


\ Your best protection from .
\agroundwater clean-up
\is a liner of Du Pont Hytrel®
\

A secondary containment liner
of Du Pont HYTREL' polyester elas
tomer helps keep storage tank and
piping leaks from contaminating
groundwater. In fact, it can protect
you from groundwater clean-ups
that have already cost other com
panies millions of dollars.

A liner of HYTREL offers ex
tremely low permeability. It provides
superior resistance to over 200

chemicals, including common
petroleum products.

Unlike double-wall tanks, a liner
of HYTREL protects against leaks
from pipes. And it's easier to trans
port and install.

A liner of HYTREL is more
flexible and more resistant to wear
and tear than ordinary liners. And it
can withstand the stress of extreme
temperatures.

So protect against a ground
water clean-up that could clean you
out. Insist on liners of HYTREL,
made only by Du Pont. For more
information, dial Du Pont first at
(800) 527-2601.
·Du Pont makes HYTREL polyester elastomer.
not secondary containment liners.
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Correlation of octanol/water parti
tion coefficients and total molecular
surface area for highly hydrophobic
aromatic compounds. William J_
Doucette* and Anders W. Andren

The relationship between calculated
total molecular surface area (TSA) and
the octanol/water partition coefficient
(Kow) is examined for a set of 32 highly
hydrophobic aromatic compounds_

• This article contains supplementary material in
microform. Sec ordering instructions at end of paper.

*To whom correspondence should be addressed .

815
Mutagenic activity associated with
cooling tower waters treated with a
biocide containing 5-chloro-2
methyl-4-isothiazolin-3-one. George
M. Woodall, Oscar C. Pancorbo,* R.
Dean Blevins, and Kenneth E. Ferslew

The Ames Salmonella-mammalian
test is used to determine the muta
genetic potential of water from a cool
ing tower treated with an organic bio
cide.
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Reaction kinetics of hydrogen perox
ide with copper and iron in seawater.
James W. Moffett and Rod G. Zika*

Cu(l) oxidation and Fe(Il) oxidation
by H20 2 are at least as important a
source of OH radicals in the ocean as
nitrite photolysis.

810
Quantitation of the losses of gaseous
sulfur compounds to enclosure walls.
William C. Kuster and Paul D.
Goldan*

Different materials are evaluated for
use in the measurement of the flux of
gaseous sulfur compounds from natural
systems, where losses to the enclosure
walls can be severe.

791
Structural characterization of
aquatic humic material. 2. Phenolic
content and its relationship to chlo
rination mechanism in an isolated
aquatic fulvic acid. Daniel L Nor
wood,* Russell F. Christman, and Pa
trick G. Hatcher

Results from a combination of ana
lytical techniques further implicate
phenolic structures in aquatic humic
material as precursors for organoha
lides found in drinking water.
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Field comparison of polyurethane
foam and XAD-2 resin for air sam
pling for polynuclear aromatic hy
drocarbons. Jane C. Chuang,* Steve
W. Hannan, and Nancy K_ Wilson

The sampling efficiencies of XAD-2
resin and polyurethane foam are stud
ied under summer and winter ambient
conditions.

785
Biouptake of chlorinated hydrocar
bons from laboratory-spiked and
field sediments by oligochaete
worms. Barry G_ Oliver

Uptake and depuration of 37 chemi
cals from spiked Lake Ontario sedi
ments by oligochaete worms are stud
ied at 8 °C and 20°C in laboratory
aquaria.

754
An abundant chlorinated furanone in
the spent chlorination liquor from
pulp bleaching. Lars M. Stromberg,*
Filipe de Sousa, Pierre Ljungquist,
Bruce McKague, and Knut P. Kringstad

A large peak occurring in the gas
chromatograms (ECD) when spent liq
uors are analyzed for chlorinated phe
nols is identified and characterized_

.757
Characterization of mutagenic sub
fractions of diesel exhaust modified
by ceramic particulate traps. Linda
D. Dorie,* Susan T. Bagley, David G.
Leddy, and John H. Johnson

Protocols are developed to character
ize the chemical and biological changes
produced in hydrocarbon emissions by
the use of cerannic particulate traps.

765
Toxic chemicals, including aromatic
and chlorinated hydrocarbons and
their derivatives, and liver lesions in
white croaker (Genyonemus lineatus)
from the vicinity of Los Angeles.
Donald C. Malins,* Bruce B. McCain,
Donald W. Brown, Mark S. Myers,
Margaret M. Krahn, and Sin-Lam
Chan

A bottom-feeding fish species from
the Los Angeles area is contaminated
with aromatic and chlorinated hydro
carbons and derivatives and shows evi
dence of liver lesions (e_g_, cancer).

771
Movement and neutralization of al
kaline leachate at coal ash disposal
sites. Masahiro Sakata

The results of chemical analysis done
on core samples of coal ash and soil
taken from two coal ash disposal sites
in Japan are discussed.

777
Aqueous ozonolysis products of
methyl and dimethylnaphthalenes.
Michael D_ Gaul,* Gregor A. Junk,
and Harry J. Svec

The ozonolyses of 1- and 2-methyl
naphthalene and 1,2-, 1,3-, 1,4-, and
2,3-dimethylnaphthalene are per
formed in dilute aqueous solution, and
the resulting nonperoxidic products are
characterized.
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I
nthe past decade significant advances
have occurred in our understanding of
the processes controlling the transport

and fate of inorganic and organic species in
the limnic and marine environments. These
processes can be studied by using a holistic
approach in which the atmosphere. water.
and sediment are considered interdepen
dent compartments of an ecosystem. This
new book presents this holistic approach
and describes relationships between physi
cal mixing rates and chemical reaction
rates. Four sections are covered in this
volume:
• Air-Water Processes
• Water Column Processes
• Water-Sediment Processes
• Case Studies
The emphasis of the first three sections is
on the chemical and physical processes
controlling solute behavior and fate in air
and water. The case studies integrate in
formation on these processes into a sys
temwide picture of the cycling of inorganic
and organic chemicals. Specific chapter
topics include the following:
• en,ironmenUl modeling of hydrophobic

compounds
• air-sea tr3nsfer of trace elements
• vapor-particle partitioning of semivolatile organic

compounds
• metal speciation in natural waters
This volume will be useful for marine scien
tists. industrial chemists. atmospheric sci
entists and industrial chemists.
Ronald A_ Hites. Editor. Indiana University
S. J. Eisenreich. Editor, University of
Minnesota
Developed from asymposium sponsored by the Oi~

sian of En~ronmental Chemistry of the American
Chemical Society
Advances in ChemistlJ Series No. 216
576 pages (1987) Clothbound
LC 87-1290 ISBN 0-8412-0983-9
US & Canada $99.95. Export $119.95
Order From: American Chemical Society

Distribution Office Dept. 51
1155 Sixteenth 51.. N.w.
Washington. OC 20036
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GUEST EDITORIAL

Sunscreen
In September 1987, 31 nations will meet in Montreal to
sign an agreement to freeze, and then to reduce, the
rate of production of chlorofluorocarbons (CFCs)
gases that have been linked both to the destruction of
stratospheric ozone and to future changes in climate.
Such an international environmental agreement would
be an historic step toward controlling a major threat to
the atmosphere, the global climate, and human health.

Managing threats to the global environment poses
tremendous challenges because of the limited success
of past international environmental agreements and in
equities in the standards of living among nations. The
motto, sic utere tuo ut alienum non laedas ("use your
property so as not to injure your neighbors")-often
considered to be a guiding principle of international
law-has had little practical influence on states'
actions. Even the 1972 United Nations Stockholm Con
ference Declarat!on~that each nation has the "respon
sibility to ensure that activities within their jurisdiction
or control do not cause damage to the environment of
other states or of areas beyond the limits of national
jurisdiction"-is rarely and imperfectly translated into
international agreements.

In the case of controlling CFCs, however, the situa
tion is ripe for an agreement. The scientific evidence of
the atmospheric effects of CFCs is compelling, eco
nomic alternatives and substitutes are available for the
most damaging of these gases, and the environmental
and societal costs incurred by the destruction of ozone
and from climatic changes could be overwhelming.

Yet ideological forces in the U.S. government are
trying to prevent the United States from signing the
final protocol despite strong support from certain sec
tors of the government, the scientific community, envi
ronmental groups, and even segments of the chemical
industry. Last-minute opposition was signaled by Sec
retary of the Interior Donald Hodel and the president's
science advisor, William R. Graham, Jr., who are con
cerned that such an accord would violate President
Reagan's philosophy of minimal government regula
tion. This opposition has arisen despite previous ad
ministration agreement on the strong negotiating posi
tion of the United States during the talks.

0013-936X18710921-o715$01.5OI0 © 1987 American Chemical Society

Hodel's suggestion that wearing hats, sunglasses,
and sunscreen could mitigate the effects of increased
ultraviolet radiation is too ludicrous to deserve much
comment. To their credit, EPA and the Department of
State-which are responsible for the environmental ne
gotiations in Geneva and Vienna-appear to be
strongly resisting any change in the agreement, which
would be a landmark in international cooperation on
global environmental problems.

More is at stake here than just the CFC agreement.
The reputation of the United States as a reliable negoti
ating partner-in arms control, environmental manage
ment, or other areas-has been seriously tarnished be
cause of a series of agreements initially approved by
the United States and then violated or abandoned. If the
United States-a major producer of CFCs-were to
reverse its previously strong support of the CFC proto
col and back out at this point, the possibility of an
effective agreement would be greatly reduced and the
United States' reputation for reliability would suffer
further embarrassment.

In the long term, the world faces a series of environ
mental threats of a magnitude never before experi
enced, including the possibility of massive global cli
matic changes. The origins and consequences of these
threats are international, and there is little hope that the
worst impacts can be prevented unless international
environmental mechanisms are developed for address
ing them. An agreement to limit or reduce emissions of
CFCs would be a giant step in the right direction.

Peter H. Gleick is a MacArthur Founda
tion Fellow in International Security and a
visiting research scholar at the University
of California, Berkeley. He is a member
ofthe Climate and Water panel of the
American Association for the Advance
ment ofScience and is active in assessing
the diverse environmental impacts of
global climatic changes. Previously he
was deputy assistant for energy and envi
ronment to Edmund G. Brown, Jr., gover
nor of California.
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Heavy metals removal

Dear Sir: As researchers in the field of
heavy metal removal by hydroxide and
sulfide precipitation treatments, we
wish to respond to the section on hy
droxide, sulfide, and carbonate precipi
tation of heavy metals in "Removing
dissolved inorganic contaminants from
water" (ES&T, November 1986, pp.
1072-80).

