: Vapor-Phase Partition Coef-
ficient. The linear partition coefficient Ky (where C, =
K4'Cg) for the vapor-solid adsorption isotherm may also
be obtained by mass balance principles. A system with
known gas volume and mass of sorbent may again be
compared to a control, which contains no sorbent. If the
same mass of contaminant vapor is introduced into each
system, the mass balance equations must be equal:

Ce, Vg, = Cg, Vg, + X (4)

where X is the mass of vapor that is adsorbed (g). The
quantity X may be determined if the vapor adsorption
isotherm is known. The adsorption model of Brunauer et
al. (9) is commonly used to characterize the adsorption of
gases by solids. At low vapor pressures of the adsorbate
gas, the Brunauer-Emmett-Teller (BET) model equation
reduces to a linear isotherm:

X/M = Kd/CGg (5)

where K is the soil-vapor partition coefficient (cm?®/g).
Combining eq 4 and 5 results in

(Cg,/Cg)(V,/ V) = Kd/(M/Vg,) + 1 (6)

The parameters Ky and Ky may be determined by calcu-
lating the slope of a plot of the left-hand side of eq 3 and
6 vs M/(Vy, + KyyVg,) or M/V,, respectively.

Experimental Methods and Materials

A simulated soil was used in all experiments to ensure
the uniformity of sorbent properties and the ability to
reproduce samples. Alumina oxide (Fisher Scientific ad-
sorption alumina, 80-200 mesh) was coated with humic
acid (Aldrich Chemical Co.) to provide a surface to serve
as a sorbent for TCE. The coating procedure described
by Garbarini and Lion (5) was followed.

The organic carbon content of the coated material was
measured as 0.48% by the Walkley—Black method for soil
analysis (10). This value is characteristic of the low carbon
content of aquifer materials, whereas surface soils often
have a higher carbon fraction. A specific gravity of 3.04
in the simulated soil was measured by using the method
of Lambe (11). The BET surface area of the coated par-
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ticles was determined to be 206 m?/g by N, adsorption
with a Quantachrome Quantasorb surface area analyzer.

Measurement of Soil-Liquid Partition Coefficient.
Adsorption experiments were carried out in 50-mL glass
hypovials of known volume containing various masses of
coated alumina. To determine the aqueous-phase partition
coefficient, 20 mL of 0.1 M NaCl was added to each bottle.
This electrolyte was found to adequately swamp out any
ionic influences attributed to the sorbent (5). In addition,
Garbarini and Lion (5) have shown that the sorptive
partition coefficient of TCE is unaffected by the presence
of the 0.1 M NaCl electrolyte relative to that obtained in
distilled water. TCE-saturated water (100 xL) was added,
and the bottles were immediately sealed with Teflon-lined
rubber septa and an aluminum crimp cap (Supelco, Inc.).
Four to six replicates were prepared for each mass of
sorbent evaluated. The bottles were then rotated for 6 h
in a chamber maintained at 25 °C (£0.1 °C) by a circu-
lating water bath. A 1-mL sample of the gaseous heads-
pace was analyzed with a Varian 1440 gas chromatograph
with a column of 20% SP 2100 and 0.1% Carbowax on
100/120 Supelcoport (Supelco, Inc.) operated isothermally
at 135 °C.

The measurements of Henry’s Law constant for TCE
and the activity coefficient for 0.1 M NaCl were not re-
peated for this study. The values obtained by Garbarini
and Lion (5), Ky = 0.397 and v = 1.055, were used and are
consistent with other reported values (12-14).

Measurement of Soil-Vapor Partition Coefficients.
The above experimental procedure required slight modi-
fications to adapt it for vapor sorption analysis. Bottles
contained oven-dry or moist (see below) adsorbent in the
absence of an aqueous phase. a 1.0-mL sample of TCE
vapor taken from the headspace over pure liquid TCE at
25 °C was delivered to each sample bottle with a gas-tight
syringe. The adsorbent and vapor were equilibrated for
12 h.

Two different moisture content values were obtained by
exposing the synthetic soil sample to water vapor. The
soil was placed in a chamber with water maintained at a
constant temperature and allowed to equilibrate over a
3-day period. A moisture content of 8.2% (grams of H,0/g
dry weight) was obtained at 15 °C, and at 40 °C the water
content achieved was 11.6%. The moist soil was weighed
into desiccated 50-mL sample bottles, injected with 1 mL
of TCE vapor, and immediately sealed with Teflon/rubber
septa and an aluminum crimp cap. The headspace analysis
procedure followed was then the same as that described
above.

Validation of Headspace Technique with Soil
Column Measurements. The validity of the headspace
result for the soil-liquid partitioning was confirmed by
performing a column study using the simulated soil. The
experimental procedure developed by Zhong et al. (15) was
employed for the column experiments. A Sage Model 220
syringe pump operated two Hamilton 1-mL gas-tight
syringes for a continuous, pulse-free delivery. A 60-cm
borosilicate glass column (Spectrum) with a 2.5-cm diam-
eter was encased in a water jacket for precise temperature
control at 25 °C. The porosity of the packed column was
calculated gravimetrically to be 0.56 cm?®/cm?®. A steady-
state flow of 0.1 M NaCl at a rate of 6.27 £ 0.02 (£0.4%)
mL/h was established, resulting in an estimated pore-water
velocity of 2.3 ecm/h.

The TCE concentration of the column effluent was
monitored with the use of a radiolabeled C tracer. A
3-mL pulse input of water containing 4C-labeled TCE was
injected into the column with a gas-tight syringe. The
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Figure 1. Diffusion test cell [(after Farmer et al. (16)]: (A) top view,
(B) side view, and (C) schematic of test assembly.

column effluent was collected in scintillation cocktail
(Fisher Scinti-Verse E) and analyzed on a Tracor analytic
scintillation counter, Model 6882. A mass balance calcu-
lation indicated that 79% of the TCE applied was ac-
counted for in the column effluent. The volatile nature
of TCE is likely to be the major factor responsible for any
loss.

Diffusion of Pollutant Vapors. In an unsaturated
system, the steady-state diffusive flux is determined by
the diffusion coefficient characteristic of the compound
in transport, D, and the concentration gradient across the
soil layer. This relationship is expressed by Fick’s first law:

J = -Dg(Cp - C,p) /L )

with J being the vapor flux through the soil (g/cm? day),
C,p being the concentration of the volatilizing material at
one face of a soil layer, Cy, being the measured concen-
tration at the other face (g/mL), and L being the depth
of the soil layer (cm).

A diffusion cell was constructed on the basis of the de-
sign of Farmer et al. (16) to measure diffusion of gaseous
TCE through the simulated soil and is shown in Figure 1.
An airstream was passed across the synthetic soil and
carried TCE vapor out of the cell. The airflow rate through
the cell was measured with a wet-test meter. Diffusion
experiments were carried out in a constant-temperature
room at 21.5 °C. A 1-mL sample of the flowing gas stream
was periodically withdrawn by a gas-tight precision sam-
pling syringe and analyzed on a Hewlett-Packard 5890A
gas chromatograph with an HP3392A integrator; a stand-
ard methanol solution of known TCE concentration was
used for calibration.

At a constant temperature, the TCE vapor concentration
in the sample chamber below the soil can be calculated
from TCE vapor pressure with the ideal gas law. The
vapor pressure P of liquid TCE is a temperature-depend-
ent relationship expressed by (17)

log P(t) = A-B/(t + C) (8)

where A = 6.5183, B = 1018.6, C = 192.7, t = temperature,
and P is in millimeters of Hg (17). At the experimental
temperature of 21.5 °C, P is 57.9 mmHg, or 0.076 atm.

The vapor flux J through the apparatus at a gasflow rate
Q (cm®/day) and soil-surface area A (cm?) may be deter-
mined from the concentration of diffused pollutant C,:

J=QC,/A 9)

Combining eq 7 and 9 gives the following equation for the
diffusion coefficient:

Dg = QC,L/(Cyp - C)A (10)

Experimental Results and Discussion

Soil-Liquid Partition Coefficient. The results of the
saturated sorption experiments fit to eq 3 are shown in
Figure 2A. The mass of sorbent in the saturated system
ranged from 0 to 20.000 g (giving a maximum of a 1:1 ratio
of grams of sorbent mass to milliliter of solution). The
solid-liquid partition coefficient of TCE onto humic-coated
alumina adsorption was found to be 0.29 mL/g (or cm®/g)
by calculating the slope of the line (2 = 0.94). Normalizing
this value for organic carbon content yields a K of 61.1
cm?/g (K, = Ky/fraction organic content).

Since the headspace procedure does not require a
physical separation of solids, the solids effect that results
from such separations should be avoided. As a check of
this hypothesis, a TCE column experiment was performed
to validate the partition coefficient obtained with the bottle
equilibration procedure.

In saturated column experiments, the velocity of a
sorbed contaminant (which obeys a linear sorption iso-
therm) may be related to that of an inert tracer through
the retardation factor R where

R =1+ (n,/9)K, (11)

with pp, = bulk density of soil (g/cm?®) and ¢ = porosity.

The nonlinear least-squares inversion method of Parker
and van Genuchten (18) was used to determine the soil
retardation factor for TCE from the column breakthrough
curve. The model was run for a deterministic linear
equilibrium adsorption isotherm and an input of a pulse
of known concentration. The degradation rate for TCE
was assumed to be negligible. The resulting retardation
factor (R) was calculated as 1.79 with an r? of 0.83. With
a bulk density of 1.17 g/cm?, the resulting partition
coefficient is 0.38 cm®/g. Given the experimental diffi-
culties inherent in measuring small partition coefficients,
this value agrees reasonably well with the value of 0.29
measured with the headspace technique. Since solids ef-
fects should result in a lower value of K, for the column
experiment (in which sorbent concentration is highest),
differences in the two values may not be attributed to this
phenomenon.

Soil-Vapor Partition Coefficients. The solid-vapor
partition coefficient K4 for TCE onto the oven-dried (105
°C) simulated soil (calculated from the slope of the ad-
sorption isotherm plotted in Figure 2B) is 11870 cm?/g,
which is over 10° times greater than the aqueous-phase
linear partition coefficient. Hence, the percentage of
material that would be expected to be sorbed onto the dry
soil in much greater than would have been predicted by
the partition coefficient measured under saturated con-
ditions (as is often the practice). As the sorptive capacity
of the dry soil was much higher than a soil that is satu-
rated, less sorbent was needed in the experiments to yield
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Figure 2. Reaction of TCE with humic-coated alumina: (A) sorption of dissolved TCE (saturated solid), (B) sorption of TCE vapor by oven-dry

solid, and (C and D) sorption of TCE vapor by moist solid.

measurable changes in gas concentrations. The mass of
sorbent used for sorption of TCE vapor ranged from 0.0500
to 0.1750 g.

Vapor sorption partition coefficients were not normal-
ized with respect to soil organic content. Chiou and Shoup
(3) have experimentally demonstrated that at subsatura-
tion soil minerals may control organic vapor partitioning.
However, in saturated aqueous systems, water displaces
nonionic organic sorbates from hydrophilic soil mineral
surfaces, and soil organic matter is most likely to account
for binding of hydrophobic pollutants.

The soil region overlying the water table could con-
ceivably contain moisture contents ranging from a few
percent to near saturation. A typical field moisture content
for the intermediate zone of a partially saturated soil layer
is approximately 10%. The adsorption isotherms for the
synthetic soil with moisture contents of 8.2% and 11.6%
are presented in Figure 2, parts C and D. The TCE par-
tition coefficient at 8.2% water content was 207 cm®/g, and
at 11.6% the value decreased to 53.9 cm3/g. Both of these
values are still 2 or more orders of magnitude greater than
that determined for the saturated synthetic soil (K4 =
0.29). Therefore, in spite of the fact that hydrophilic
mineral surfaces strongly bind water vapor, it may be very
important to consider organic vapor-phase partitioning
equilibria in unsaturated aquifer systems.