We have been active in this field for
more than four years and have pub
lished in excess of a dozen papers in the
area. In the review by Clifford et al.
many of the advantages cited for sulfide
precipitation are described. However,
the authors downplay the sulfide pre
cipitation technology: "An obvious dis
advantage of the process is the genera
tion of toxic HzS gas during
precipitation. Furthermore, the excess
sulfide ions in the treated water must be
removed by aeration or oxidation with
chlorine. Although technically effec
tive, sulfide precipitation is a relatively
complex and expensive process." Such
concerns are indeed true for systems
employing overstoichiometric addition
of sulfide or for cases operating at very
low pH conditions (pH < 4).

One of the primary advantages cited
for employment of the insoluble sulfide
precipitation technology, which uses ei
ther FeS or CaS reagents, is the elimi
nation ofthe potential of HzS gas evolu
tion due to the very low solubilities of
these sparingly soluble salts. However,
eliminating sulfide reagent overdose in
soluble sulfide precipitation processes
prevents formation of the odor causing
HzS gas.

In currently operated soluble-sulfide
systems that do not match demand, the
process tanks must be enclosed and
vacuum-evacuated to minimize sulfide
odor problems. A combination of sul
fide and lime processes for removal of
heavy metals such as Pb, Zn, Cu, Cd,
As, and Hg has been in successful oper
ation since 1978 at the Boliden Metal
Corporation in Sweden. The full-scale
plant capacity is200mr/hr(1.27 x 1()6
gal/day) from nonferrous metal produc
tion processing.

LETTERS

The authors also state that "Heavy
metals, such as barium, cadmium, cop
per, lead, mercury, nickel, silver, and
zinc can be removed by hydroxide or
sulfide precipitation or by a combina
tion of the two processes." No advan
tages are cited for this coprecipitation
process, which employs both hydroxide
and sulfide precipitation. We have in
vestigated the effect of sulfide dosage
on multimetal-laden wastewaters. At
tention has been focused primarily on
the understoichiometric addition of sul
fide. The sulfide is added stoichiome
trically for the least soluble of the metal
sulfides contained in the multimetal
system. We have employed dosages as
low as 0.5x stoichiometric dosage (for
the entire metal system) and have still
observed excellent removals ( > 99 %)
.of the metals, even in the presence of
complexing agents.

Another benefit is the absence of any
noticeable H2S gas evolution in our re
action systems. Another advantage is
the excellent removal of the other
metals involved through a coprecipita
tion mechanism. Metal sulfide precipi
tation systems yield significantly lower
residual metal concentrations than can
be obtained solely by hydroxide precip
itation; with more stringent residual
metal concentrations being considered
by EPA and various industries, hydrox
ide treatment alone may not be able to
meet these new metals concentration
criteria.

The sludge dewatering characteris
tics and settling properties are much
better for the metal sui fide systems than
for the corresponding metal hydroxide
system due to the formation of a more
crystalline precipitate. The systems can
also be operated at a much lower pH
condition (pH 3-5) than that for semi
comparable metal removal by hydrox
ide precipitation (typically pH 9-11).
Many of the industrial plating wastewa
ters could be treated with this operation
without pH adjustment and at much
lower chemical costs due to the lower
pH condition involved.

We wish to point out that this sulfide

and sulfide-hydroxide precipitation
technology is gaining popularity as a
removal technique for heavy metals
from solution. Several ongoing studies
of sulfide precipitation of heavy metals
are in progress at various universities,
consulting firms, research laboratories,
and industries, and at least four full
scale applications have been or are be
ing installed at various industries.

Robert W. Peters
Purdue University

West Lafayette, Ind. 47907

Dibakar Bhattacharyya
University of Kentucky

Lexington. Ky. 40506

The authors reply.-
We are grateful to ES&T for making

available to its readers more details on
sulfide and combined hydroxide-sul
fide precipitation through the publica
tion of these letters. This detail was not
possible in our "all-encompassing" ar
ticle.

We are somewhat surprised by the
nature of the Peters and Bhattacharyya
letter, because we believe that we have
briefly and fairly pointed out the salient
advantages and disadvantages of the
sulfide precipitation process. Quoting
from p. 1074 of our original article:

"Sulfide precipitation using soluble
NazS or sparingly soluble FeS can re
move heavy metals effectively even in
the presence of complexing and chelat
ing agents. Because metal sulfides are
generally less soluble than the corres
ponding hydroxides, better removal ef
ficiencies are achieved with sulfide pre
cipitation over a broad pH range. In
addition, metal sulfides are less ampho
teric and are less likely to resolubilize
than are metal hydroxides. Finally, sul
fide sludges usually have smaller vol
umes and are easier to dewater than are
hydroxide sludges.

"An obvious disadvantage of the
process is the generation of toxic HzS
gas during precipitation. Furthermore,

Continued on p. 745
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TOC analysis

SII.madzu's recipe for troublefree TOe.
Shimadzu's new TOC-500 Total Organic Carbon Analyzer
trims maintenance costs by doing away with the molten salts
that devitrify combustion tubes at high temperatures and
generally foul an analyzer's insides. And it does this with
"low-cal" heat-only 680°C. well below saline melting points.
This low-cal diet means vastly extended combustion tube.
catalyst and furnace life, low downtime (a new combustion
tube takes only 5 minutes to install. wifhout furnace-cooling),
and high reproducibility.
That's only the beginning. You also get up to five limes faster
results. often with more sensitivity than wet chemical methods.
Because the TOC·500 measures peak area rather than
peak height. it gives you uncompromised precision. And
Shimadzu's proprietary catalyst system and humidified carrier
gas assure a low system blank.
And that's not all: The TOC-SOO can take injection gulps from
1 pJ to 400 1'1 and still stay agile. It has a standard IC channel.
analyzes sea water as easily as ultrapure. can handle volatile
organic carbons. and offers a 36-place autosampler option
and fast. versatile microcomputer-controlled data processing.

Use the TOC-500 to monitor industrial effluents. municipal
waste water systems. water potability, product purity. sea
water organics, or use it for any other similar application
and see why over 300 of these instruments have been in
the field for more than three years without having a furnace
failure.
Let us show you some of the attractive curves and figures the
budget-slimming. "high·salt/low cal" TOC-SOO can produce
for you. Call or write for further details.

Shimadzu Scientific Instruments. Inc.
7102 Riverwood Drive. Columbia. MD 21046
(301) 381-1227
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INTERNATIONAL

'The United Nations Environment
Program (UNEP' Nairobi, Kenya)
established the Global 500 honors
list during World Environment Day
ceremonies on June 5. By 1992 the
list will recognize 500 individuals
and organizations that have made
contributions toward preserving and
improving the global environment.
Administrators, journalists, scien
tists, parliamentarians, and urban and
rural activists may try to qualify for a
listing. Global 500 was announced on
the 15th anniversary of the founding
ofUNEP.

FEDERAL

EPA Administrator Lee Thomas
signed an advance notice of rule
making regarding the technical
assistance grants (fAG) program
authorized under Section I I7(e) of
the Superfund Amendments and
Reauthorization Act of 1986 (Fed.
Regist. 1987,52,22244). The objec
tive of the TAG program is to assist
citizens of communities affected by
Superfund site cleanups in interpret
ing technical information pertaining
to the cleanup and in making in
formed comments. The sites in
volved are those listed on the Na
tional Priority List. The TAG
program can provide grants of up to
$50,000 to groups that need assist
ance in preparing technical com
ments.

Sen. Dave Durenberger (R-Minn.)
has introduced what he says is "a
comprehensive groiIndwater bill"
whose initial goal is the "non-degra
dation of groundwater." According to
Durenberger, "Non-degradation
doesn't mean zero discharge, nor
does it mean banning septic tanks and
fertilizer applications. But it does
mean preventing contamination of
our groundwater resources wherever
we reasonably can." Durenberger
adds that his bill focuses on sources
of contamination and calls for EPA to
assist states in establishing standards
for corrective action at facilities that

CURRENTS

Durenberger: Prevent degradation

are potential sources of contamina
tion. He hopes that his bill will be to
groundwater what the Clean Water
Act is to the protection of surface
water.

Certain Reagan administration
officials have voiced opposition to a
recent 31-nation agreement to
freeze levels of production of
chlorofluorocarbons (CFCs) and to
reduce their production by 20% over
the next 10 years. The aim of the
agreement is to protect the Earth's
stratospheric ozone layer that ftlters
out ultraviolet rays. Interior Secre
tary Donald Hodel, concerned about
the increase in government regulation
that would result from the agree
ment, suggested a controversial alter
native of personal protection
whereby individuals would wear hats
and sunglasses and use sun-screening
lotions. White House Science Ad
viser William Graham, Jr., cited
"substantial uncertainties" concern
ing the causes and rate of ozone loss.
State Department and EPA officials
who helped to negotiate the CFC
agreement fear that their positions
may be undercut by the administra
tion.

The National Acid Precipitation
Assessment Program (NAPAP) has
suspended its efforts to evaluate the
economic benefits of acid deposition
control, according to a report by the
General Accounting Office (GAO).

The report says that this work was
stopped because of flaws in scientific
techniques and inadequate data. GAO
analysts also say that NAPAP's esti
mates of damage to forests use hypl)
thetical scenarios. They add that
NAPAP's director of research in
formed them that the program will
carry out no furtber economic analy
ses of effects of acid deposition until
these effects can be quantified. NA
PAP, which has spent about $300
million on acid deposition research
since 1982, consists of officials from
EPA and the Departments of Agricul
ture, Commerce, Energy, and the
Interior.

Regulatiom~ on June 3 by
EPA tighten ambient air quality
standards for fine particles. Under
prior regulations, all particulate
matter was limited to 260 p.g/m3 of
ambient air. Under the new rules, the
24-hour standard for particles with
diameters of 10 p.m or less will be
150 p.g/m3• Moreover, there will be
an annual standard of 50 p.g/m3• Fine
particles such as dust, dirt, soot, and
smoke are considered a threat to
human health because they can reach
the deepest portions of the lungs and
cause respiratory problems. Regula
tions aimed at controlling these parti
cles, which may cost industry as
much as $1.9 billion, will have the
biggest impact on electric utilities
and on iron and steel plants. States
are given five years to come into
compliance.

EPA has proposed to make it easier
for mobile hazardous-waste treat
ment units to obtain permits. Cur
rently, owners of mobile units must
follow the same cumbersome and
time-eonsuming procedures as those
for stationary facilities, for which it
takes about a year to obtain a permit.
Under EPA's proposal, the amount of
time involved would be reduced to
"a few months," and one permit
would apply throughout a state. The
mobile unit, however, also would
require a site-specific permit that
incorporates general operating condi
tions as well as those pertaining to

718 Environ. Sci. Techno!., Vol. 21, No.8, 1987 0013-936X18710921.()718$01.5OIO © 1987 American Chemical Society



the particular site. Agency spokes
men say that they took this action to
encourage alternatives to land dis
posaI of waste and to help reduce
risks inherent in the transportation of
hazardous wastes.

STATES

Atmospheric scientists will Dy
through storm clouds over Ohio to
coUect air and rain samples in an
attempt to understand conditions that
cause acid rain and to find ways to
control it. Alistair Leslie of Battelle
(Richland, Wash.) said that most
samples will be collected in the vicin
ity of Columbus "because many of
the materials suspected of causing
acid rain, such as S~, NO.. and
hydrogen peroxide can be found
there." The Ohio study will focus on
convective systems such as thunder
storms, but samples also will be
taken from clouds in cold, warm,
and stationary frontal systems and
during periods of clear air. Informa
tion obtained will be used to update
computer models. The work is being
carried out for the U.S. Department
of Energy.

New Jersey Gov. Thomas Kean has
halted all development on the
state's remaining 300,000 acres of
wetlands through December 1988.
He said that the purpose of his execu
tive order is to protect water quality,
fish. and wildlife and to provide
flood control. Kean's action directs
Richard Dewling, New Jersey's com
missioner of environmental protec
tion, to deny all permits in wetlands
unless a developer applying for a
permit demonstrates "a compelling
public need or an extraordinary hard
ship." The order excludes the coastal
wetlands, Pinelands, and Hackensack
Meadowlands, which are governed
by other laws. Commercial devel
opers are considering a coun chal
lenge to Kean's order.

The state of Washington has pro
posed several environmental priori
ties for fJSCa1 year 1988. One is to
maintain existing basic programs.
Another is to develop a state plan for
complying with EPA's new standards
for particles less than 10 /Lm in
diameter and to strengthen controls
on toxic air contaminants. State offi
cials also plan to devise a compre
hensive approach to groundwater
management, including wellhead and
sole-source aquifer protection. They
also plan to implement a pretreatment
program for toxic materials dis
charged indirectly through privately
owned treatment works. Hazardous-

Soil treatment system

HOI oil
reservoir

"VOCs =0 volatile organic carbons

Source: The Weston Way 1987. 13(2),27-29:
Roy F Weston, Inc' West Chester, Pa.

waste management, including tighter
controls on radioactive waste dis
posal at Hanford, will be part of the
general program, as will implementa
tion of the Safe Drinking Water Act
amendments of 1986. The tasks will
be apponioned among the Depan
ments of Ecology and Social and
Health Services.

Small businesses in Pennsylvania
can get help in minimizing their
production of hazardous waste
from a repon, "Hazardous Waste
Minimization Manual for Small
Quantity Generation," published by
the University of Pittsburgh's Center
for Hazardous Materials Research.
The 25D-page repon discusses the
advantages of waste minimization,
regulations affecting small-quantity
generators, compliance with the
Pennsylvania right-ta-know law,
conducting waste audits, and waste
minimization practices specific to
industries or to particular wastes.
Eleven industry sectors, including
electroplating printing and dry clean
ing, are covered.

SCIENCE

Ozone cannot account for the total
amount of decline of some Ameri
can forests, according to scientists at
the Electric Power Research Institute
(EPRI, Palo Alto, Calif.). Other

Air
preheater

causes of stress should be examined,
including climate, disease, and forest
management practices. In examining
II case studies from four regions of
the United States, an EPRI project
team found that only the ponderosa
pine forests of the San Bernardino
Mountains (Calif.) had damage from
ozone, and that this forest's popula
tion is changing over to ozone
tolerant oaks and shrubs. The EPRI
scientists say that ozone may be one
factor contributing to forest decline,
but that it must be evaluated in con
junction with other factors.

The dispersal and dilution of pollu
tion in the ocean may be much
slower and less widespread than
originally thought, according to Fre
derick Browand of the University of
Southern California. Pollutants gen
erally sink to depths below 92 m,
where turbulence and mixing are
infrequent and concentrations of
pollutants can remain localized and
undiluted for months. Browand notes
that upper, turbulent layers and
lower, calmer layers of the ocean
occasionally are mixed, and he sug
gests that the nature and frequency of
this type of mixing should be studied
carefully. If it must be done at all,
ocean disposal of wastes might be
carried out in a highly selective man
ner and timed to coincide with peri
ods of mixing, he says.
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TECHNOLOGY

Soils contaminated by material
from leaking underground storage
tanks can be treated by a process
called Low Temperature Thermal
1i'eatrnent, developed by Roy E
Weston, Inc. (West Chester, Pa.).
Contaminated sOils go through a
screw conveyor where organic con
taminants are volatilized at tempera
tures of up to 316 DC. A purge gas,
normally air, enhances contaminant
removal. The removed organic con
taminants can be destroyed by high
temperature incineration in an after
burner or recovered by condensation
or adsorption onto granular activated
carbon. The system, which can be
designed to be mobile, was devel
oped under contract with the'U.S.
Army Toxic and Hazardous Materi
als Agency.

Orone is an effective biocide for
cooling tower water, says H, Banks
Edwards, P.E, (Journal ofthe
Cooling Tower Institute 1987, 8(2),
10-21). He explains that water and
sewage costs are reduced because of
the elimination of blowdown (bleed
off of spent tower water). Edwards
says that ozone also reduces or elimi
nates biomass, including the legion
naires Disease Bacteria, and that it
oxidizes numerous organic and inor
ganic contaminants. Moreover, nei
ther pH control nor other chemicals
are needed when ozone is applied at
10,000-15,000 ppm. Edwards adds
that additional costs for electric
power to generate the ozone and for
laboratory analysis of treated tower
water are more than offset by re
duced costs for water, sewage treat
ment' chemicals, and maintenance.

Organic air contaminant sources,
whether natural, manmade, or
both, can be identified by a radio
carbon dating method developed by
the National Bureau of Standards
(NBS). The sample is converted to a
solid carbon pellet about the size of a
dime, whose ratio of unstable car
bon-14 to stable carbon-12 is deter
mined in a minicounter by accelera
tor mass spectroscopy. For example,
lower levels of carbon-14 that con
tain carbon monoxide (CO), such as
that found in air samples from Clark
County, Nev., show that the most
likely source of the CO is automotive
exhaust from the combustion of fossil
fuels. A higher proportion of carbon
14 to carbon-12 would suggest a
source such as wood burning or tree
emissions. NBS scientists envision
this method as a way to pinpoint
sources of pollption for regulatory
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action and to help to exonerate those
sources that do not emit organic
pollutants to the air.

Nuclear power plant wastes could
be stored at the plants for the next
lOO,O()O years at much lower cost
than hauling them to central reposito
ries and burying them, says Duane
Chapman of Cornell University. lWo
wastes are involved: used u.ranium
fuel and contaminated material from
the plant. But the plants themselves,
which could be contaminated, may
remain on site after closure, Chap
man points out, adding, "If the reac
tors will be left on site, why move
hundreds of thousands of tons of
spent fuel around the country?"
Chapman notes that plant dismantle
ment technology is poorly understood
and could cost as much as $3 billion
per plant. In addition, central reposi
tories are very expensive, and be
cause spent fuel loses 98% of its
radioactivity in 100 years, it becomes
less dangerous with the passage of
time.

BUSINESS

Scientists from General Electric
have stated that polychlorinated
biphenyls (PCBs) are being broken
down in New York's Hudson River
by a two-stage natural bacterial proc
ess. PCBs containing three or more
chlorine atoms are broken down into
PCBs containing fewer chlorines,
which then can be destroyed by aero
bic bacteria (Science 1987, 236,
709). The scientists estimate that 4Q
70 tons of PCBs already have been
decomposed in this manner (as of
1977, there were believed to be 137
tons of PCBs in the Hudson River
near Fort Edward and Hudson Falls,
N.Y.). Stephen Safe of Texas A. &
M. University concurs with this
finding, but Edward Horn of the
New York State Department of
Health and others have stated that
searches for microbes that could
efficiently degrade PCBs have been
unsuccessful.

Edward Addison, president of the
Southern Company (Atlanta, Ga.)
has characterized the acid rain bill
Congress is considering as "prema
ture, punitive, and costly." He told
his company's stockholders' meeting
that although coal use by utilities
increased by more than 80% between
1973 and 1985, sulfur dioxide emis
sions decreased by 28 % during the
same period. "An acid rain law
imposing harsh, new limits on sulfur
dioxide emissions-is definitely not
needed now and may be not needed

Addison: Acid rain law not needed

ever," he said, adding, "There is no
crisis from acid rain." Addison said
that his statement was based on
"careful scientific study" that "will
deflate the pressure for a multibil
lion-{jollar program that our country
simply doesn't need."

TIle scientulC community gener
ally supports nuclear energy, ac
cording to the Atomic Industrial
Forum (AlF, Bethesda, Md.). Citing
results of a survey by the Center for
Media and Public Affairs, A1F
spokesmen say that 71 % of the scien
tists surveyed believe a Chemobyl
type nuclear accident is improbable
in the United States. Seventeen per
cent viewed such an accident as
probable and 12% expressed no
opinion. In addition, 88% of the
respondents forecast that nuclear
plants will be important in meeting
U.S. electricity demands in the fu
ture; the remainder attach importance
to nuclear power's future role but are
not as sanguine. Moreover, 66% of
the scientists queried consider nu
clear power as safe, 17% disagree,
and 17% did not express an opinion.
Respondents included 580 scientists
selected from American Men and
Women ofScience.