The experimental results given here are specific to the
synthetic aquifer material (i.e., humic acid coated alumina)
that was employed in this study. This surface’s principle
characteristics are a high specific area and low carbon
content. It can be anticipated that the magnitude of TCE
vapor partition coefficients and their dependence on
moisture content will be different on different sorbents.
The physical-chemical nature of soils can, of course, vary
widely. Aquifer sands, for example, have much lower
specific surface areas than the synthetic soil and would
therefore be expected to have lower vapor partition
coefficients. The choice of a commercial humic acid as the
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experimental organic coating also will influence the results.
Malcom and MacCarthy (19) have reported pronounced
differences between *C NMR spectra of commercial humic
acids and natural organic materials. It is also clear that
natural organic materials can vary widely in their pollu-
tant-binding properties depending upon their hydropho-
bicity (20) and degree of aromaticity (21).

The purpose of this research was to illustrate the pos-
sible importance of vapor-phase sorption reactions. The
experimental results for humic-coated alumina indicate
that the assumption that vapor sorption partition coeffi-
cients may be equated with saturated partition coefficients
can lead to large errors unless experimental data are
available demonstrating that this assumption is reasonable
for the soil of interest. The functional dependencies of
specific soil characteristics on vapor-phase sorptive par-
titioning will be the subject of later research.

Estimation of the Wet versus Dry Sorption-Site
Distribution in an Unsaturated Soil. As a first ap-
proximation, the sorptive partitioning coefficients for the
oven-dried and water-saturated synthetic soil may be
considered as end members of a continuum of possible
sorption partition coefficients that will be observed at
intermediate moisture contents. By using this approach
it is possible to estimate the fraction of dry surface sites
that would be needed to account for the measured parti-
tion coefficients of the partially wet synthetic soil. If the
sorbent mass M is considered to be composed of some
fraction F,, of water-saturated sites of mass M, and a
fraction Fy of dry sites of mass My, then F, + Fy = 1.0
and

F, =M, /M (12)

Fy = My/M (13)

If each site type is also assumed to obey a linear isotherm,
then

M, = C KM, (14)



M, = CoKyaryMy, (15)

where M and M, are contaminant masses sorbed onto
the wet and dry sites, respectively, and K4, is the vapor
partition coefficient for the dry surface. The mass sorbed
onto the partially wet solid X is considered to be the sum
of the contribution of each site type. Therefore, from eq
5

X= Msl + Msg = KdlobstGM (16)

where K/ p.q 18 the vapor partition coefficient at an in-
termediate moisture content.

Combination of eq 12-16 and Henry’s law (Cg = KyCy)
gives

Ky obsa = FoKuKa + F3Kq'ary 17)

Given the values of Ky in Figure 2 and given K = 0.29
cm®/g (our measured value for the saturated synthetic soil)
as well as K4, = 11870 cm?/g (the value for the oven-dry
soil), the values of F,, calculated from eq 17 are 0, 0.983,
and 0.995 at 0, 8.2, and 11.6% moisture contents, respec-
tively. Hence, F,, is a highly nonlinear function of the
moisture content. Apparently only a very small fraction
of dry sites would be required to mathematically account
for the higher partitioning coefficient of the moist, un-
saturated solid relative to saturated conditions.

An alternative explanation for the magnitude of Ky’ vs
K, is that totally dry sites do not exist on the unsaturated
moist solid but that (for reasons which are not known) the
moist surface has a sorptive binding strength that is greater
than that of the saturated sorbent. In this regard it is
noteworthy that taking the surface area occupied by a
water molecule as 11.4 A? (22) and the measured BET
surface area of 206 m?/g gives an average coverage of 1.6
and 2.4 monolayers of water on the Al,O; surface at the
moisture contents of 8.2 and 11.6%. Multiple layers of
water were therefore likely to have been present. Re-
gardless of the interpretation of the results, the relationship
between soil moisture and linear TCE sorption coefficients
is highly nonlinear. Identifying the specific sorption
mechanisms responsible for this relationship will require
further study.

Gaseous Diffusion Coefficient. The TCE vapor
diffusion coefficient of a soil system was monitored over
a 6-day period. The carrier (air) flow rate was 1.70 £ 0.21
ft3/h. The system stabilized (i.e., reached steady state)
after 69 h, and the average diffusion coefficient (Dg com-
puted from eq 10) after this point in time was 1195 + 108
(£9.0%) cm?/day at a soil porosity of 0.722.

It is instructive to compare the measured value of Dg
to the value that would be predicted by empirical formulas
such as the model proposed by Millington and Quirk (23),
which is often used to estimate the vapor-phse diffusion
coefficient for a soil system. This formula predicts the
soil-vapor diffusion coefficient D (cm?/day) on the basis
of the known diffusion coefficient of the compound in air
Dg,,. The specific geometric effects of the soil are ac-
counted for by applying a retardation factor based on the
s0il’s volumetric air content a and porosity ¢:

Dg = al%/3/¢?Dy,, (18)

A Dg,, value of 6875 cm?/day at 21.5 °C was estimated for
TCE with the Hirschfelder correlation (24). Given this
value, the value of Dg predicted by eq 18 was 4450 cm?/
day, 3.7 times greater than the experimentally measured
coefficient. The experiment was repeated for a second
porosity of 0.56, and again the predicted and measured
values differed significantly. The measured diffusion

coefficient was 700 cm?/day (£5.1), and the predicted value
was 3160 cm?/day, which is over 4 times greater than the
measured value.

It is apparent that the uncertainty associated with em-
pirical relationships can, in some cases, be high. As two
empirical formulas (Millington—Quirk and Hirschfelder)
must be applied to estimate the soil gaseous diffusion
coefficient for TCE, the uncertainty associated with the
predicted coefficient Dg is the result of the combination
of errors for the two equations. Reid and Sherwood (24)
evaluated several methods of estimating diffusion coeffi-
cients and reported an average error of 6% in the
Hirschfelder correlation. However, deviations as high as
39% were observed. Millington and Quirk (23) compared,
predicted, and measured soil diffusion coefficients using
the data of several researchers and found an average de-
viation of approximately 15%, with variations of 100%
resulting in some cases. The results of Farmer et al. (16)
show a closer agreement between the measured and pre-
dicted values for the diffusivity of hexachlorobenzene
(approximate error of 15%).

Impact of Vapor-Phase Sorption on Contaminant
Transport: Model Analysis

The significance of the uncertainty in vapor diffusivity
on volatile pollutant behavior as well as the importance
of considering the soil-vapor partitioning equilibria may
be evaluated through the use of models. To illustrate
effects, the model developed by Jury et al. (25-28) for
contaminant transport in the unsaturated zone was em-
ployed. This model incorporates the effects of volatiliza-
tion, leaching, and degradation to describe the major loss
pathways of soil-applied organic chemicals as a function
of specific environmental variables and soil conditions.

The model is an analytical solution to the one-dimen-
sional advection—diffusion equation describing the vertical
transport and volatilization loss of soil-applied compounds.
Model equations are summarized in the Appendix. A
homogeneous porous medium, a linear equilibrium ad-
sorption isotherm, and a linear equilibrium liquid-vapor
partitioning are assumed. Initial conditions include a
uniform concentration of a compound incorporated to a
specified depth L (cm). Volatilization at the soil surface
is assumed to be controlled by gaseous diffusion through
a stagnant air boundary layer of thickness d (cm). The
model is intended for use as a screening tool to assess
behavior under prototype conditions rather than to make
precise predictions under specific circumstances.

As is the common practice for models of contaminant
transport in the unsaturated zone, Jury et al. (25) assume
that sorption is described by the partitioning coefficient
determined by experiments on the basis of saturated
conditions. However, as the preceding results indicate, the
sorption partitioning coefficient can vary considerably with
the phase in which the reaction occurs.

Figure 3 indicates the impact of changes in the value of
the partition coefficient on model predictions of the
transport of TCE through the unsaturated zone. Each line
on the graph represents the results of the Jury et al. (25)
model for a different value of the partition coefficient. For
the “saturated” case, a K4 of 0.76 cm?/g was used on the
basis of our measured K. = 61.1 and a model soil with
weight-fraction organic content f,, = 1.25%. The vapor
partition coefficients at 11.6% moisture, 8.2% moisture,
and 0.0% moisture were K4 = 53.9, 207, and 11870, re-
spectively, and are based on our measured values for the
vapor-phase partitioning coefficient. These were converted
to an aqueous-phase basis [by noting K4 = C,/Cy, = C,/
(Ce/Kyy) = K¢Kyy] prior to use in the model. Other
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Table I. Model Input Parameters

symbol term units value source
Dg,, TCE air diffusion coefficient cm?/day 7030 Hirschfelder formula at
25 °C, Reid and Sherwood (24)
B TCE water diffusion coefficient cm?/day 0.8304 Wilke and Chang (29) at 25 °C
¢ porosity cm?/cm?® 0.5
oo bulk density g/cm® 1.35
f fraction organic content % 1.25
(] water content 0.25
a air content 0.25
L incorporation depth cm 10
d boundary layer thickness cm 0.475
Ky Henry's Law constant 0.397 Garbarini and Lion (5)
Co uniform initial concentration ug/(cm3ppm) 100
i elapsed time days 10
Jy groundwater velocity cm/day 1
u degradation rate day™? 0
8
e S cm¥q (soturated)
------------ Kq= 11,1 cm¥g (combined soturated
+11.6 % moisture) 64
5 . !
§ Kll1 11,900 cm“/g (oven-dry) s K4=076 cm3/g
3 —— K4=207 ¢m¥/q (8.2 % moisture) = 5
§ —_—— Ké= 539 cma/g (11 .6 % moisture) ;r:', i - DGn,, = 7030 cm®/doy
E: o =
S é DGm, 1760 cm /day
W 24
______________ - 1 e
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Figure 3. Calculated TCE concentration profiles assuming uniform
sorption of TCE equivalent to that observed in saturated systems and
unsaturated systems of varying moisture content.

model input parameters are summarized in Table I.

As expected, the model predictions of transport down
through the unsaturated zone vary markedly with the
values used for the partition coefficient. Using the satu-
rated partition coefficient to describe sorption in the un-
saturated zone results in model predictions of much faster
transport than is predicted when any of the unsaturated
partition coefficients are used.

The results in Figure 3 illustrate only the impact of
changing sorptive characteristics of the soil; they do not
incorporate the impact of changes in vertical velocity as-
sociated with changes in soil moisture. Soil moisture and
vertical velocity are positively correlated. Clearly decreases
in vertical velocity will retard the downward transport of
a contaminant. The results of Figure 3 illustrate that the
decreases in soil moisture and associated increases in
sorption will also retard the downward transport. The
combined effect of reduction in soil moisture and in ver-
tical transport is expected to be greater than either process
acting by itself.

In saturated soils, it is reasonable to assume that por-
tions of the solid phase behave as though they are sur-
rounded by liquid water, and therefore their reactions with
a nonionic organic pollutant may be described by a satu-
rated sorptive partition coefficient. Other portions of the
soil may behave as though they are in contact with both
water and organic vapors, and a vapor-phase partition
coefficient for the moist (but unsaturated) sorbent would
be appropriate. Therefore, if a single partition coefficient
for an organic pollutant is to be used in a model, a value
that is intermediate between the saturated and moist—
unsaturated partition coefficients may be a reasonable
choice. As a first approximation for the selection of a value
for a single partition coefficient in a soil with heterogeneous
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Figure 4. Calculated TCE concentration profiles with differing soil
diffusion coefficients.

moisture conditions, we may wish to weigh the saturated
and moist but unsaturated partition coefficients by the
volumetric moisture content of the soil 8 giving

Kd combined — (0/¢)Kd + (a/¢)KdIKH7 (19)

where a and ¢ are as previously defined (see eq 18).

Figure 3 also shows the results of a simulation trial using
a partition coefficient Ky of 11.1 cm®/g, which results from
6 =0.25,a = 0.25, and ¢ = 0.5, a saturated K, = 0.76 cm®/g
(based on our K, = 61.1 and f,. = 0.0125), and our un-
saturated (11.6% moisture) Ky’ = 53.9 cm?®/g values. It
may be seen that the calculated profile for this case still
lies nearer to the results for the case based on the K’ for
11.6% moisture.