Pyrochem (Coffeyville, Kan.), a
partnership between Westinghouse
and National Electric, has received
a burn permit from EPA's Region
Vll office. The permit includes the
incineration of polychlorinated bi
phenyls (PCBs). The Pyrochem
process uses a rotary slagging kiln
with a refractory surface coated with
molten glass. This construction al
lows higher temperatures and im
proves heat transfer. The incinerator
now may burn PCB-containing ca
pacitors, liquids, soils, and debris.
The permit, which was issued in late
May after the incinerator had been in
limited operation for nine months,
expires July 31, 1996.
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lhmsformations of halogenated
aliphatic compounds

Oxidation, reduction, substitution, and dehydrohalogenation reactions occur abiotically or
in microbial and mammalian systems "

•

TimodIy M. "\bgeI
Michigan State University

Eost Lansing, Mich. 48824
Cnig S. Criddle

Perry L. McCarty
StDnford University

StDnford, Coli! 94305

Halogenated aliphatic compounds are
prevalent groundwater contaminants
and are significant components of haz
ardous wastes and landfill leachates.
Most hazardous halogenated aliphatic
compounds released from industrial,
commercial, and agricultural sources
are brominated or chlorinated alkanes
and alkenes that contain between one
and three carbon atoms. Chlorinated
ethanes and ethenes are" in common use

as cleaning solvents in dry-<:Ieaning 0p
erations and semiconductor manufac
ture. Some brominated compounds,
such as 1,2-ilibromoethane (EDB) and
1,2-ilibromo-khloropropane (DBCP),
are used as 'pesticides (1, 2). In addi
tion, brominated and chlorinated meth
anes are produced as a result ofchlorin
ation of water (3). The production and
use ofhalogenated aliphatic compounds
and their apparent hazard to human
health (Thble I) (4-6) have prompted
investigations concerning their fate in
the human body, in SIIbsurface waters,
and in treatment facilities. In most of
these environments, photolysis is not an
important transformation process, but
other abiotic transformations can be
significant. Often, biologically medi
ated transformations are the most im
portant.

This article summarizes and system
atizes the current understanding of abi-

otic and biotic chemistry of halogena
ted aliphatic compounds. Knowledge of
abiotic transformations can provide a
conceptual framework for understand
ing biologically mediated transforma
tions. Most abiotic transformations are
slow, but they can still be significant
within the tiQle scales commonly ass0

ciated with groundwater movement. In
contrast, biotic transformations typi
cally proceed much faster, provided
that there are sufficient substrate and
nutrients and a microbial population
that can mediate such transformations.
Recent studies, which describe trans
formations of halogenated aliphatic
compounds in microbial and mamma
lian systems, are also discussed in this
article. These studies reveal broad pat
terns of transformation in biological
systems in general.

AIl three systems (abiotic, mamma
lian, and microbial) have similarities in
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TABLE 1
Production, proposed maximum contaminant levels, and toxicity
ratings of common halogenated aliphatic compounds

Production'
(million MCl'

Compound Ib/yr) lI<gJl) carcinogenicity<

Trihalomethanes 100
Vinyl chloride 7000 1 1
1,1·Dichloroethylene 200 7 3
trans·1,2-Dichloroethylene <0.001
Trichloroethylene 200 5 3
Tetrachloroethylene 550 3
1,1-Dichloroethane <0.001
1,2-Dichloroethane 12,000 5 2
1,1,1-Trichloroethane 600 200 3
1,2-Dibromoethane 332" 3d

'Reference 4.
bMaximum contaminant level, Reference 5.
cCarcinogenicity: 1 = chemical is carcinogenic; 2 = chemical probably is carcinogenic; 3 =
chemical cannot be classified.
O'Aeference 6.

Definitions of terms
reaction mechanisms and transforma
tion products. 1bey also have differ
ences. For each, the transformation of
halogenated aliphatic compounds can
be divided into two general classes: re
actions that require external electron
transfer (oxidations and reductions) and
those that do not (substitutions and de
hydrohalogenations). External electron
transfer is defined as the transfer of
electrons to and from some agent other
than the halogenated compound itself.
Processes discussed in this article and
terms that frequently appear are de
fined in the side bar. Examples of trans
formations are listed in Figure 1. Com
mon abbreviations for the various
halogenated aliphatic compounds are
listed in Table 2.

Substitution
Halogenated aliphatic compounds

undergo substitution and dehydrohalo-

PEIUSSlON 10 USE FW:MAN Wi'S GIVEN BY Irn\RI GAMES.

Coupling-a reaction in which
two alkyl or aryl groups connect to
gether.

Dehydrohalogenation-elimina
tion of HX to form an alkene.

Dihalo-elimination-reductive
elimination of two halide substi
tuents to form an alkene.

Electrophile-a reacting specie
that accepts an electron pair.

Elimination-a reaction in which
two groups, such as hydrogen and
chlorine, are lost from adjacent car
bon atoms so that a double bond is
formed.

Epoxidation-a reaction in which
an epoxide is generated.

Hydrogenolysis-a reduction in
which a carbon-halogen bond is
broken and hydrogen replaces the

halogen substituent.
Hydroxylation-addition of a hy

droxyl group.
Ionization potential-the differ

ence between the energy of ultravio
let radiation used to bombard a mol
ecule and the energy of the ejected
electron.

Monooxygenase-an enzyme
that catalyzes reactions in which one
atom of O2 appears in the product
and the other in H20.

Nucleophile-a reacting specie
that brings an electron pair.

Solvolysis-a reaction in which
the solvent serves as the nu
cleophile.

Substitution-a reaction in which
one substituent on a molecule is re
placed by another.
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Examples
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(b) dihakHllimination
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(e) coupling
2RX +2e- -... R- A ... zx-

IV Reduction

(a) hydrogenolysis
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FIGURE 1
Abiotic and biotic reactions of halogenated aliphatic compounds

RX ... H
2

0 ----. ROH ... HX

(b) conjugation and other nucleophilic
reactions
AX ... N- ---... AN ... X-

FIGURE 2
Estimated half-lives for some halogenated aliphatic compounds
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II. DehYdrohalogenation
I I ,,-

- c-c- --.. C'Q'C ... HX

I I ""X H

III. Oxidation

(a) a-hydroxytation
I I

- C - x ... H 0 ..... - C -X ... 2H+ ... 2e-
I 2 I
H OH

(b) haIosyl oxidation
1 I ... _

- C -X ... H 0 - C-X 0

I 2 I ... 2H+. 2e-

(e) epoxidation
x 0 x

'C-C/... H 0 -. 't-'t ... 2H+ ... 2e-/ ,2 I ,

(d) biohalogenation (alkanes)
OH x

'e.l.x-.. H 0- -~-b-
/, 2 I I

... H+. 2e-

I. Substnution
(a) solvolysis, hydrolysis

genation in water in the absence of in
organic or biochemical catalysts. In
general, these reactions proceed slowly,
with half-lives of days to centuries.
However, rates can be accelerated by
the activity of biologically derived en
zymes such as hydrolases or glu
tathione S-transferases.

Solvolysis of halogenated aliphatic
compounds in water (hydrolysis) leads
initially to the production of alcohols
(7) (Figure I, Ia). If these alcohols are
halogenated, then subsequent hydroly
sis to acids or diols can occur. Hydroxy
substitution generally occurs at the ha
logenated carbon. In general, these
substitution reactions are bimolecular.
Nevertheless, pseudo-first-order kinet
ics are observed in aqueous solutions in
which water is the dominant nu
cleophile. These reactions are poten
tially faster at higher pH, and the hy
droxide ion acts as the nucleophile.
However, below pH II, a pH depen
dence for substitution reactions is gen
erally not observed (8, 9). High ionic
strength may increase the likelihood of
unimolecular reactions as a result of in
creased stability of charged intermedi
ates.

A summary of half-lives for several
chlorinated and brominated aliphatic
compounds in aqueous solution is
shown in Table 3 (8-20). In general,
monochloro- and monobromoalkanes
hydrolyze with half-lives of about one
month at 25°C; polychlorinated spe
cies hydrolyze less readily. For di
chlorinated alkanes, substitution (hy
drolysis) is more likely than dehydro
halogenation, which also is possible.
The nature of the halogen substituents
and the degree of halogenation influ
ence substitution rates (Figure 2). Bro
mine, a better leaving group than chlo
rine (7), is lost from haloaliphatic
compounds more readily than is chlo
rine. Increased halogenation leads to
slower substitution reactions and longer
half-lives (8, 9). Abiotic substitution
reactions might also be enhanced by
catalysts such as clays (20).

Sulfides also react with halogenated
a1iphatics via substitution to produce
mercaptans (21) (Figure I, Ib). Chemi
cally, the sulfhydryl group (SH-) is
more reactive than the hydroxyl group
(OH-) or water (7), although concentra
tions in natural waters are usually not
high enough for sulfhydryl-related re
actions to dominate.

Substitution reactions also can occur
in mammalian systems (Table 4) (22
29). Glutathione reacts with halogena
ted aliphatic compounds to produce sul
fur-containing compounds. Under
proper conditions, these compounds
are further transformed into mercap
turic acids (28). Some chlorinated al
kanes are transformed into alcohols in
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TABLE 3
environmental half-lives and products from abiotic hydrolysis
or dehydrohalogenation of halogenated aliphatic compounds at
20°C

Alternative chemical name

Methyl chloroform

Vinyl chloride

Methylene chloride

Carbon tetrabromide

Perchloroethylene

Bromoform

Ethylene
Ethylene dibromide

Chloroform
Methyl chloride
Carbon tetrachloride

Ethanol (11)'

Acetic acid (12-14)
l,l-Dichloroethylene (14-16)
1,l-Dichloroethene (17)
Trichloroethene (12)
Trichloroethene (12)
Tetrachloroethene (1f-

Bromoethene (9)
Ethylene glycol (18)

ProcIuct(a) (reference)

0.9 (10), 2.5 (15)"
0.7 (10), 6 (15)"

H81f-11feyurs(__)

0.12 (1ff
50 (12)
0.5(10),1.7(12)
0.8 (15)", 2.5 (16)"
170 (12)
384 (12)
0.8 (12)
0.01 (1ft
0.08 (8)
2.5(9)
2.5 (18)

1.5 (10), 704 (8)
1.3 (10), 3500 (8)
7000(8)
0.10 (8)
183 (8)
686(8)
44(8)
137 (8)
274(8)

Ethane
Bromochloromethane
Bromodichloromethane
Tribromomethane
Bromomethane
Bromotrichloromethane
Chloroethane
Trichloromethane
Chloromethane
Tetrachloromethane
Dibromochloromethane
1,2-Dib~~hloropropane
Dib~loromethane

Dibrornomethane
Dichloroethane
Dichloroethene
Ethene
Dibrornoethane
Hexachloroethane
Methane
Dichloromethane
Pentachloroethane
Tetrachloroethene
Tribromochloromethane
1,1 ,1-Trichloroethane
Trichloroethene
Tetrabromomethane
Tetrachloroethane
Chloroethene

ClIemIClII name

Ethenes
Trichloroethene
Tetrachloroethene

Propanes
l-Brornopropane 0.07 (8)
1,2-Dibrornopropane 0.88 (9) Bromopropene (9)
l,3-Dibrornopropane 0.13 (9) Brornopropanol (9)
l,2-Dibromo-3-chloropropane 35 (19) Bromochloropropene (19)

'Extrapolated byllrom Reference 11. 'At 10'C in sea water. oAt 20 ·C.

Compound

1,1,2-Trichloroethane
1,1,1 ,2-Tetrachloroethane
1,1 ,2,2-Tetrachloroethane
1,1 ,2,2,2-Pentachloroethane
Brornoethane
l,2-Dibromoethane

Methanes
Dichloromethane
Trichloromethane
Tetrachloromethane
Bromomethane
Dibrornomethane
Tribromomethane
Bromochloromethane
Bromodichloromethane
Dibromochloromethane

Ethanes
Chloroethane
1,2-Dichloroethane
1,1,1-Trichloroethane

TABLE 2
Abbreviations used for chemical species

A
BCM
BDeM
BF
BM
BTCM
CA
CF
CM
CT
DBCM
DBCP
DBDeM
DBM
DCA
DeE
E
EDB
HCE
M
MC
PCA
PCE
TCBM
TCA
TCE
TEBM

·TECA
VC

Dehydrohalogenation

Halogenated alkanes in water also
can undergo elimination reactions that
produce alkenes (Figure I, lIa). Elimi
nation of HX is termed dehydrohalo
genation or, less frequently, dehydro
dehalogenation. These reactions consist
of removal of a halogen from one car
bon atom and concomitant (E2) or sub
sequent (E I) removal of a hydrogen
atom from an adjacent carbon. Al
though the formal oxidation state of a
halogenated aliphatic compound de
creases as a result of the loss of a halo
gen, it increases with loss of hydrogen.
Dehydrohalogenation reactions thus
do not include external electron trans
fer, and no net change occurs in the
oxidation state of the reacting mole
cule.

Monohalogenated aliphatics appar
ently do not undergo dehydrohalogena
tion in water under normal environ
mental conditions (see Table 3), and
such reactions are unlikely to occur (7).
Polychlorinated alkanes undergo
dehydrohalogenation under extreme
basic conditions (/7), and at pH 7 (/2).
These reactions generally follow bimol
ecular kinetics, depending on hydrox
ide ion concentration. Under normal
pH conditions (near pH 7), dehydroha
logenation by interaction with weaker
bases (e.g., water) might be important.
The number and kind of halogen substi
tuents have a strong influence on dehy
drohalogenation rates. When more
chlorine substituents are attached to the
carbon atom that loses a chlorine sub
stituent, faster rates are observed. Bro
minated compounds tend to undergo
dehydrohalogenation with fewer halo
gen substituents and more rapidly than
their chlorinated analogues (Figure 2).
Dehydrohalogenation reactions do not
appear to occur with vicinal dichlo
roalkanes (chlorine on adjacent carbon
atoms) (/2), but they do occur, at least
partially, with vicinal dibromoalkanes
(9). This increased rate of dehydrohalo
genation from compounds that contain

live mice, but the responsible agents
are unknown. Such reactions may be
simple substitution reactions-the oxi
dation states of carbon in both reactant
and product are the same. Examples
are the conversion of tetrachlorome
thane to carbon dioxide or dichlorome
thane to carbon monoxide. These reac
tions might in reality be a sequential
combination of reductions and oxida
tions. For example, tetrachloromethane
can be reduced to trichloromethane and
subsequently oxidized to carbon diox
ide via phosgene (30). However, for
many of the transformations in mam
malian systems, complete mechanistic
interpretations are not yet possible be
cause there is insufficient information.
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FIGURE 3

Products from epoxidation of carbon-carbon
double bonds

o 0

" "C--C
/ "-

OH H

CI,HC-COOH + HCI

HCOO- + CO + 300,

ferent investigators often report differ
ent rates, mechanisms, and products
for the same compound (Table 3). In
some cases, substitution may prevail at
one temperature and dehydrohalogena
tion at another. These difficulties are at
least partially responsible for the differ
ences in reported rates (Table 3).
Therefore, caution is required in using
extrapolated rates, and more research is
needed.

With the caution noted above, re-

+ H20

pH?
________ + 2 H

2
0

~

o
CI, / \ ....... CI

C--C
CI/ "H

of halogenated aliphatic compounds in
aqueous solutions are about 100 ± 10
kl/mol (8, 9). This translates to a 3.5
fold decrease in reaction rate for each
10 °C decrease in temperature. Many
of the half-lives listed in Table 3 were
extrapolated in this manner from stud
ies conducted at higher temperatures.

Rates are often determined by use of
aqueous solutions that contain high
concentrations of organic solvents
(e.g., 10% dioxane) (8). However, dif-

)

'F1GURE4
Estimated reIatlve haJf-reaction reduction potentials"

in which k is a rate constant, E. is the
activation energy (kl/mol), R is the uni
versal gas constant (8.314 Jlmol-K),
and T is the temperature (K). Activa
tion energies for abiotic transformation

bromine substituents is consistent with
the findings of Burlinson et aI., who
noted that bromine is eliminated from
DBCP six times faster than is chlorine
(19).

Few halogenated aliphatic com
pounds undergo dehydrohalogenation
in mammalian systems, but there are
some. I, I ,2,2-Tetrachloroethane and
I, I, I ,2,2-pentachloroethane undergo
dehydrohalogenation to trichloroethene
and tetrachloroethene, respectively, in
live mice and under reducing condi
tions in hepatic microsomes (Table 4).

Reaction rates. Most experiments
that are used to determine reaction rates
in water are performed at elevated tem
peratures, because reaction rates are
too slow at environmental tempera
tures. Rates measured at higher temper
atures may then be extrapolated to
lower temperatures, using the Arrhe
nius equation (7):

- Hydrogenolysis
3.0

- Dihaloelimination

11-DeE-l,l_
1l12-TECII - 1,1,1,2-1011__18
lCA._hane11-DCA.',I__

HCE=_
PCA-pe<>1aChloroethane
1122-7R:A - 1,1,2.2-tetJachioloethane
112-lCA =1,1_
12-DCA-l,2_
CA = chIoroeIhaneA _ ethane .
PCE _ pentaehloroelhene

1CE - letraehloroethen
cDCE - <»<f1Chlor-..ne
tCDE - _&<lichlonlethen
"-DeE c 1,1-<lichloroelhener:--..t:=1oride
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ED' = ~ GO'/nF

3. Reduction potentials were obtained from the Nernst relationship:

or pEa' = nFE"'I2.3RT

~ GO, (aq) = ~ GO, (g) + RTlnH

(29)

(28)

RIG

RIG

Product(a, $y!t!m8" Rer.r-

Carbon monoxide hmIN (22)
Carbon dioxide hIGO (23)
Carbon monoxide hmlNO (22)

Dichloroethanol M (24)
Trichloroethanol M (25)
Trichloroethane M (25)
Trichloroethanol M (26)
Tetrachloroethane M (27)

1,1-Dichloroethene

Glutathione
dependent sulfur-
containing organic
compound
Glutathione
dependent sulfur-
containing organic
compound

"Slashes separate conditions for an individual experiment. hm • hepatic (rat 1_,
microsomes; R = live rats; M • live mice; N = NADH dependence; G - glutathione
dependence; 0 = presence 01 oxygen.

1,1,1,2-Tetrachloroethane
Pentaehloroethane

Ethenes
Chloroethene

Methanes

Dichloromethane
Tetrachloromethane
Dibromomethane

Ethanes

1,1,2-Trichloroethane
1,1,2,2-Tetrachloroethane

Compound

TABLE 4
Substitution and dehydrohalogenation reactions of halogenated
aliphatics in mammalian systems

EO' reduction potential (volls)
R universal gas constant (8.314 JIK-moI)
n electron equivalents transferred (52)
F Faraday's constant (96,487 J/Volt-equivalent)
T = temperature (I<)

~ GO (aq) = L GO, (aq) for products - L GO, (aq) for reactants

~ GO (aq) = standard free energy chaTIQe for haIf-reaetion,

and values thus calculated were adjusted to the desired reference state

Calculations for reduction potentials

([W) = 10"-7, [C!"") = lo-J, [Br) = 10-5), using:

~ GO' = ~ GO + lkRTln([X-JIIWD

2. Free energy changes for a given half-reaetion were computed to be
consistent with general principles and with Figure 5 based on the equation

'kRX + lkH+ + e- - lkRH + 'kX- as follows:

The procedure for estimating half-reaction reduction potentials contained
in Figures 4-S is as follows. Three steps were involved in the calculations for
T = 25°C (298 1<). The first was estimation of the aqueous-phase free
energy of formation lor the compound, the second was computation of free
energy changes for a given half-reaction, and the third was caJculation of
reduction potentials using the Nernst relationship.

1. Aqueous-phase free energy of formation values were estimaJed from
published gas-phase free energy of formation [~ GO, (g)) data (52) and pub
lished (71) and estimated (68) values of Henry's constant (H), which related
activity in the gas phase to activity in the aqueous phase at equilibrium.

Oxidations and reductions

Unlike substitutions and dehydroha
logenations, oxidations and reductions
require external electron acceptors and
donors, respectively (Figure I, III and
IV). Generally, organic compounds act
ing as electron donors undergo oxida
tion reactions. However, because of the
electronegative character of halogen
substituents on aliphatic compounds,
polyhalogenated aliphatic compounds
often behave as electron acceptors or
oxidants and are reduced in the proc
ess. Thus, halogenated aliphatic com
pounds may be either oxidized or re
duced, depending on their structure and
environmental conditions. In most re
actions described to date, the electron
acceptors and donors used to oxidize
and reduce halogenated aliphatic com
pounds are derived from biological sys
tems.