A more appropriate procedure for handling the unsat-
urated case where both gas- and liquid-phase partitioning
occur would be to compartmentalize the unsaturated soil
phase into portions that behave as though they are satu-
rated (from the perspective of sorption reactions) and
portions in which vapor-phase partitioning occur. The
modified model could then employ both a soil-liquid and
soil-vapor partition coefficient. Such a model has been
developed (30) and will be the subject of a subsequent
paper.

Sensitivity of Results to Gaseous Diffusion Rates.
The model of Jury et al. (25) was also used to evaluate the
significance of gaseous diffusion in determining the con-
centration profile. The results obtained for a case in which
the gaseous diffusion coefficient was predicted with em-
pirical models is compared to a trial in which this value
was reduced by a factor of 4. This was roughly the mag-
nitude of difference between the measured value for TCE
in this study and the predicted diffusion coefficient esti-
mated from empirical relationships. Figure 4 illustrates



the expected slower net transport of TCE when the dif-
fusion coefficient is reduced.

Conclusions

This study demonstrates that an experimental heads-
pace procedure can be used to measure linear solid-vapor
partition coefficients. A significant range of values for the
vapor sorptive partition coefficient for TCE was observed
depending upon the moisture content of the sorbent.

Vapor-phase partition coefficients for a simulated soil
were substantially greater than the saturated aqueous
partition coefficient. The results of our study indicate that
the current practice of using saturated partition coeffi-
cients in models of the unsaturated zone may underesti-
mate the amount of sorption and hence overestimate the
amount and rate of material moving into the groundwater.
We note that the curves obtained are model dependent and
that calculations performed with a different model may
result in smaller or larger differences between predictions
based on saturated vs unsaturated partition coefficients.
The magnitude of differences in partition coefficients will
also depend on the physical-chemical characteristics of the
sorbent. However, if the saturated and unsaturated par-
tition coefficients vary by several orders of magnitude (as
they do for the synthetic sorbent employed in this re-
search), the differences in predictions are expected to be
similar to those described here.

The vapor-phase diffusion coefficient measured for TCE
did not agree with the value predicted empirically. The
model results indicate that the differences in calculation
using measured vs empirically estimated values are sig-
nificant. These results are important since field mea-
surements of vapor diffusion coefficients are experimen-
tally difficult and field conditions are likely to be hetero-
geneous. The model results indicate that any pollutant
transport analysis based on empirically estimated values
of the gaseous diffusion coefficient should be subjected to
extensive sensitivity analysis to examine how the results
of the analysis would change over a range of values.
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Appendix

The one-dimensional equations governing mass flux of
solute and solute mass balance are respectively

dCr
J, =Dy + ViCr (A1)

dCy d?Cp dCr
& B4z Ve z uCr (A2)
where J, = solute mass flux in the soil (g/cm? day), Ct =
total mass of solute per soil volume (g/cm?®), i.e., Cy = C,
0+ Cga + Cypy, Z = distance from surface (cm), t = time
(day), # = net degradation rate (day™), Dg = effective
diffusion coefficient (cm?/day), Vg = effective velocity
(cm/day), and 6 = volumetric water content (§ + a = ¢).
The effective diffusivity Dg and velocity Vg take into
account the retardation of transport due to sorption and
volatilization and are functions of Ky, Dg, and Ky as de-
rived by Jury et al. (23):

Dg = (KyDg + D) /(ppKq + 0 + aKy)
and
Vg = Ju/(0Kq + 0 + aKy)

where Dy is the aqueous diffusion coefficient of the solute
in soil and J,, is the groundwater advective velocity.

The boundary conditions employed for solution were as
follows: C(Z,0)=C,ifO0<Z<L,C(Z,0)=0ifZ>1L,
C(=,t) = 0, and J(0,t) = -hCq(O,t). Here h is a transport
coefficient across the boundary layer of thickness d (cm)
and Cg(O,t) is the gaseous concentration at the soil surface
below the boundary layer. Equations Al and A2 were
solved for the above boundary and initial conditions (23);
other input parameters used in the calculations performed
here were based on the soil properties assumed in the
original calculations of Jury et al. (23) and are summarized
in Table L.

The analytic solution is as follows [note that the original
paper by Jury et al. (23) contained a typographical error
in this equation]:

Cr(Zp) = (1/2)C, X

( t){ fZ—L—VEt fZ—VEt "
exp(—u erfc — erfc
\/ 4Dgt \/ 4Dgt
[(1 + Vg/H) exp(VgZ /Dg)] X
Z+ L+ Vgt Z + Vgt
erfc =

fc +
LV 4DEt “ \/ 4DEt
[(2 + Vg/H) exp{[H(H + Vg)t + (H + Vg)Z] /Dg}] X
( Z + [(2H + Vy)i]
erffc——————
Z+L+@QH+ Vit
erfc } (A3)

vV 4DEt

where H = Dg_ (p,Cs/Cg + 6Cy/Cq + a)7!/d.
Registry No. Cl,C=CHC], 79-01-6; Al,0,, 1344-28-1.

— [exp(HL /Dg)] X
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Atmospheric Reactions of a Series of Dimethyl Phosphoroamidates and

Dimethyl Phosphorothioamidates

Mark A. Goodman,” Sara M. Aschmann, Roger Atkinson,* and Arthur M. Winer

Statewide Air Pollution Research Center, University of California, Riverside, California 92521

B The kinetics of the atmospherically important gas-phase
reactions of a series of dimethyl phosphoroamidates and
dimethyl phosphorothioamidates with OH and NO; rad-
icals and O; were investigated at 296 £+ 2 K and ~740 Torr
total pressure of air. The rate constants obtained for the
OH radical, NO; radical, and O, reactions (in units of cm?
molecule™ s7!) were respectively as follows: (CH30),P-
(O)N(CHjy),, (3.19 £ 0.24) X 101, <3.9 X 1074, and <2 X
10°7% (CHFO)ZP(S)N(CH:.;)z, (4.68 £ 0.14) X 1071, (3.1 =
1.0) X 107, and <2 X 107" (CH;0),P(S)NHCHj, (2.32
+ 0.13) X 10710, (3.0 + 0.4) X 10713 and <2 X 10719 (C-
H30)2P(S)NH§, (2.44 £ 0.09) X 10710, (3.9 + 0.8) X 10713,
and <4 X 10, These data show that for the dimethyl
phosphorothicamidates both the OH and NO; radical re-
actions are important atmospheric loss processes, with
calculated lifetimes ranging from ~1 h to ~1 day. The
mechanistic implications of these data are discussed.

Introduction

It is now known that chemicals emitted into the tropo-
sphere, including volatilization from soil and aqueous
systems (1), are removed from the troposphere by photo-
lysis, by chemical reaction (mainly with OH and NO,
radicals and Oj), and by wet and dry depositions (2, 3). In
order to assess the atmospheric lifetimes and dominant loss
process(es) for organic chemicals emitted into the tropo-
sphere, and hence human exposures to such compounds
and their atmospheric reaction products, it is necessary
to know, or to reliably predict, the reaction rates for the
potentially important atmospheric processes.

While a large data base is now available for the kinetics
and mechanisms of the gas-phase reactions of organic
compounds with OH radicals (4), O; (5), and NOj; radicals
(2), the only organophosphorous compounds for which data
exist are trimethyl phosphate (6) and a series of trimethyl

tPresent address: ICI Americas, Richmond, CA.
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phosphorothioates (7), despite the fact that organo-
phosphorous compounds are widely used in agricultural
operations as insecticides and herbicides (8).

A class of organophosphorous compounds related to the
phosphorothioates are the phosphoroamidates and the
phosphorothioamidates:

R‘x\ X
P
—

/\

RoX NR3R,

where X = O or S, respectively, R, and R, are alkyl groups,
and R; and R, are H or alkyl. The insecticidal properties
of many of these compounds have been investigated (9, 10).

Acephate
CHao\p 0
CHSS/ \NHC(O)CHa

and methamidophos

CHGO\P4O
CHgs” NH,

are two examples of this class of organophosphorous com-
pounds presently used as insecticides (8), with several more
having been in use previously (8).

In order to investigate the atmospherically important
reaction pathways of this class of structurally interesting
chemicals, and to further extend structure-reactivity re-
lationships (4, 7, 11) to these compounds, we have inves-
tigated the gas-phase atmospheric chemistry of the di-
methyl phosphoroamidates and dimethyl phosphorothio-
amidates (DMPs) (CH30),P(O)N(CHjy),, (CH;0),P(S)N-
(CHjy),, (CH;0),P(S)NHCH3;, and (CH;0),P(S)NH,. The
DMP (CH;0),P(O)NHCHj; could not be studied, presum-
ably due to its low volatility and/or to adsorption onto the
reaction chamber walls, and hence we did not attempt to

0013-936X/88/0922-0578$01.50/0 © 1988 American Chemical Society



study the less volatile DMP (CH;0),P(O)NH,.

Experimental Section

The experimental techniques and procedures used have
been described previously (6, 7, 12-16) and are hence not
discussed in detail here. All experiments were carried out
in a 6400-L all-Teflon environmental chamber equipped
with black lamp irradiation.

The OH radical reaction kinetics were determined with
a relative rate technique, as described previously (7, 12,
13, 16). With this method, the relative decay rates of the
DMPs and a reference organic, which does not photolyze
and whose OH radical reaction rate constant is reliably
known, were monitored in the presence of OH radicals.
Hydroxyl radicals were generated from the photolysis of
methyl nitrite (CH;ONO) in air at wavelengths >300 nm:

CH,ONO + hv — CH,0 + NO
CH,0 + 0, — HCHO + HO,
HO, + NO — OH + NO,

Nitric oxide was added to the reaction mixtures to avoid
the formation of O3 and NOj radicals. Additionally, ir-
radiations were carried out in the absence of CH;ONO to
assess the contribution, if any, of photolysis as a removal
process for the DMPs in these experiments (16). The
irradiations were carried out at either 20% or 50% of the
maximum light intensity (corresponding to CH;ONO
lifetimes of ~10-25 min), and the irradiation times were
varied from 0.5 to 9 min.

Propene and 2,3-dimethyl-2-butene were used as the
reference organics and isoprene (2-methyl-1,3-butadiene)
was also included with the 2,3-dimethyl-2-butene to check
that reaction with O, was a negligible removal process for
the 2,3-dimethyl-2-butene during these irradiations (17).
[Thus, while isoprene and 2,3-dimethyl-2-butene react with
the OH radical with similar rate constants (4), 2,3-di-
methyl-2-butene is more reactive by a factor of ~100 to-
ward Oj than is isoprene (5).] The approximate initial
reactant concentrations in the reaction mixtures were (in
units of molecule cm™): CH;ONO (when present), 2.4 X
10'% NO, 2.4 X 10'; reference organic and DMP, 2.4 X 103,

The experimental technique used to determine the NO,4
radical reaction rate constants was also a relative rate
method (14, 15) in which the relative decay rates of the
DMPs and a reference organic (trans-2-butene) were
monitored in the presence of NOj; radicals. NO, radicals
were generated by the thermal decomposition of N,O5:

N,0s = NO, + NO,

NO, was added to the reactant mixtures to reduce the
concentrations of NO; radicals and to extend the reaction
times well beyond the mixing times. The approximate
initial reactant concentrations in the reaction mixtures
were (in units of molecule cm™) as follows: NO,, (1.2-2.4)
X 10'; DMP and trans-2-butene, 2.4 X 103, with four or
five additions of N,O; [(0.5-8) X 10 molecule cm™ in the
chamber per addition] being made to the chamber during
the reactions.