Oxidations. Biologically mediated
oxidation of organic compounds has
been studied extensively. Organic com
pounds generally represent reduced
forms of carbon, and, as such, oxida
tion is energetically favorable. In con
trast, halogenated aliphatic compounds
are relatively oxidized by the presence
of halogen substituents: the more halo
gen substituents, the more oxidized the
compound, and the more susceptible it
is to reduction. Thus, with increased
halogenation, reduction becomes more
likely than does oxidation.

Most oxidations observed in mam
malian systems (Table 5) (23-26, 31
43) involve monooxygenase that con
tains cytochrome P450. Cytochrome
P450 is a heme-containing protein
(with iron-porphyrin active sites) that
can mediate both oxidation and reduc-

ported reaction rates from Table 3 are
plotted as a function of the number of
halogen substituents per carbon atom in
Figure 2. With the possible exception
of tetrachloromethane, compounds that
are susceptible to substitution reactions,
such as monohaloalkanes or 1,3-diha
loalkanes, and those that are susceptible
to dehydrohalogenation, such as poly
haloalkanes, behave similarly in water
and mammalian systems. Increased
halogenation tends to decrease substitu
tion reaction rates and increase dehy
drohalogenation rates. Consequently,
most highly halogenated aliphatic com
pounds, with the exception of C 1 com
pounds, mainly undergo dehydrohalo
genation (Figure 2), although some
undergo both reactions (14). Rates of
dehydrohalogenation and substitution
in mammalian systems generally have
not been reported and are no doubt
quite complex because of the many p0
tential facilitating enzymes present.
Hence, comparison of these rates with
rates in water cannot be made.
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tion reactions. Cytochrome P45Q-con
taining monooxygenase mediates oxi
dation of halogenated aliphatic
compounds by three general mecha
nisms: by incorporation of oxygen in
the carbon-hydrogen bond (a-hydrox
ylation) (30, 44) (Figure I, IIla); by
oxidation of a halogen substituent (44,
45) (Figure I, IIlb); and by oxidation of
a carbon-carbon double bond via epox
idation (30, 44, 46-48) (Figure I, IIlc).

The first mechanism leads to a sub
stitution product, an alcohol. However,
mechanistic studies have shown that
atomic oxygen, derived from molecular
oxygen, is inserted into the carbon-hy
drogen bond (22, 33). Subsequently,
for halogenated alcohols, the hydrogen
of the hydroxy group and a halogen
substituent leave as the hydrogen ion
(H+) and the halide ion (X-), resulting
in an aldehyde. Halogenated formalde
hyde can be chemically transformed
into carbon monoxide.

The second mechanism, halogen oxi
dation, proceeds via an unstable halosyl
intermediate (CH2X+=O-). Presum
ably, this species hydrolyzes rapidly to
produce an alcohol and hypochlorite
ion (49). Because an alcohol is pro
duced, the overall reaction resembles a
substitution reaction. No net oxidation
of the organic compound occurs (30).
Also, because halosoaliphatic com
pounds have not yet been detected, this
mechanism might not actually occur
with halogenated aliphatic compounds.

a-Hydroxylation of halogenated
aliphatic compounds would result in the
formation of acids and alcohols as de
scribed above. In contrast, ~-elimina

tion of a halosyl intermediate could
result in an alkene. Therefore, the ob
servation of alkene formation from
halogenated propanes was reported by
Tachizawa et al. to be indicative of a
halosyl mechanism (45). They docu
mented propene formation and noted

that brominated alkanes undergo trans
formation to alkenes more readily than
do chlorinated alkanes.

In mammalian systems, dihalogena
ted aliphatic compounds are susceptible
to oxidation by either of the above
mechanisms. For example, transforma
tion of dihalomethanes to carbon mon
oxide under aerobic conditions has
been reported (Table 4) (22). Overall,
this is a substitution reaction, but it in
volves an oxidation step. Oxidation
proceeds sequentially from halogenated
alcohol to halogenated aldehyde before
final reduction to carbon monoxide.
Yllner observed that mice transformed
polychlorinated ethanes to chlorinated
aliphatic acids (24-27, 34).

The following characteristics of the
third mechanism, epoxidation or the
oxidation of a carbon-carbon double
bond, are well documented for mam
malian systems. Epoxidation is the first
step in alkene oxidation that is pro-

FIGURES
Estimated relative half-reaction reduction potentials"
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·Commas separate different experimental systems that result in similar products. Slashes
separate conditions for an individual experiment. hm = hepatic (rat liver) microsomes; A = live
rats: M z live mice. N = NADH dependence: P = cytochrome P450 dependence: G =
glutathione dependence: 0 = presence of oxygen.

TABLE 5
Oxidation of halogenated aliphatic compounds in mammalian
systems

TABLE 6
Ionization potentials (IP) and ozonation rates (k) for some
halogenated aliphatic compounds

tems is glutathione. Glutathione-medi
ated oxidations generally occur in the
soluble or cytosolic fraction of cells
(30). Oxidation is initiated by nucleo
philic attack of glutathione on the elcc
trophilic carbon (generally one bound
to a halogen) (31). Dihalomethanes are
oxidized to formaldehyde and formic
acid following conjugation with cytoso
lic glutathione (Table 5).

One final category of oxidation in
volving halogenated compounds is the
phenomenon of biohalogenation. This

1.0
3.6

591
1180

. >20,000

k' (Umolo)II"

9.32
9.45
9.6
9.99

10.51

process is widespread in nature, occur
ring in certain species of bacteria,
fungi, algae, higher plants, and ani
mals. It is brought about by the activity
of haloperoxidases in the presence of
hydrogen peroxide (Figure 1, IIId).
The chemistry of these transformations
is similar to that of hypohalous acids;
unsaturated substrates such as ethene
may be converted to halohydrins or di
halides by this process (53).

Reductions. Certain transition
metals and transition metal complexes

4
3
2
1
o

No. of chlorlneo

Product!o) System' Reference

Formaldehyde hm/N/O (31)
Carbon dioxide hm/O (32)
Carbon dioxide h/G/O (23)
Carbon dioxide hm/P/O (33)
via phosgene

Chloroacetic acid, M (34)
carbon dioxide
Dichloroacetic acid, M (24)
chloroacetic acid,
carbon dioxide
TriChloroacetic acid M (25)
Dichloroacetic acid, M (25,35)
carbon dioxide M (25)
Trichloroacetic acid M (26)
Trichloroacetic acid M (27)
Bromoacetaldehyde RIG (36)

Chloroacetic acid hm/O (37)
2-Chloroacetaldehyde, hm/P/N (38)
glycolaldehyde,
2-chloroethanol
Chloroacetic acid hm/O (37)
Dichloroacetic acid hm/O (37)
Dichloroacetic acid R,M (39,40)
Trichloroethanol, hm/O (25,39,41)
Trichloroacetic acid hm/p, R
Carbon monoxide hm/P (41)
Carbon dioxide hm/P (41)
Glyoxylic acid hm/P (41)
Trichloroacetic acid hm/O, (37,42)

hm/P/N
Bromoacetaldehyde hm/P/N (43)

Compound

'Relerence 52.
bRelerence 51.

Tetrachloroethene
Trichloroethene
1,2·Dichloroethene
Chloroethene
Ethane

Bromoethene

Tetrachloroethene

1,1-Dichloroethene
1,2·Dichloroethene
Trichloroethene

1,1,1,2·Tetrachloroethane
Pentachloroethane
1,2-Dibromoethane

Ethene.
Chloroethene

1.1,2,2-Tetrachloroethane

Methane.
Dichloromethane

Trichloromethane

1,1,2-Trichloroethane

Ethane.

1,2-Dichloroethane

Compound

moted by cytochrome P45D-containing
monooxygenase. The oxygen that is in
corporated into halogenated a1kenes is
derived from molecular oxygen (22,
33. 48). The epoxide is normally short
lived and might undergo one of several
different reactions. Halogenated alde
hydes or acyl chlorides are common in
termediates and are often subsequently
transformed into acids (oxidation), al
cohols (reduction), or hydrolyzed to
acids or carbon monoxide (via acyl
chlorides) (30. 44. 48).

Epoxide chemistry in aqueous solu
tions partially explains the fate of epox
ides in mammals. In aqueous solution,
for example, trichloroethene epoxide
decomposes to formyl chloride and
dichloromethanol. Subsequently, for
myl chloride eliminates hydrogen chlo
ride (HCl) to form carbon monoxide,
and dichloromethanol hydrolyzes to
form formate (49). These two products
predominate at pH > 9. At lower pH,
other products dominate: at pH 7, di
chloroacetic acid is produced; and at
pH 2, glyoxylic acid is produced.

All the products shown in Figure 3
have been observed in mammalian sys
tems. In addition, transformation of
chlorinated ethenes proceeds via chlo
rine migration to produce chloral
(2,2,2-trichloroacetaldehyde) (50) (Ta
ble 5). The production of compounds
such as chloral in mammalian systems,
but not in aqueous solutions, may be
the result of the interaction between the
chlorinated epoxide and the cyto
chrome P450-based monooxygenase
(47). It also may be the result of the
formation of an intermediate other than
the epoxide (incorporation of oxygen
into the halogenated alkene) and the
concomitant formation of a cationic or
radical intermediate (50).

Ozonation of halogenated alkenes
could serve as a chemical model for the
epoxidation of these compounds in
mammalian systems. The reaction is
largely an electrophilic attack at the
double bond by ozone. Ozonation rates
of chlorinated ethenes decrease as the
number of chlorine substituents in
creases (51). In addition, the inductive
effect of additional chlorine substi
tuents is more important in the reduc
tion of reaction rates than the increased
steric hindrance of these substituents.
Ionization potential (IP) is an adequate
predictor of relative ozonation rates
(Table 6) (52). Mesomeric delocaliza
tion of positive charge by chlorine sub
stituents decreases both IP and ozona
tion rates. Therefore, IP might be a
reasonable predictor of relative rates of
epoxidations of halogenated a1kenes in
biological systems.

Another substance that can be in
volved in the oxidation of halogenated
aliphatic compounds by biological sys-
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H+ (dihalo-elimination)

, / oxidized
-C-C- + transition + X-
/. metal

, /

-C-C- + H+ + e
/ .

Reduction of polyhalogenated al
kanes can result in the production of
both alkanes and alkenes, as illustrated
in Figure I.

Formation of the alkyl radical ap
pears to involve either the transfer of an
electron to the reduced transition metal,
with a standard reduction potential as
the driving force, or the transfer of a
halogen atom, a process governed by

, I I /
-C-C-C-C- (coupling)

/ I I ,

A final possibility is dimerization of
the radicals:

FIGURE 6
Half-life reduction potentials for reducing and oxidizing agentsab
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X, /
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Another involves the loss of a second
halogen substituent from a carbon atom
adjacent to the radical carbon to form
an alkene (66). The alkene that results
from this last step is more stable and
has two fewer halogen substituents,
thus decreasing the likelihood of fur
ther reduction:

, /

-C-C- (hydrogenolysis)
/ 'H

The alkyl radical that results from the
above step can undergo several reac
tions. The simplest of these involves
scavenging a hydrogen atom from the
immediate surrounding matrix-possi
bly from the complex itself (55):

reduce halogenated aliphatic com
pounds (Table 7) (54-61). As a result,
these metals and metal complexes are
themselves oxidized. Because transi
tion metal complexes are frequently lo
cated at the active sites of the macro
molecules that are used for electron
transfer in living organisms, reactions
between metal complexes and halo
genated aliphatic compounds are useful
models that simulate transformations in
living organisms. Transition metals
may also play a role in the abiotic re
duction of certain halogenated aliphatic
compounds in groundwater.

Initially, most reductions by transi
tion metal complexes involve the trans
fer of a single electron and the forma
tion of an alkyl radical. This occurs
with a variety of transition metals, in
cluding nickel (61), iron (62), chro
mium (63) and cobalt (64), although
some two-electron reductions also oc
cur with cobalt (54. 65). Formation of
an alkyl radical upon removal of a halo
gen substituent is the first and, in most
cases, the rate-limiting step in the two
step reduction of halogenated aliphatic
compounds:
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TABLE 8
Pseudo-first-order reduction rates and heat of formation of car·
bon radicals for some chlorinated aliphatic compounds

TABLE 7
Reduction of halogenated aliphatic compounds by transition
metal complexes

Compound Products Reductant Reference

Methanes

Chloromethane Alkylated co-complex Co(l) chelates (54)
Dichloromethane Methane Cr(II)SO. (55)

CI-alkylated B" B,,-Co(III) (56)
(methylcobalamine)

Trichloromethane Methane Cr(II)SO. (55)
Dichloromethane Fe(II)P (57)
Dichloromethane Fe(II)P (58)
CI-alkylated B" B'2-Co(llI) (56)

Tetrachloromethane Methane Cr(II)SO. (55)
Chloroform Fe(II)P (57,58)
CI-alkylated B'2 B,,-Co(lIl) (56)

Bromomethane Methane Cr(II)SO. (55)
Alkylated co-complex Co(l)-complex (54)

Dibromomethane Methane, ethene Fe(II)P (57)
Tribromomethane Br2-alkylated B'2 B'2-Co(lIl) (56)

Ethanes

Chloroethane Alkylated co-complex Co(I)-complex (54)
1,1-Dichloroethane Ethane, ethanol Cr(II)SO. (55)
1,1,1-Trichloroethane Ethane, ethanol, ethene, Cr(II)SO. (55)

chloroethene
1,1-Dichloroethane Fe(lI) (57)
1,1-Dichloroethane Fe(II)P (58)

Hexachloroethane Tetrachloroethene Fe(II)P (57,59)
Tetrachloroethene Cr(II)SO. (60)

Bromoethane Ethane Ni(l) (60)
1,1-Dibromoethane Ethane, ethanol Cr(II)SO. (55)
1,2-Dibromoethane Ethene Fe(lI) (57)

Ethene Fe(II)P (58)

Propanes

1-Chloropropane Alkylated co-complex Co(l)-complex (54)
1,1-Dichloropropane Propane, propanol, Cr(II)SO. (55)

propene
1-Bromopropane Alkylated co-complex Co(I)-complex (54)
1,2-Dibromo-3-
chloropropane Propene, allyl chloride Cr(II)SO. (60)

Note: The homolytic cleavage of cobalt-carbon bonds reqUires 15-30 kcal/mol and can occur
at relatively low temperatures.

hydrogenolysis, in which a hydrogen
atom replaces a halogen substituent
(Figure I, IVa); dihalo-elimination, in
which two halogens are removed from
adjacent carbons (Figure I, IVb); and
coupling (Figure I, IVc)-have been
observed in mammalian systems (Table
9) (27, 72, 81). Hexachloroethane,
pentachloroethane, and tetrachlorome
thane are reductively dehalogenated (by
hydrogenolyis) to pentachloroethane,
tetrachloroethane, and trichlorome
thane, respectively. Also, hexachloroe-

thane and pentachloroethane are re
duced (by dihalo-elimination) to the
a1kenes, tetrachloroethene and trichlo
roethene.

Most research in mammalian systems
implicates cytochrome P450 as the ac
tive reducing agent. Reduction results
when halogenated a1iphatics outcom
pete with oxygen (when present) for the
electrons supplied by nicotinamide ade
nine dinucleotide phosphate (NADPH)
(44). The mechanism involves forma
tion of either a carbon radical or a di-

117.6
100.8
92.0
78.2

Heat 01 radical
lormation' (kJ/mol)

<0.001
0.00165
0.058

115

Compound

'Reference 58.
'References 52 and 67.

Dichloropropane
Trichloromethane
1,1,1-Trichloroethane
Tetrachloromethane

carbon-halogen bond energies. Re
gardless of the exact mechanism, how
ever, relative rates for reduction of
halogenated aliphatic compounds
should follow certain patterns (61). In
general, smaller carbon-halogen bond
energies are conducive to faster one
electron (two-step) reductions. An ex
ample is the reduction of halogenated
a1iphatics by iron(II) porphyrins. Be
cause the rate-limiting step in the two
step reduction is probably the forma
tion of the carbon radical (62), the heat
of formation of the alkyl radicals is one
measure of the carbon-halogen bond
strength and should be inversely pro
portional to the rate of reduction.

This is shown in Table 8 for pseudo
first-order reduction rates derived from
data from Klecka and Gonsior (58). As
another measure, Eberson (67) sug
gested that although rates might differ
with different reductants (iron porphy
rin and the like), for a given reductant,
the relative rates of reduction of halo
genated aliphatic compounds should
correlate with their relative standard re
duction potentials (assuming no change
in mechanism). Relative standard re
duction potentials can be estimated for
many halogenated aliphatic compounds
using the values as shown in Figures 4
and 5. The calculation method is de
scribed in the sidebar on p. 727 (68-7/).

Highly halogenated aliphatic com
pounds have higher relative standard
potentials than do their less halogenated
counterparts, as indicated by the verti
cal positioning of compounds in Fig
ures 4 and 5. Thus more energy is re
leased upon reduction of the more
highly halogenated compounds.

Another type of comparison between
reduction potentials is illustrated in Fig
ure 6. Here, biologically relevant re
ductants, as well as oxidants, are in
cluded. Note that hexachloroethane
(HCE) is a stronger electron acceptor
than is oxygen, and several halogenated
compounds, such as tetrachlorome
thane, tetrachloroethene, and trichloro
methane, are stronger acceptors than
nitrate. This suggests environmental
conditions under which their reduction
is likely. Also, as illustrated in the
lower portion of Figure 6, several bio
logically active donors, and even fer
rous ion, have lower reduction poten
tials than do most of the halogenated
aliphatic compounds, and they could be
involved in halogen removal by reduc
tions. Thermodynamic considerations
can help indicate which halogenated
aliphatic compounds might be coupled
by reduction with the oxidation of indi
vidual electron donors typically found
in biological systems.

Many of the reductions indicated
above occur in mammalian systems
(30, 44). All three kinds of reduction-
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-As a function of the extent of halogenation.

tathione also is widely distributed
among gram-negative bacteria (87),
and it is used by Hyphomicrobium sp.
in the metabolism of dichloromethane
(89). In general, however, microorga-
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methanogenic conditions"

FIGURE 7
Relative rates of reductio!, and,oXidation"

.1

monas pUlido closely resembles micro
somal P450 (84), and whole cells can
use it to mediate the reduction of car
bon tetrachloride and bromotrichloro
methane to chloroform (85, 86). Glu-

Microbially mediated reactions

Some of the dehalogenating agents
found in mammalian systems are mani
fest in microbial populations as well.
Many microorganisms contain cyto
chrome P450 that is similar to mamma
lian P450 even in regard to halogenated
compound transformation (83). For ex
ample, cytochrome P450 from Pseudo-

GSH + CI-CH2-CH2-CI 
GS-CH2-CH2-CI + HCI

RSH + GS-CH2-CH2-CI 

GSSR + HCI + CH2 =CH2

halocarbene complex with cytochrome
P450.

Evidence for a carbon radical follows
from two general observations: the ob
served production of hexachloroethane
from carbon tetrachloride (Figure I,
IYc and Table 9), apparently as a result
oftrichloromethyl radical dimerization,
and indications of radical formation in
chemical studies that involve iron(II)
porphyrin. Formation of a carbon radi
cal depends on the strength of the car
bon-halogen bond (and standard reduc
tion potential). This bond is weaker for
brominated than for chlorinated com
pounds. Thus brominated aliphatics
should be more susceptible to reduction
by cytochrome P450 than are chlorin
ated compounds. The number of halo
gen substituents also is an important
factor in determining the feasibility of
radical formation.

Evidence for the production of a di
halogenated carbene intermediate
comes from observations of the reduc
tion of polyhalogenated methanes. A
dihalogenated carbene complex would
be expected to hydrolyze to carbon
monoxide, and carbon monoxide has
been produced from trichloromethane
and tetrachloromethane (Table 9).
However, compounds having less than
three halogen substituents apparently
do not undergo reduction to carbon
monoxide by cytochrome P450 (73).