Provided that both the DMP and the reference organic
were consumed only by reaction with OH or NO; radicals,
then (7, 13-15)

[DMP],0
I\ ompy, ) D=

k, [reference organic],,
—|In{ ——-—)-D,] (D
k, [reference organic],

where [DMP], and [reference organic],, are the concen-
trations of the DMP and the reference organic, respec-
tively, at time ¢, [DMP], and [reference organic], are the
corresponding concentrations at time ¢, D, is any dilution
at time ¢ caused by addition of reactants to the chamber
(D, was 0.0028 per addition of N,O; to the chamber and
zero for the OH radical reactions), and &, and k, are the
rate constants for reactions 1 and 2, respectively. Hence,

3}33} + DMP — products (1)
+ ic —
N 03} reference organic — products 2)

plots of In ((DMP], /[DMP],) - D, against In ([reference
organic], / [reference organic],) — D, should yield straight
lines of slope k;/k, and zero intercept.

Rate constants, or upper limits thereof, for the reactions
of O3 with the DMPs were obtained by monitoring the
decay rates of the DMPs in the presence of known excess
concentrations of O3 [(5-7) X 10'® molecule cm™] over
reaction times of approximately 3 h. Cyclohexane or
ethane [at concentrations of (2.4-24) X 10 molecule cm™]
was also added to the reactant mixtures in these experi-
ments to act as an OH radical scavenger.

All experiments were carried out at 296 £+ 2 K and 1 atm
(740 Torr) total pressure, using pure dry air as the diluent
gas. Ozone was monitored by a Monitor Labs chemilu-
minescence ozone analyzer, and the DMPs and the ref-
erence organics were monitored by gas chromatography
with flame ionization detection (GC-FID). Isoprene, 2,3-
dimethyl-2-butene, and trans-2-butene were analyzed with
a 20 ft X 0.125 in. stainless steel column of 5% DC703/
C20M on 100/120 mesh AW, DMCS Chromosorb G, op-
erated at 333 K. Propene was analyzed with a 36 ft X 0.125
in. stainless steel column of 10% 2,4-dimethylsulfolane on
C-22 firebrick (60/80 mesh), operated at 273 K. For the
DMPs, gas samples of 100 cm® volume were collected from
the chamber onto Tenax GC solid adsorbent packed in
Pyrex tubes. These samples were then transferred by the
carrier gas at ~525 K to the head of a 6 ft X 0.25 in. glass
column packed with Super Pak 20M, held at 353 K. The
column was then temperature programmed, either from
353 to 413 K at 8 K min™! or from 353 to 433 K at 12 K
minL.

Methyl nitrite was prepared as described by Taylor et
al. (I18) and stored under vacuum at 77 K. N,0O; was
prepared by reacting NO, with O; and collecting the
products at 196 K (14), with subsequent storage at 77 K
under vacuum. Ozone was generated by a Welsbach T-408
ozonizer.

DMPs were synthesized by the reaction of dimethyl
chlorophosphate [(CH30),P(0)Cl] or dimethyl chloro-
phosphorothioate [(CH30),P(S)Cl] with NH;, CH;NH,,
or (CH,),NH, using the general method described by
Magee (19):

(CH,0),P(X)Cl + R,R,NH —
(CH,0),P(X)NR,R, + HCI

(CH30),P(S)Cl was obtained from the Aldrich Chemical
Co. and used as received. Dimethyl chlorophosphate was
prepared by reacting trimethyl phosphite with chlorine gas.
Trimethyl phosphite (50 g, Aldrich Chemical Co.) was
added to a 250-mL three-neck round bottom flask main-
tained at ice temperature and equipped with a gas bubbler
and a reflux condenser fitted with a CaCl, drying tube.
Excess chlorine was passed through the trimethyl phos-
phite until the mixture turned yellow. Excess Cl, was then
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Table I. Rate Constant Ratios k,/k, for the Gas-Phase Reactions of NO; and OH Radicals with a Series of DMPs at 296 + 2
K

ki/ky?
NO; OH
relative to relative to relative to
DMP ky(trans-2-butene) = 1.00 ky(propene) = 1.00 ky(2,3-dimethyl-2-butene) = 1.00

(CH;30),P(O)N(CHj), <0.092 1.20 % 0.09
(CH;0),P(S)N(CH,), 0.083 + 0.024 1.76 % 0.05
(CH;0),P(S)NHCH,4 0.799 % 0.032 8.75 + 0.54 2.09 £+ 0.11
(CH;0),P(S)NH, 1.04 £ 0.17 2.20 + 0.08

¢Indicated errors are two least-squares standard deviations.

Table II. Rate Constants k for the Gas-Phase Reactions of NO; and OH Radicals and O; with a Series of DMPs at 296 + 2 K

k, cm® molecule™ s7!

DMP NO4*
(CH;0),P(0)N(CH,), <3.9 x 10714
(CH,0),P(S)N(CH,), (8.1 +1.0) X 107
(CH;0),P(S)NHCH;, (3.0 + 0.4) X 10713
(CH;30),P(S)NH, (3.9 £0.8) x 1013

OH’® 0,

(3.19 £ 0.24) x 1071 <2 x 10
(4.68 £ 0.14) X 107 <2 % 101
(2:32 £0.13) X:10719¢ <2 % 101
(2.44 £ 0.09) x 1071 <4 X 10719

%Indicated errors are two least-squares standard deviations. Placed on an absolute basis by use of a rate constant of ky(trans-2-butene)
= (3.78 £ 0.41) X 1073 cm? molecule™ s7! (20). ®Indicated errors are two least-squares standard deviations. Placed on an absolute basis by
use of rate constants of k,(propene) = 2.66 X 10! cm® molecule™ s and k,(2,3-dimethyl-2-butene) = 1.11 X 1071° cm® molecule™ s (4).
¢ From irradiations with 2,3-dimethyl-2-butene as the reference organic. Value of k = (2.33 £ 0.15) X 107™° cm® molecule™ s™ obtained from

the irradiation with propene as the reference organic.

removed by bubbling dry nitrogen through the mixture for
15-30 min. The product was distilled to give a clear liquid
with a boiling point of 321-323 K at 3.5 mmHg.

DMPs were then synthesized as described by Magee
(19), with slight modification. The starting (CH;0),P(O)Cl
or (CH;30),P(S)CI (0.1-0.2 mol) was dissolved in 150-200
mL of dry toluene and placed in a 250-mL Erlenmeyer
flask equipped with a stirrer and cooled in an ice-water
bath. The appropriate amine gas (ammonia, mono-
methylamine, or dimethylamine) was bubbled through the
solution in excess. The solid amine chloride salt was al-
lowed to settle and the solution filtered. Toluene was
removed under reduced pressure. The remaining DMPs
were further purified by distillation and their identities
established by mass spectrometry and NMR spectroscopy.

Results

NO; Radical Reactions. The kinetics of the reactions
of all four DMPs with the NO; radical were investigated
with trans-2-butene as the reference organic. No reaction
of (CH30),P(O)N(CHj), was observed within the mea-
surement uncertainties of ~5-10%, leading to the upper
limit of the rate constant ratio given in Table I. The other
three DMPs were observed to react, and the data obtained
are plotted in accordance with eq I in Figure 1. Variation
of the initial NO, concentration by a factor of 2 (from 1.2
X 10 to 2.4 X 10 molecule cm™) had no effect on the
measured rate constant ratios within the experimental
uncertainties, showing that these reactions proceeded by
reaction with the NO; radical and not with N,O;.

The rate constant ratios k,/k, obtained from least-
squares analyses of these data are given in Table I. These
rate constant ratios k;/k, can be placed on an absolute
basis by use of a rate constant for the reaction of NO,
radicals with trans-2-butene of (3.78 £ 0.41) X 10713 ¢cm?®
molecule s (20), and the rate constants k, [including the
upper limit to the rate constant for (CH30),P(O)N(CHj),]
are given in Table IL.

Ozone Reactions. The gas-phase concentrations of the
DMPs were monitored in the presence of ~(5-7) X 103
molecule cm™ of O, with the O; being in excess of the
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Figure 1. Plots of eq I for the reactions of the NO, radical with

(CH30),P(S)N(CHg),, (CH30),P(S)NHCH;, and (CH,0),P(S)NH,, with
trans-2-butene as the reference organic [the data for (CH;0),P(S)NH,
have been displaced vertically by 1.0 unit for clarity]. Initial con-
centrations of NO,: (O) 1.2 X 10" molecule cm=3; (A) 2.4 X 10™
molecule cm™.

DMP concentrations. Cyclohexane or ethane was also
present in order to scavenge any OH radicals formed and
hence prevent secondary chain reactions (7). For (CHj-
0),P(S)N(CHj3), and (CH;30),P(0O)N(CHj),, no loss of the
DMP, within the measurement uncertainties of ~10%,
was observed over reaction times of ~210 min, leading to
the upper limits to the rate constants given in Table II.
However, for both (CH;0),P(S)NHCHj, and (CH;0),P-
(S)NH,, a rapid decrease in the DMP concentration was
observed immediately after addition of O; (~15% and
~40%, respectively, within 13 min of the time of O3 ad-
dition), followed by a much slower decrease in the DMP
concentration (<10% over a further ~200 min for both
DMPs). This behavior is indicative of an initial radical
chain reaction, possibly involving impurities, which was
suppressed by the presence of the radical scavenger. From
the slow decays of these two DMPs over the time periods
13-201 min [(CH;30),P(S)NHCHj;] and 13-323 min [(C-
H;0),P(S)NH,] after the addition of Os, the upper limits
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Figure 2. Plots of eq I for the reactions of the OH radical with (C-
H30),P(O)N(CH;), and (CH;0),P(S)N(CH3),, with propene as the refer-
ence organic.

to the rate constants given in Table II were obtained.

OH Radical Reactions. CH;ONO-NO-air and NO-air
irradiations were carried out for (CH;50),P(O)N(CHj),,
(CH;30),P(S)N(CHj;),, and (CH;30),P(S)NHCH; with
propene as the reference organic and for (CH;0),P(S)NH,
with 2,3-dimethyl-2-butene as the reference organic. In
addition, CH;ONO-NO-(CH;30),P(S)NHCH;-2,3-di-
methyl-2-butene-air irradiations were carried out. The
average OH radical concentrations in the irradiated
CH30NO-NO-DMP-reference organic—air mixtures, as
calculated from the decay rates of the reference organics,
were in the range (2-10) X 107 molecule cm™, The cal-
culated average OH radical concentrations in the NO-
DMP-reference organic—air irradiations ranged from <1.5
X 10¢ molecule cm™ for those involving (CH;0),P(O)N-
(CHj), and (CH;0),P(S)N(CHjy), to (4-5) X 10° molecule
cm™ for the irradiations involving (CH;0),P(S)NHCH,
and (CH30),P(S)NH,. During these NO-air irradiations,
<5% disappearance of (CH30),P(S)N(CHj), and (CHg-
0),P(S)NHCH; was observed over a 9-min irradiation
period at 50% of the maximum light intensity, showing
that photolysis of these two DMPs was negligible under
these conditions.

The experimental data obtained from the CH;ONO-
NO-air and NO-air irradiations of all four of the DMPs
are plotted in accordance with eq I in Figures 2 and 3.
These plots show good linearity within the measurement
uncertainties. In particular, the data for (CH;0),P(S)NH,
and (CH30),P(O)N(CH;), showed no evidence for any
contribution of photolysis to the observed DMP disap-
pearance rates. For the CH;ONO-NO-air irradiations
involving (CH;0),P(S)NHCHj; and (CH;30),P(S)NH,, the
observed decay rate of isoprene was as high, or higher, than
that of 2,3-dimethyl-2-butene, despite previous data which
show that the OH radical reaction rate constant for 2,3-
dimethyl-2-butene is ~8% higher than that for isoprene
(4). These enhanced decays of isoprene were clearly not
due to reaction with Oy, since 2,3-dimethyl-2-butene reacts
faster than isoprene (5), and the known reaction of NO,
with isoprene (21) was calculated to contribute <5% of the
overall decay rates of isoprene. It thus appears that there
was a further small loss process for isoprene (which is a
reactive conjugated diene) in these systems, possibly with
a reactive product or intermediate formed from these two

a5l (CH30) P(S)NH,

In ([DMP],O/[DMP], )
T

(CH30), P(S)NHCH3

| I | 1 J
04 08 12
In ([2,3-DIMETHYL-2-BUTENE] 1o/

[2,3-DIMETHYL-2-BUTENE]4)

Figure 3. Plots of eq I for the reactions of the OH radical with (C-
H;0),P(S)NHCH; and (CH;0),P(S)NH,, with 2,3-dimethyl-2-butene as
the reference organic [the data for (CH;0),P(S)NH, have been dis-
placed vertically by 0.5 unit for clarity].

L

o
oQ

DMPs. Accordingly, we used 2,3-dimethyl-2-butene as the
reference organic for these irradiations, and the validity
of this procedure was shown by the excellent agreement
of the data obtained from the CH;ONO-NO-(CH,0),P-
(S)NHCH;—propene—air and CH;0NO-NO-(CH;0),P-
(S)NHCHj;-2,3-dimethyl-2-butene-air irradiations (see
Table II).

The rate constant ratios k;/k, obtained from least-
squares analysis of the experimental data are given in
Table I and can be placed on an absolute basis by use of
rate constants k, for propene and 2,3-dimethyl-2-butene
of 2.66 X 107! cm® molecule™ s and 1.11 X 107'* cm?
molecule™ s7}, respectively (). The resulting rate con-
stants k, are given in Table I

Discussion

The data given in Table II show that the dimethyl
phosphorothioamidates react with both the NO; and the
OH radical. For both of these radical reactions, the rate
constants increase along the series (CH30),P(S)N(CHj),
< (CH40),P(S)YNHCH; ~ (CH;0),P(S)NH,, and for re-
action with the OH radical (CH;0),P(O)N(CH;), is
somewhat less reactive than (CH30),P(S)N(CHj),. In
particular, (CH30),P(S)NHCH; and (CH30),P(S)NH, are
highly reactive toward the OH radical, with room tem-
perature rate constants of (2.3-2.4) X 107'° cm® molecule™
st

Using these data, the atmospheric lifetimes of the DMPs
studied can be calculated. We have used atmospheric
concentrations of 2.4 X 108 molecule cm™ of NOj radicals
during a 12-h nighttime period (22, 23), 1 X 10° molecule
cm™ of OH radicals during a 12- h daytime period (24),
and 7 X 10! molecule cm™ of O, throughout a 24-h period
(25, 26) for these calculations. Lifetimes of the DMPs due
to reaction with O, are calculated to be >40 day for (C-
H,;0),P(S)NH, and >80 day for the other three DMPs, and
these reactions with O, are of negligible importance as an
atmospheric removal process for these DMPs. The cal-
culated lifetimes due to the nighttime NO; radical reaction
range from >2.5 days for (CH30),P(O)N(CH,), to ~3 h
for (CH30),P(S)NH,, while those for daytime reaction with
the OH radical range from ~9 h for (CH;0),P(O)N(CHj),
to ~1.1 h for (CH;0),P(S)NH,. Clearly, both the NO;4
radical and OH radical reactions must be considered in
assessments of the atmospheric lifetimes and fates of the
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dimethyl phosphorothioamidates.

The NO; and OH radical reaction rate constants can be
compared to those for trimethyl phosphate (6) and the
trimethyl phosphorothioates (7) to obtain information
concerning the possible reaction pathways for the DMPs
studied. No reactions of the trimethyl phosphorothioates
with the NOj radical were observed, with upper limits to
the NOj, radical reaction rate constants of 3 X 1074 cm?
molecule™ s or lower being measured (7). Hence, the NOgy
radical reactions with the dimethyl phosphorothioamidates
appear to proceed by initial NOj radical interaction with
the -NR,R, groups, with the -NH, and -NHCHj, groups
being significantly more reactive than the -N(CH,), group.
This observation suggests that these NO; radical reactions
with (CH30),P(S)NHCHj; and (CH;0),P(S)NH, proceed
by H atom abstraction from the N-H bond(s):

NO; + (CH;0),P(S)NHR — HNO; + (CH;0),P(S)NR

The room temperature OH radical reaction rate con-
stants for (CH;0);P0, (CH;0),P(0)SCHj, and (CH,3S),P-
(0O)OCH; are all ~8 X 1072 cm® molecule™ s (6, 7), while
those for (CH;0);PS and (CH;0),P(S)SCH; are ~6 X
10! cm® molecule s (7). The OH radical reactions with
these trimethyl phosphorothioates are thus postulated to
proceed by two pathways (7): H atom abstraction from
the CH30- and CH;S- groups with a rate constant at room
temperature of ~(2.5-3.2) X 1072 cm® molecule™ s per
CH,0- or CH3S- group, and OH radical addition to the
P=S bond with a room temperature rate constant of ~5.5
% 107 ¢cm? molecule™ s7! (6, 7). For (CH;0),P(O)N(CHs),,
(CH;0),P(S)NHCHj, and (CH30),P(S)NH,, a significant
amount of the OH radical reaction appears to proceed by
OH radical interaction (presumably initial addition fol-
lowed by decomposition of the intermediate complex) with
the -N(CHj3),, -NHCHj, and -NH, groups. Analogous to
the NOj; radical reactions, the observation that (CH30),-
P(S)NHCH; and (CH;30),P(S)NH, are significantly more
reactive than (CH;0),P(S)N(CHj), suggests that the OH
radical reactions with (CH30),P(S)NHCH; and (CHj;-
0),P(S)NH, occur to a major extent by H atom abstraction
from the N-H bond(s).

However, the rate constant for the reaction of OH rad-
icals with (CH40),P(S)N(CHj), of 4.7 X 107! cm® mole-
cule™! s7! (Table II) is lower than that for the reaction of
OH radicals with (CH;0),PS [7.0 X 10! cm?® molecule™
st (7)], showing that synergistic effects between the
structural units and/or steric effects must occur for these
compounds. These observations make the extension of our
present structure-activity relationship for the calculation
of OH radical reaction rate constants (4, 7, 11) to these
phosphoroamidates and phosphorothioamidates difficult.

In this relationship, the calculation of H atom abstrac-
tion rate constants from C-H bonds is based upon the
estimation of -CHj, -CH,—, and >CH- group rate con-
stants. These depend on the nature of the substituents
around these groups:

E(CH3—X) = k°pimF(X)
k(X-CHy-Y) = k% F(X)F(Y)

X
» o
KX—CH] ) = K en FOOF(NE(Z)

where k°,im, K%, and k° are the rate constants per
—CHj, -CH,—, and >CH- group for a standard substituent
(-CHj, with F(-CHj;) = 1.00), X, Y and Z are the sub-
stituent groups, and F(X), F(Y), and F(Z) are the corre-
sponding substituent factors. At room temperature, the
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values of k° i, k%, and k°,, are (in units of 1072 cm?
molecule™ s7') 0.144, 0.838, and 1.83, respectively, and the
factors F(-CH,-), F(>CH-), and F(>C<) are all 1.29 (4,
11). The group rate constants for OH radical interaction
with -NH,, >NH, and >N- groups are (in units of 107!
cm® molecule™? s7!) 2.0, 6.0, and 6.0, respectively, with
factors F(-NH,) = F(>NH) = F(>N-) = 10 (11). Our
previous data for trimethyl phosphate and the trimethyl
phosphorothioates (6, 7) yield the factors F(-OP-) = F-
(-SP-) = 20 and the group rate constants k_p_g ~ 0 and
k_p—g = 5.5 X 107! cm? molecule™ s7! (7).

Use of these group rate constants and substituent fac-
tors, with no assumed effect of the P atom on the -NR,
group rate constants, leads to predicted room temperature
rate constants (in units of 107! ecm® molecule™ s7) for
(CH30),P(0)N(CHj),, (CH;0),P(S)N(CHjy),, (CH;0),P-
(SYNHCHj3, and (CH;30),P(S)NH, of 6.9, 12.4, 12.1, and
8.1, respectively, compared to our measured values of (in
the same units) 3.2, 4.7, 23.2, and 24.4, respectively.
Clearly, discrepancies of up to a factor of 3 exist, and
without making the structure-activity relationship too
detailed and cumbersome for easy use, these may well
represent the inherent uncertainties for more complex
chemicals containing multiple substituent groups.

However, our calculated data show, for example, that
the agriculturally used chemical Methamidophos will be
reactive, with room temperature OH and NO; radical re-
action rate constants of ~1 X 107'° ¢cm?® molecule™ s and
~3 X 107" cm® molecule™ s, respectively. The calculated
atmospheric lifetimes are then ~3 h for OH radical re-
action and ~4 h for NO, radical reaction, for ambient OH
and NOj radical concentrations of 1 X 10 molecule cm™
and 2.4 X 10® molecule cm™, respectively.
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Xenon-133 in California, Nevada, and Utah from the Chernobyl Accident
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B The accident at the Chernobyl nuclear reactor in the
USSR introduced numerous radioactive nuclides into the
atmosphere including the noble gas xenon-133. EPA’s
Environmental Monitoring Systems Laboratory, Las Ve-
gas, NV, detected xenon-133 from the Chernobyl accident
in air samples from a monitoring network that consists of
15 stations located in Nevada, Utah, and California. The
peak concentration of xenon-133 was found in weekly air
samples collected during May 6-13, 1986. The network
average concentration of xenon-133 was 41 pCi/m3 during
that time. A lower average was found in air samples
collected in the following week. These concentrations are
comparable to or less than that of natural radionuclides
(such as radon) normally present in the atmosphere and
are much lower than the peak xenon-133 concentration
measured in New York State following the accident at the
Three Mile Island reactor.

Introduction

The Chernobyl nuclear accident, which occurred in the
Soviet Union on April 26, 1986, released various radioactive
nuclides into the atmosphere. An early report () indicated
that xenon-133 was one of several isotopes detected in
Sweden by April 29, 1986. Xenon-133 is a convenient
tracer to detect leakage from a reactor or recent nuclear
explosion since it is a noble gas and its short 5.3 day
half-life prevents the accumulation of a significant inven-
tory in the atmosphere.

Since 1972, the Environmental Protection Agency’s
Environmental Monitoring Systems Laboratory at Las
Vegas has maintained a network of noble gas monitoring
stations in Nevada, Utah, and California as a part of the
radiation monitoring program for the region near the
Nevada Test Site. The network was established to mea-
sure the concentrations of radioactive noble gases released
into the atmosphere either from underground nuclear
detonations, from posttest operations, or from seepage
from previous underground tests. The locations of the 15
stations in the network are shown in Figure 1. The net-
work is approximately 200 miles wide (east to west) and
300 miles along a line from Las Vegas to Austin.

The concentration of radioactive xenon is routinely
measured in air samples collected from the network, and

0013-936X/88/0922-0583$01.50/0 © 1988 American Chemical Society

therefore no special sampling program was required to
monitor for xenon-133 emission from the Chernobyl ac-
cident.

Analytical Procedures

Air samples are collected by two methods. One method
employs air-compressing units as described by Andrews
(2). The other method is a cryogenic technique in which
whole air samples are collected in the field at the tem-
perature of liquid nitrogen and returned to the laboratory
where they are allowed to warm to room temperature and
are analyzed as compressed air. In both methods, ap-
proximately 1 m? of air is collected during continuous
operations over a 1-week period.

All samples are analyzed in our laboratory by the pro-
cedure described by Johns et al. (3). The procedure in-
volves the separation and purification of krypton and
xenon by adsorption on chromatographic columns and the
subsequent analysis of the radioactivity in the k' ypton and
xenon fractions by liquid scintillation counting.

The accuracy of the method is checked periodically with
samples of known radioactivity. The error involved in the
analysis of known samples has been 10% or less. The
rrors reported with each xenon-133 determination are 2-¢
errors derived from the statistics of counting the sample
and background. Both the xenon-133 results and the error
terms are decay corrected back to the midpoint of col-
lection.

The minimum detectable concentration (MDC) of xe-
non-133 varies with each sample but is usually 10-25
pCi/m3. The calculation of MDC of xenon-133 includes
a correction for the decay of xenon-133 during the several
days between the midpoint of collection and sample
analysis. Thus, the MDC refers to the midpoint of col-
lection and not to the date of analysis. The MDCs re-
ported for these samples are roughly twice as high as would
be obtained for grab samples analyzed immediately after
collection.

In analyzing samples that are only slightly above the
normal background of the counting equipment, statistical
methods must be used to ensure that results above zero
are caused by real activity rather than normal background
fluctuations. For the results reported in Table I, all nu-
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Table I. '¥Xe Concentrations by Station before and after the Chernobyl Accident

April 22-29, April 29-May 6,

station pCi/m?® pCi/m?
Shoshone, CA ND* ND
Alamo, NV 307 ND
Austin, NV ND ND
Beatty, NV lost ND
Ely, NV ND ND
Goldfield, NV ND ND
Indian Springs, NV ND lost
Las Vegas, NV lost ND
Lathrop Wells, NV ND ND
Overton, NV ND lost
Pahrump, NV lost lost
Rachel, NV 28+ 17 21+8
Tonopah, NV ND ND
Cedar City, UT ND lost
St. George, UT ND ND

May 6-13, May 13-20, May 20-27,
pCi/m? pCi/m? pCi/m?®
25+ 8 28 £ 17 ND
407 18+ 7 ND
55 £ 13 25 £ 12 ND
39 +13 51+ 25 lost
36+9 29 £ 11 ND
45 £ 10 32+13 ND
43+ 8 3711 ND
67 £ 15 25+ 10 ND
37+19 37+11 ND
31 £:11 21 +£9 ND
lost 246 1247
45+ 8 17+ 10 10+ 8
58 + 18 35 £11 ND
lost 33+ 16 ND
ND lost lost

9ND indicates that the '**Xe concentration was below the minimum detectable concentration. The minimum detectable concentration

usually ranges from 10 to 25 pCi/m? for '*Xe.
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Figure 1. Noble gas sampling stations.

meric results were above the MDC, and the MDC was
calculated for a 95% confidence level. Therefore, we can
be reasonably sure that each numeric result represents real
activity.

Discussion

As shown in Table I, xenon-133 was detected at two
network stations (Alamo and Rachel, NV) for the sampling
period of April 22-29, 1986. Although the explosion at the
Chernobyl reactor is believed to have occurred on April
26, 1986, the reactor accident cannot be the source of the
xenon-133 observed at Alamo and Rachel since more time
is required for the radioactive cloud to reach Nevada. We
have attributed the trace concentrations of xenon-133
observed at those two stations to the controlled purging
of a tunnel used for an underground nuclear test at the
Nevada Test Site during April (4). It is important to note
that only noble gases escaped from the site during purging.
Other fission products were removed by appropriate fil-
tration so that the concentration was too low to be detected
offsite. During the week of April 29 to May 6, 1986, xe-
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non-133 was detected again at Rachel. This xenon also
is likely to have come from the tunnel purging.

The first indication of xenon-133 from the Chernobyl
accident was found in samples collected during the period
from May 6 to May 13, 1986. Coincidently, fission prod-
ucts other than xenon appeared in samples from all air
sampling stations operated by the Environmental Moni-
toring Systems Laboratory (Las Vegas), including those
colocated with the noble gas samplers. An important
finding was the presence of cesium-134 in the air samples
because this radionuclide is indicative of a reactor release
rather than a nuclear test explosion. We also found iod-
ine-131 (47 pCi/L) in snow which fell 30 miles northwest
of Las Vegas on May 7. The xenon-133 measured during
this period was present at all stations except St. George,
UT, where it was below the detection limit, and possibly
Cedar City, UT, where the sample was lost in analysis.
Excluding Cedar City, St. George is the easternmost sta-
tion of the network. It seems likely that the air mass
containing xenon-133 had not yet reached St. George or
had bypassed it during that time.

Beiriger et al. (5) recently discussed the arrival of
Chernobyl debris in the vicinity of Lawrence Livermore
National Laboratory. Their samples were air filters with
a 2-3-day collection period and analysis by v spectroscopy.
They detected initial low levels of Chernobyl debris on
May 6, followed by a peak during the May 7-9 collection.
They noted that the Chernobyl activity decreased rapidly
but with oscillations over the next few weeks. Our network
is 300-400 miles to the southeast of Livermore. The de-
tection of Chernobyl xenon in our network indicates an
arrival time soon after May 6, so the expected near coin-
cidence of arrival times is present.

This is the only time in at least 5 years that we have
detected xenon-133 simultaneously at virtually all of the
sampling locations. Operations at the Nevada Test Site
on rare occasions produce detectable xenon-133 at one or
two stations such as those during the period of April 22
to May 6, 1986. The widely distributed nature of the
xenon-133 during the May 6-20 period is not typical of a
local source. In addition, the arrival time of the xenon-133
detected after May 6 is consistent with other reports of
the arrival of Chernobyl fallout in the United States. It
is interesting to compare the observed xenon-133 concen-
trations with what might be expected from an accident of
this type. An early report quoted from Lawrence Liver-
more National Laboratory (1) suggested that at least 50%
of the estimated inventory of 80 MCi of iodine-131 escaped



from the reactor. This represents a release of approxi-
mately 40 million Ci. The maximum activity ratio of xe-
non-133 to iodine-131 after the fission of uranium-235 by
thermal neutrons can be obtained from basic decay
equations and is given by

activity ratio of 13¥Xe /13 =

cumulative yield of 3*Xe half-life of 1311
half-life of 133Xe

cumulative yield of 13

The cumulative yields of xenon-133 and iodine-131 given
by Meek and Rider (6) are 6.77% and 2.77%, respectively.
The term “cumulative” in this case means the fission yield
of the nuclide plus the yield of the radioactive precursors
in that decay chain. These percentages indicate the rel-
ative number of atoms, not activity. An inverted half-life
ratio is required because activity is inversely proportional
to half-life. The half-life of iodine-131 is 8.07 days and that
of xenon-133 is 5.27 days. The activity ratio calculated
from the above equation is 3.74. This is a maximum value
that will never be fully attained. The reason is that most
of the xenon-133 is not created directly by fission but is
produced from the decay of the iodine-133 precursor
(half-life 20.8 h). During the time that the xenon-133 is
being produced from the precursor, the shorter half-life
of xenon-133 relative to iodine-131 will tend to reduce the
activity ratio for a given generation of fission fragments.
On the basis of these considerations, a xenon-133/
iodine-131 activity ratio of 2-3 at the time of release seems
reasonable. If we assume that the xenon-133/iodine-131
activity ratio in the Chernobyl reactor was 2-3 and that
all the noble gas escaped, then this leads to an estimate
of 160240 million Ci of xenon-133 released at Chernobyl.

It is interesting to consider the concentration of xe-
non-133 that would result if that amount of xenon-133 were
evenly distributed throughout the troposphere of the
Northern Hemisphere. Poldervaart (7) gave an estimate
of 4.3 X 10'® M3 for the volume of the earth’s troposphere.
Considering half of that as the volume of the Northern
Hemisphere gives a xenon-133 concentration of 74-111
pCi/m?, assuming a uniform distribution of xenon-133
from the accident. The period from May 6 to May 13
represents the first passage of the debris across the United
States, and it is clear that homogeneous mixing of the
debris throughout the troposphere would not be expected,
even at a later time. In addition, approximately 2-3
half-lives of xenon-133 elapsed between the first emissions
and the midpoint of our collection. Considering decay and
nonuniform dilution then the 41 pCi/m? average observed
in our network appears to be reasonable.

The Chernobyl reactor was rated at 1000 MW. Chit-
wood (8) gave the expected xenon-133 inventory for a
1000-MW light water reactor at steady state after 3 years
of operation with one-third of the core replaced each year.
Chitwood’s estimated inventory of xenon-133 was 165
million Ci. Assuming all was released, this 165 million Ci
is in good agreement with the 160-240 million Ci range
derived from the early report of the estimated iodine-131
release.

The average concentration of xenon-133 decreased to 29
pCi/m? during the second week but not to the extent that
would be expected if all of the xenon had been released
at one time and then decreased by decay and dilution.
This seems consistent with news accounts of emissions
lasting for 1 week or longer at Chernobyl.

During the week of May 20-27, 1986, xenon-133 was
above detection limits at only two sampling locations. The
network average of 12 pCi/m? (including those below

MDC) during this period was still slightly above the net-
work averages before the Chernobyl accident, possibly
indicating some fading influence of the Chernobyl xenon.

It is interesting to compare these xenon-133 results with
the concentrations of xenon-133 reported downwind of the
Three Mile Island accident of 1979. Wahlen et al. (9)
found xenon-133 in air samples taken in Albany, NY, some
375 km from the reactor. Their highest concentrations
ranged from 3120 to 3900 pCi/m? in air samples collected
on March 30, 1979. On the basis of a figure presented by
Wahlen et al. (9), the estimated release rate of xenon-133
from the damaged reactor was 10-30 Ci/s during that time
or from 0.8-2.5 million Ci/day. Although the emissions
from the Chernobyl reactor were substantially greater than
those of the Three Mile Island reactor, the concentration
of Chernobyl xenon detected in our network is much less
than the maximum concentrations found downwind of the
Three Mile Island reactor, as would be expected. The
measurements are not fully comparable, however, since our
collection time was approximately 1 week while the max-
imum found by Wahlen et al. (9) was collected over 10 h.
It is possible that 1-day sampling times in our network
might have revealed peak concentrations somewhat higher
than we report here. The xenon-133 measured by Wahlen
et al. (9) had little time to decay enroute from Three Mile
Island to Albany. They estimated a transit time of 18-24
h. The much longer transit times involved in the transport
of Chernobyl fallout to Nevada corresponds to 2-3 half-
lives of xenon-133 and allowed substantial decay. In ad-
dition, dilution would surely be more effective over the
longer distance from Chernobyl.

Because the collection time was long compared to the
movement of air masses across the network, there is no
reason to expect great variation between stations. This
seems to be confirmed by the results, especially when the
error term is considered.

The derived air concentration standard (10) adjusted for
continuous exposure and an 0.1 rem/year exposure guide
for populations is 480000 pCi/m? (annual average). Be-
cause the observed xenon-133 concentrations are much
lower, the dose to the population of the area from this
xenon-133 is negligible. For example, the xenon-133 con-
centration at Las Vegas during the period from May 6 to
May 20 corresponds to a whole body y-ray dose of 0.0004
mrem. This compares to 150 mrem/year received by the
average person from all sources of exposure.

Conclusions

Xenon-133 was detected in air samples from California,
Nevada, and Utah during May 6-27, 1986. The wide
distribution of activity, the simultaneous detection of other
fission products, and the time of arrival suggests that the
source of the emissions was the Chernobyl accident.

The observed activity was much less than the peak xe-
non-133 activity detected in New York State after the
Three Mile Island accident. The xenon-133 concentrations
reported here are minuscule compared to the derived air
concentration guides for continuous exposure. This xenon
activity was present for only 2 weeks, and the dose to the
population of the area from this xenon was negligible.
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Rate Constant for the Reaction of NO, with Sulfur(IV) over the pH Range

5.3-13

Carol L. Clifton, Nisan Altstein, and Robert E. Hule*

Chemical Kinetics Division, National Bureau of Standards, Gaithersburg, Maryland 20899

m Rate constants have been determined for the reactions
of NO, with SO;?" and HSO;™ in aqueous solutions. The
rate constant increases from about 1.2 X 10" M s™ near
pH 5t0 2.9 X 10" M! 5! at pH 13. The reaction appears
to involve the formation of an intermediate complex that
may undergo subsequent reaction with NO, to yield the
ultimate products or may react with other substrates
present. The formation of a long-lived intermediate would
have implications on the chemistry of flue gas scrubbers
and on luminol-based NO, detectors.

Introduction

Air pollution by both sulfur dioxide and nitrogen oxides
has been recognized as major problems almost since the
start of the industrial revolution. These pollutants have
been in the spotlight more recently as precursors to the
strong mineral acids HNO; and H,SO, in precipitation.
Yet, an effective, reliable, and inexpensive technique for
removing these gases from emission sources, mainly
coal-fired power plants, remains an elusive goal (I). Al-
though a considerable amount of work has been done on
the development of water-based flue gas scrubbers, there
are major gaps in our understanding of the basic chemistry
involved in their operation, particularly the free radical
chemistry. Of particular importance are the reactions of
the free radical NO,, which may be formed in the gas phase
through normal combustion reactions or deliberately
formed in the flue gas to aid in the removal of NO,. In
a combined SO, /NO, scrubber, the NO, radical may react
with dissolved S(IV) [SO,(aq), HSOj", or SO527], effecting
the removal efficiency of both.

An improved understanding of the underlying chemistry
of the atmospheric conversion of SO, to SO,* is also
needed in order to allow the development of reliable at-
mospheric models. In atmospheric droplets, the reaction
of NO, with HSO;™ may serve as an additional pathway
for acidification of the droplet. The reaction of NO, with
S0,% may also play an important role in the chemistry of
the luminol-based chemiluminescence detector for NO,.
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The addition of NaySO; has been found not only to reduce
the interference from O4 but also to increase greatly the
sensitivity of that detector (2, 3).

There has been some work on the effect of NO, on
HSO0;7/S0,* oxidation (4-8) and the effect of SO;2~ aut-
oxidation on the absorption of NO, into an aqueous solu-
tion (9). Of particular interest is the observation that while
NO, will oxidize SO4>, it does not initiate SO4> aut-
oxidation (8) (which is a free radical chain reaction) (10).
Also, it is interesting to note that NO serves as an inhibitor
of SO,> autoxidation (6) and that the efficiency of NO,
absorption into SO4% solutions decreased if autoxidation
is permitted (9).

Recently, we investigated the reactions of NO,, gener-
ated by pulse radiolysis in aqueous solutions, with several
organic and inorganic reactants (11). The pulse radiolysis
apparatus employed in that study could operate only in
a single-shot mode. This makes it difficult to follow very
small absorbance changes. Since the optical absorption
due to NO, is very weak, its reactions were followed by
monitoring a product radical from the other reactant. For
the reaction with SO4>", however, this was not possible, so
the rate constant had to be measured relative to the re-
action of NO, with phenol. The results were not com-
pletely satisfactory, and only an approximate number was
reported and only at pH 12.1. In this work, we have em-
ployed a pulse radiolysis apparatus with signal averaging,
which has allowed us to monitor the decay of NO, directly
and to measure rate constants for the reaction of NO, with
S04* and HSO3 over the pH range 5.3-13.

Experimental Section

The pulse radiolysis apparatus, capable of repeated
pulses under computer control, will be described in detail
elsewhere (12). It employs a Van de Graaff accelerator
which, in these experiments, delivers 0.5-us pulses of 2.8
MeV electrons to the reaction cell. The temporal history
of a reactant or product is monitored by absorption
spectroscopy. A decay curve from each individual pulse
is recorded by a transient analyzer and transferred to the

Not subject to U.S. Copyright. Published 1988 by the American Chemical Society
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Figure 1. Decay of absorbance due to NO, at 400 nm. Solution
containing 10 mM NaNO, and 1.5 mM Na,SO; at pH 11.75. Average
of 50 pulses. Insert: log Abs vs t.

computer. If the dose delivered by the Van de Graaff
accelerator is within a preset range, the data are added to
memory. This procedure is repeated enough times to
produce a signal sufficient for analysis. The data are then
analyzed by a linear least-squares program.

Reagent-grade chemicals were used as supplied; water
was purified by an ion-exchange system. Separate solu-
tions of NaNO, and of several concentrations of Na,SO,4
were prepared. The solutions were saturated with N,O and
mixed just upstream of the 2 cm long irradiation cell,
making use of a peristaltic pump. This procedure pre-
vented possible complications due to the reaction of HNO,
with HSO;~.

The irradiation of aqueous solutions at pH 3-13 pro-
duces the hydroxyl radical and the hydrated electron in
similar concentrations, along with a small (<10%) yield
of hydrogen atoms. In N,O saturated solutions, the hy-
drated electron is converted to OH:

H,0 - — — e, H,OH )
ey + N;O + H,O >N, + OH + OH-  (2)

The OH radical then reacts with NO,™ to produce NO, (k
~ 1 X 10° M1g?) (13):

OH + NO; — OH™ + NO, 3)

Under our experimental conditions, about 5 uM NO,
typically is produced. With no added solute, NO, equil-
ibrates with its dimer N,O, (k = 4.5 X 10* M s7; K = 1.53
X 107® M) (14), which then disproportionates to NO,” and
NOs (15).

Results and Discussion

The pulse irradiation of a N,O saturated NO,™ solution
produced a very weak optical absorption due to NO, with
maxima at 400 and 420 nm. We have not attempted to
determine the absorptivity quantitatively, but our results
appear compatible with the value of ¢ = 200 M~! cm™ at
400 nm reported previously (14). To obtain an adequate
signal for analysis, from 20 to 200 pulses were needed,
depending upon conditions. Rate constants for the decay
of the signal due to NO, were determined upon the ad-
dition of a great excess of S(IV). A sample experimental
decay curve is given in Figure 1. In all cases, good
first-order behavior was observed. Replicate runs were
made at each S(IV) concentration, and typically, four
concentrations between 5 X 107 and 2 X 10 M were
employed to derive a second-order rate constant (Figure
2). Rate measurements were carried out over the pH
range 5.3-13, with the results given in Table I and plotted

D.‘G‘B ﬁ.éﬁ B.49 6.60 ©.60 1.66 1.20 1.49 1.66 1.80 2.00
1.8E~4 S

- g
o s /e/
* /’/g/ T -
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1
Ou 5. 1 W:S 2
S(IV), mM

Figure 2. Concentration dependence of the first-order rate constant
for the reaction of NO, with S(IV). Triangles, pH 5.3; squares, pH 6.7,
0.5 M phosphate buffer; diamonds, pH 11.75,

3

k x 107 M7's™!
s

4 6 8 10 12 14
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Figure 3. Dependence of the second-order rate constant for the

reaction of NO, with S(IV) on pH. Solid square, 0.5 M phosphate

buffer.

Table I. Rate Constants for the Reaction of NO, with
S0, /HSOy

kX107,
pH Mlgt conditions
5.3 1.24 1 mM phosphate
6.7 1.54 0.5 M phosphate
6.8 1.34 NaHSO; + NayS03, no buffer
8.7 1.67 1 mM borate
9.3 1.68 1 mM borate
11.8 2.14 1 mM phosphate + KOH
13 2.95 0.1 M KOH

against pH in Figure 3. Rate measurements were not
attempted at lower pH to avoid complications from the
reaction of HNO, with HSO;™.

The pK for the deprotonation of bisulfite

HSO; = H* + SO )

is 7.19 (16). In general, free radicals react with SO5? more
rapidly than with HSO4™ (10, 17). This reflects the de-
crease in one-electron redox potential in going from HSO;3
to SO,% and leads to an inflection in the rate constant
around the pK for HSOj", with a lower rate constant below
pH 7.19 and a higher value above that pH. Yet, in Figure
3 there is no indication of any inflection around that point.
This suggests that the change in rate constant with pH
does not result simply from the increased amount of SO;?
but involves general or specific base catalysis. Indeed,
although the increase in rate constant with pH appears
very sharp, the total increase in going from pH 5.3 to pH
13 is only about a factor of 2.5.

Although the change in rate constant with pH is not
coincident with the transition from HSO;™ to SO,%, there
is certainly an increase in rate constant with pH. To
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investigate the possible importance of a general base
catalyzed path, we determined the rate constant in the
presence of 0.5 M phosphate buffer. The rate constant
increased, but only slightly. This suggests that the increase
in rate constant is associated primarily with the increase
in OH™ concentration. Since the increase in rate constant
with pH is so small, we have not attempted to derive an
OH -dependent rate expression.

In our earlier work on the reaction of NO, with SO5>",
we concluded that the reaction did not take place by a
simple electron transfer. We arrived at this conclusion by
comparing the rate constants for reactions of NO, with
comparable reactions of ClO,. In all other cases, where
electron transfer was confirmed by observing the product
radicals, the reaction of ClO, with a substrate was faster
than the reaction of NO,. The reaction of NO, with SO,%,
however, was faster than for ClO,. The present results
support that conclusion, since if the reaction were a simple
electron transfer, the change in rate constant with pH
should reflect the relative amounts of SO;2~ and HSO;~.

There is also other information in the literature that,
in conjunction with the present observations, sheds further
light on the nature of this reaction. First is the observation,
mentioned above, that whereas NO, can oxidize HSO5™ or
S04% directly, it does not appear to initiate their aut-
oxidation. Second, the products and stoichiometry suggest
that the overall reaction is mainly (7)

9NO, + HSO, + H,0 — 2NO,” + 3H* + S0, (5)

with the yield of NO,™ relative to HSO;3™ consumed 1.5 +
0.4 and the yield of H* 2.5 + 0.4. There appeared to be
essentially no NO or NO; produced. Third, the rate
constant (d[H*]/dt) determined by bubbling NO, through
a HSO, solution (>2 X 108 M s at pH 6.4 and 1.4 X
10° M1 s7! pH 5) (18) was much lower than the rate con-
stant determined here. That work also showed that the
reaction was not second order in NO,, as the stoichiometry
would suggest. Finally, it was observed that there was a
small induction period in the generation of H* and that
the generation of H* would continue for several minutes
after NO, had been purged from the solution.

In our earlier work, we suggested that the reaction was
a simple oxygen-atom transfer:

NO, + HSO; — NO + SO,> + H* 6)

The observations summarized above suggest that this is
not likely to be the case. Rather, our observations and
these other results suggest that the initial step involves the
formation of an addition complex, which can undergo
subsequent reaction with further NO,:

NOp + SO52 —= —0 (7

(o]
(o]

i R

NO, + N—O_—ﬁ—o —~ N—0—S—O0—N (8
0 o}

This second intermediate, which is potentially long lived,
can then decompose, possibly in a base-catalyzed reaction,
to NO,™ and SO,*:

In our experiments, the low initial NO, concentration
(<107° M) will probably ensure that reaction 7 predomi-
nates. The occurrence of reaction 8 cannot be ruled out
completely, however, but the very good first- and second-
order plots (Figures 1 and 2) suggest that it is not im-
portant. Therefore, the rate constant we measure should
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correspond to the formation of the first complex. Indeed,
there does seem to be a very small residual absorption at
long time (Figure 1) that could be due to this complex.
The production of acid upon bubbling NO, through a
HSO; solution, however, requires reactions 8-10 and
would be expected to be much slower, as observed (18).

[
fo} 0 o
I - _ I
N—O—S—0—N + OH —— N—O0—S—0— (9)
| | [ l [ I
o] 0 0 0o
H
|
0 o] 0
1 . N
ﬁ—O—S'—O—ﬁ —= 2NO, + SO4 ¥ iH (10)
0 o] o]

Relatively slow secondary steps also would be expected to
lead to an induction period for the production of acid and
the continued production of acid after the NO, was re-
moved.

There is certainly considerable precedence for an ad-
dition reaction in the interactions of sulfite and bisulfite
with nitrogen oxides and their anions. Nitrous acid reacts
with bisulfate, first to form nitrososulfonic acid (19), which
can then react further with bisulfate to form hydroxyl-
aminedisulfonate (20):

HNO, + HSO,” — ONSO,” + H,0 (11)
ONSO,™ + HSO,” — HON(SO,),> + H,0 (12)

This product may hydrolyze or react with additional HSO4
to form aminetrisulfonate:

HON(S0;),> + HSO,;” — N(SO,);* + H,0 (13)

In these reactions, three sulfites substitute onto the ni-
trogen, with the elimination of water. The reaction of
nitric oxide with sulfite (21, 22), however, appears to be
more similar to what we are proposing here for nitrogen
dioxide:

NO + SO,;* — ONSO,* (14)
NO + ONSO;* — “ON(NO)SO;~ (15)
“ON(NO)SO;™ — N,0 + SO, (16)

In an atmospheric droplet, the fate of the initial inter-
mediate formed from the reaction of NO, with SO5>” might
not be simply to react with another NO,, since that radical
will be at such a low concentration in the droplet. The
compound might serve as a one-electron oxidant, leading
to the formation of nitrososulfuric acid. In a flue gas
scrubber, particularly when the gas-phase NO is converted
to NO,, the intermediate is much more likely to react with
additional NO, due to its much higher concentration.
Confirmation of the production of this intermediate and
information on its chemical behavior are needed to fully
assess its role in these systems.

The formation of a reactive intermediate in the reaction
of NO, with SO;*" might also help explain the role of added
NaySOj; on the operation of a luminol-based NO, detector.
The reaction of SO,%" with O, is a simple oxygen-atom
transfer (23), leading to unreactive products:

0; + S0, — 0, + SO,> (17)
This explains the ability of SO3>" to reduce the interference

due to O5. When NO, is dissolved into a luminol solution,
its reaction with luminol is in competition with the removal



of NO, due to disproportionation. If a large concentration
of SO,* is present, the NO, will react to form an inter-
mediate. This intermediate, then, can proceed to react
with the luminol, leading to chemiluminescence. An in-
vestigation into the nature of this intermediate would be
useful in predicting possible complications in the lumi-
nol-based NO, detector.
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Gran’s Titrations and Ion Balances: Some Analytical Control Limits for Precipitation

and Surface Waters

Neil R. McQuaker* and Douglas K. Sandberg

Environmental Laboratory, Ministry of Environment, 3650 Wesbrook Mall, Vancouver, British Columbia, Canada V6S 2L2

W Analytical results provided by weakly buffered samples
are used to define control limits for cation-anion balances
when the combined cation plus anion concentration is
below 700 pequiv/L. Application of the control limits can
help identify when measurement processes are out of
control. For acidic precipitation, an important component
of the ion balance is free acidity, and in many applications,
the determination of whether or not the free acidity exists
principally as strong acidity becomes important. Use of
Gran’s titration in making this determination is discussed.
The deviation from unity of the rate of change of [H*] with
respect to the addition of titrant is used as a control limit
that monitors the presence of interference.

Introduction

Use of an ion balance (anion — cation difference) has long
been recognized as an important quality control check in
the analysis of water samples (I). When control limits for
the ion difference are available, they can be used to help
identify when one or more of the laboratory measurement
processes is out of control. Control limits for weakly
buffered samples have evidently not appeared in the lit-
erature, and in this work analytical data provided by
precipitation and surface waters of low alkalinity are used
to determine typical values. The samples used were col-
lected from some 30 sites that were approximately equally
distributed between precipitation and surface water
monitoring sites located in British Columbia. Procedures
for sample collection and preservation appear elsewhere
(2). All chemical analyses were carried out over a 6 month
period at the Environmental Laboratory, Ministry of En-
vironment, with routine procedures (3).

For acidic precipitation, an important component of the
ion balance will be free acidity, and in order to assess the
environmental impact of acidic precipitation it becomes
important to know whether or not the free acidity exists
principally as strong acidity. Recently, it has been sug-
gested that the ratio ~A[H*]/ACg provided by Gran’s ti-
tration could be used to make this determination (4); ACg
is the moles liter™! of strong base required to produce a
concentration change of A[H*]. In this approach, the
deviation from unity of the rate of change of [H*] with
respect to the addition of titrant becomes a control limit
that monitors the presence of interference. Application
of this approach to British Columbia precipitation samples
is discussed.

Results and Discussion

Ion Balance. It was assumed that the major ions
present in the samples are those appearing in Table 1.
Alkalinity was determined from Gran’s titration, free
acidity was determined from sample pH, and the balance
of the ions was determined by either ion chromatography
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Table I. Parameters Used in the Ion Balance

cations anions cations anions
Ca®* S0 K* F-
Mg NOy~ NH* alkalinity
Na* CI free acidity

or inductively coupled plasma emission spectroscopy (Ca**
and Mg?* only). Detection limits for each of the param-
eters appearing in Table I are typically 1 uequiv/L or less
(3), and participation in a series of interlaboratory com-
parison studies has suggested that the various analytical
techniques used are free from significant measurement bias
(5). Data from 233 samples provided the results shown
in Table II for standard deviations of the anion — cation
difference (A — C) associated with mean anion + cation
concentrations (A + C) below 700 pequiv/L. The results
are plotted, by using a least-squares linear regression fit,
in Figure 1. They provide a “linear” relationship similar
to that observed by earlier workers () at much higher ion
concentrations (approximately 100 times higher) and are
compatible with the expectation that the standard devia-
tion will increase with increasing concentration.

When the results of Figure 1 are applied to individual
samples, we expect that approximately 5% of the observed
ion differences, A — C, will exceed plus or minus two
standard deviations (+2 SD) and approximately 0.3% will
exceed £3 SD. The 5% that exceed £2 SD should be
flagged and all analytical results critically examined before
the individual analyses for a particular sample are accepted
or rejected. If a deviation of £3 SD is exceeded (when
major ions other than those of Table I are absent), then
the measurement process for one or more analyses can be
considered to be out of control. A summary of criteria for
acceptable ion balances based on two standard deviations
appears in Table III. It should perhaps be noted that the
2 SD and 3 SD control limits, which can be identified from
Figure 1 (and Table III), are for samples collected in
British Columbia and analyzed with the procedures em-
ployed by the Environmental Laboratory, Ministry of
Environment. Samples collected in a different geograph-
ical area and analyzed at a different laboratory may pro-
vide slightly different control limits. This may be par-
ticularly true at low-ion concentrations (approximately
20-50 pequiv/L) where analytical detection limits and
sample composition become limiting factors.

If we consider “duplicate” ion (i.e., cation—anion) anal-
yses to be analogous to duplicate analyses of an individual
analyte and if we designate the extrapolated standard
deviation at zero concentration as S, then the “effective
detection limit” for ion concentration may be estimated

to be (20/2 X 1.645)S, (6). This provides a result of 17
wequiv/L when we use the S, value of 3.65 pequiv/L ob-

0013-936X/88/0922-0590$01.50/0 © 1988 American Chemical Society



Table II. Standard Deviation of Ion Difference as a Function of Ion Concentration®

ion concentration, pequiv/L

40-70 70-100 100-150 150-200 200-300 300-500 500-700
no. of results 55 50 31 34 20 20 23
mean ion concn (A + C) 55 85 120 170 230 390 590
SD (A -C) 5.0 5.3 7.6 9.0 10.7 15.0 20.5

9(A + C) = anion + cation concentration; (A - C) = anion — cation difference.

Table III. Criteria for Acceptable Ion Balances®

ion concn (A + C), ion diff (A - C),

pequiv/L wequiv/L (A-C)/(A+0O)
20-50 8-10 0.40-0.20
50-200 10-19 0.20-0.10

200-700 19-49 0.10-0.07

“Based on two standard deviations; i.e., A - C = 2[0.0290(A + C)
+ 3.65].

.
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Figure 1. Standard deviation of the ion difference, A — C, versus the
ion concentration, A + C. The curve is the least-squares linear fit y
= 0.0290x + 3.65; r = 0.996.

tained from Figure 1 and suggests that, in our laboratory,
ion balances are meaningful for only those samples where
the ion concentration exceeds approximately 20 uequiv/L.
Even so, an ion concentration of 20 pequiv/L is extremely
dilute and will include essentially all weakly buffered
samples, including precipitation. This compares with the
earlier work (1) where the ion concentration requirement
for a meaningful ion balance was approximately 500
uequiv/L (S, = 106.5 uequiv/L). The 500 pequiv/L con-
centration cannot include weakly buffered samples, and
the S, ratio of 106.5:3.6 is a measure of the enhanced
detection limits (i.e., 1-2 orders of magnitude) that cur-
rently make this possible.

Gran’s Titration. Gran’s titration curves may be
generated by plotting (V, + V)[H*] versus V where V, is
the original sample volume and V is the volume of titrant
added. In the absence of interference, the intersection of
the linear portion of the curve with the volume axis es-
tablishes the equivalence point V, for strong acidity. The
minimum requirement commonly used for establishing
linearity is four successive data points with a correlation
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Flgure 2. Strong acidity/free acidity ratio versus the slope value
-A[H*]/ACs.

coefficient of at least 0.9995 (7, 8). Recently, it has been
pointed out that even though the curve is “linear”, inter-
ference due to the dissociation of weak acids as the titra-
tion proceeds may be present (2, 9). When dissociation
of weak acids is absent, the slope value ~A[H*]/ACg, which
measures the rate of change of [H*] with respect to the
addition of titrant, is expected to be unity. This suggests
using a slope requirement, in addition to the linearity
requirement, as a further analytical control limit. When
V, > V, the initial titration point ([H*], zero) and the
extrapolated end point (zero, V,) may be used to approx-
imate the slope (i.e., ~A[H*]/ACy ~ [H*]/(NV,/V,) = free
acidity/Gran’s acidity). Reference samples of 50 pequiv/L
strong acidity (H,SO, in distilled water) provided a slope
value of 1.00 £ 0.10 where the deviation is expressed as
2 SD. This result was obtained from 23 successive replicate
analyses carried out on separate analytical runs. The ti-
trations were carried out with 0.01-mL incremental ad-
ditions of 0.01 N NaOH (7).

Results provided by 70 acidic precipitation samples for
the slope value ~A[H*]/ ACj obtained from free acidity/
Gran’s acidity ratios are summarized in Table IV as a
function of free acidity. The interval 15-80 uequiv/L free
acidity shows a mean slope value of 0.95 + 0.14 (which
compares with the reference value of 1.00 + 0.10). The
observed deviation of the mean slope value from unity
tends to suggest that some dissociation of weak acids may
be occurring as Gran’s titrations proceed. A graphical
illustration of the effect of dissociation on the slope values
appears in Figure 2. Here, slope values for mixtures of
a weak acid of pK, 4.76 (acetic acid) and a strong acid,

Table IV. Slope Values and Ion Ratios as a Function of Free Acidity

free acidity, pequiv/L

15-20
no. of results 20
mean slope (-A[H*]/ACR) 0.94 £ 0.12
mean ion ratio (C/A) 0.97 £ 0.11

30

20-30 30-80 15-80
20 70
0.97 £ 0.15 0.96 £ 0.15 0.95 + 0.14
0.96 + 0.19 0.95 £ 0.19 0.96 + 0.17
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containing 50 pequiv/L total acidity, are plotted versus
the strong acidity/free acidity ratio. The results show that
if a 15% interference (i.e., a strong acidity/free acidity ratio
of 0.85) is admitted, then the control limit for the slope
is 0.890.

When the 85% strong acidity criteria is maintained, the
control limit will tend toward higher/lower values as the
pK, value and/or total acidity decreases/increases. For
example, at pK, 4.76, the control limit shifts from 0.850
to 0.925 as the total acidity shifts from 80 to 15 pequiv/L.
Application of these results to the mean slope values ap-
pearing in Table IV suggests that, within the limits of
analytical precision, interference is not a significant factor
for British Columbia precipitation samples. This conclu-
sion is supported by mean cation/anion ratios, C/A (see
Table IV), which give no evidence of the anion deficit
expected if significant concentrations of partially disso-
ciated weak acids were present. Even so, the small devi-
ation of the mean slope values from unity does suggest
marginal interference and is compatible with recent reports
that the majority of precipitation samples are expected to
contain weak organic acids (9). Within this context, the
use of the slope value (or free acidity/Gran’s acidity ratio)
to monitor the presence of interference becomes important,
and the principal appeal of Gran’s titration is that it can
be used (together with the ion balance) to help confirm
whether or not the free acidity exists principally as strong
acidity.

Registry No. H,0, 7732-18-5.
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