Halogenated aliphatic compounds
with few halogen substituents generally
are not reduced or are reduced rela
tively slowly in mammalian systems.
For example, 1,2-dichloroethane is not
significantly reduced under anaerobic
conditions by cytochrome P450 (82).
However, both 1,2-dichloroethane and
1,2-dibromoethane are transformed to
ethene in mammalian systems (Table
9). Livesey and Anders indicated that
this reduction requires the presence of
reduced glutathione in hepatic micro
somes (80). They also postulated the
following two-step process, involving
nucleophilic attack by glutathione
(GSH) and a thiol sulfur (RSH):
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TABLE 10
Electron acceptors in microbial processes

TABLE 9
Reductions of halogenated aliphatic compounds in mammalian
systems

·Commas separate different experimental systems that result in similar products. Slashes
separate information regarding each experiment. hm = hepatic (rat liver) microsomes; R =
live rats; B= live rabMs; M = live mice; S - live sheep; N= NADH dependence; P =
cytochrome P450 dependence; G = glutathione dependence; 0 = presence of oxygen; r =
reduced or anaerobic conditions reported.

Electron Order 01
Environment acceptor Process preference

Aerobic O2 Aerobic metabolism 1
NO,- Denitrification 2

Anaerobic SO;- Sulfate reduction 3
CO2 Methanogenesis 4

halogenated aliphatic compounds (Ta
ble 7). Indeed, several of the microbial
reductants have much greater reducing
potentials than the mammalian enzymes
do (see Table 12) (54,67,84,113), and
this may lead to a broader reductive
dehalogenation ability.

For comparison, Figure 7 illustrates
the half-reaction reduction potentials
for halogenated aliphatic compounds
that function as electron acceptors. Pos
sible electron donors are shown as
well. Common electron acceptors, such
as oxygen, nitrate, sulfate, and carbon
dioxide, also are plotted in Figure 6.
Here, the various couples are arranged
according to their standard half-reac
tion reduction potentials at pH 7. Each
arrow points in the direction for which
the stated transformation is thermo
dynamically possible. In the direction
opposite to the arrow, the reverse reac
tion is thermodynamically favorable.
Thus a direct, graphic reading can be
obtained for the free-energy change as
sociated with the coupling of two half
reactions. For example, combining the

Compound Product!s) System- Reference

Methanes

Trichloromethane Carbon monoxide hm/P/r (72,73)
Dichloromethane (74)

Tetrachloromethane Carbon monoxide hm/P/N (75)
Trichloromethane A, hm/P (73, 75-77)

r (74, 78, 79)
Hexachloroethane A,B (77,78)

Bromotrichloromethane Trichloromethane A (77)
Hexachloroethane
Bromodichloromethane
Carbon monoxide hm/P/r (73)

Tribromoethane Carbon monoxide hm/P/r (73)
Tetrabromomethane Carbon monoxide hm/P/r (73)

Ethanes

l,2-Dichloroethane Ethene hm/G/O (80)
Pentachloroethane Trichloroethanol M (27)

Trichloroethene M,hm/r (27,79)
1,1,2,2-Tetrachloroethane hm/r, hm (79)

P/N/r
Hexachloroethane Pentachloroethane, hm/r, S, (79,81)

Tetrachloroethane hm/P/N
l,2-Dibromoethane Ethene hm/G/O (80)

consortia or mixed cultures (Table II).
Generally, reduction entails the replace
ment of halogen substituents by hydro
gen (hydrogenolysis) (vertical arrows
in Figure 4). However, reduction can
also involve the loss of two halogens
(dihalo-elimination) (wide arrows in
Figure 4), as in the case of hexachlo
roethane transformation to pentachlo
roethane and of l,2-dibromoethane
transformation to ethylene (Table 11).
These two dihalo-climinations can oc
cur under aerobic conditions, whereas
hydrogenolysis has only been observed
under anaerobic conditions. Thus re
ductions proceed by the same general
pathways, regardless of whether transi
tion metals, mammalian systems, or
microorganisms provide the reductant.

Methanogens, which grow under
some of the most severely reducing
conditions (Table 10), do not have the
cytochrome systems that are present in
aerobic organisms. However, methano
gens do have nickel-containing en
zymes or cofactors such as F430 (112).
Reduced nickel complexes can reduce

nisms are capable of more diverse bio
chemical reactions than are mammalian
systems.

Microorganisms obtain energy from
a wide variety of electron donors and
acceptors under different redox condi
tions (Table 10). Aerobic metabolism
dominates where sufficient oxygen is
present. Where oxygen is depleted,
however, other electron acceptors, such
as nitrate, sulfate, and carbon dioxide,
are used. Differences in available elec
tron acceptors and in the resulting re
dox conditions also appear to affect the
potential and pathways for transforma
tion of different halogenated aliphatic
compounds. Another factor affecting
the potential for transformation is the
reactivity of enzymes and coenzymes
associated with different microorga
nisms.

Regardless of the metabolic differ
ences between microorganisms and
mammalian systems, the types of reac
tions mediated by bacteria and mamma
lian systems are similar. Like mamma
lian systems, bacteria mediate
substitution reactions with monohalo
genated or dihalogenated aliphatic com
pounds (Table II) (l8, 88-1 ll). For
example, aerobic bacteria isolated from
a contaminated soil transform 1,2-di
chloroethane to chloroethanol, which is
subsequently mineralized to carbon di
oxide (JOO). However, the pathways for
the observed mineralization of many
halogenated organics are unknown. A
compound such as tetrachloromethane,
which is mineralized to carbon dioxide
(Table 11), may undergo reduction to
dichloromethane and subsequent oxida
tion to carbon dioxide, as previously
described for mammalian systems. In
addition, different organisms may par
ticipate in different steps of the overall
mineralization of a compound.

Bacteria also oxidize chlorinated al
kenes, presumably via epoxidation (Ta
ble 11). Because many halogenated
aliphatic compounds are eventually
mineralized to carbon dioxide, other
oxidation pathways may be involved.
Some net oxidations, such as the miner
alization of dichloromethane to carbon
dioxide, could proceed either by oxida
tion via phosgene (COCI2) or by substi
tution via alcohols. In general, oxida
tion pathways are not well known.
Ionization potentials, which are used to
predict ozonation rates for halogenated
alkenes, might also be used to model
oxidations in microbial systems. How
ever, the number of halogen substi
tuents may be a more reasonable pre
dictor of oxidations-the more halogen
substituents, the less susceptible the
compound is to oxidation. This is con
sistent with Figure 6.

Polychlorinated methanes, ethanes,
and ethenes are reduced by microbial
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TABLE 11
Biotransformations of halogenated aliphatic compounds by
microorganisms

IIComma separates different experimental systems that result in similar products. Slashes
separate information regarding each experiment. 0 = aerobic; A = anaerobic, which often is
methanagenic (m), but often is not explicitly stated; M = mixed culture; P = pure culture; S =

~~~~~~~~f~i~~su~~~:; ~iO~O~~~:h~e;a~t:r;=m~n:Y~~ndoe~~~~~~~:;~~o~r~~~~~~c~r~m; p =
Pseudomonas.

Propanes

1-Chloropropane
1,2-Dichloropropane
1,2-Dibromo-3-chloropropane Propanol

about one-fifth the rate of hydrolysis at
40°C (19). The product of dehydroha
logenation, 1,I-dicWoroethene, can be
transformed further by reductive deha
logenation to cWoroethene (vinyl chlo
ride) under methanogenic conditions
(Table II, Figure 8). Under the biologi
cal transformation route, I, I, I-trichlo
roethane is reduced to I, I-dichloroe
thane and then transformed abiotically

System' Reference

E (88)
O/M (89)
OIP (90)
O/M (91)
OIP (92)
E (93)
NM/m (94)
OIS (95)
NM (96)
NM/m (94)
NM/n (97)

NS (98)
Elmo (89)

NM/m (95)
O/P/p (96)
OlPlx (97)
NM/m (94)
NS (98)
NM/m (99)
NM (102)
NM/m (94)
NM/m (94)
NM (102)
O/M/s (103)
OIPlx (101)
OIS (104)
NM/mlr (18)
OIS (105)

NM/m (106)
O/P/mb (109)
NM/m (99, 106)
NS,NM (102,

107)

NMlm (106)
NS (98, 108)
NM (102)
OIP (110)
OIS (111)
NM/m (94, 106)
NM (102)

OlPlx (101)
OlPlx (101)
OIS (104)

by hydrolysis to ethanol (Table 3),
which can in turn be rapidly minera
lized by microorganisms. The products
and complex pathways shown in Figure
7 are consistent with field observations
of products consistently found present
in groundwaters contaminated with
I , I , I-trichloroethane (114). Other ha
logenated aliphatic compounds are also
likely to undergo complex transforma-

Product(s)

Tetrachloroethane

Chloroethane
Carbon dioxide
Chloroethanol
Carbon dioxide
1,1-Dichloroethane

Ethene
Ethene
Carbon dioxide

Not identified
1,1,2-Trichloroethane

Carbon dioxide
Dichloroethene
Dichloroethene
Dichloroethene
Carbon dioxide
Carbon dioxide
Trichloroethene

Carbon dioxide
Carbon dioxide
Chloroethene
Chloroethene

Formaldehyde
Carbon dioxide
Carbon dioxide
Carbon dioxide
Carbon dioxide
Formaldehyde
Carbon dioxide
Carbon dioxide
Dichloromethane
Carbon dioxide
Chloroform
Carbon dioxide
Chloroform
Formaldehyde

Dichloroethene

Tetrachloroethene

Trichloroethene

Hexachloroethane
Bromoethane
1,2-Dibromoethane

1,1,2,2-Tetrachloroethane

Ethenes

Chloroethene

1,1,1-Trichloroethane

Tetrachloromethane

Bromomethane

Ethanes

1,1-Dichloroethane
1,2-Dichloroethane

Trichloromethane

Methanes
Chloromethane
Dichloromethane

Compound

reduction of hexachloroethane to pen
tacWoroethane with the oxidation of
Fe(Il) to Fe(OHh yields a favorable
free-energy change of about 140 kJ per
mole of electrons transferred. The re
duction of hexachloroethane to pen
tacWoroethane and 1,2-dibromoethane
to ethene have higher reduction poten
tials than those associated with oxygen
reduction to water (Figure 6), and these
dihalo-eliminations are energetically fa
vored in aerobic systems. This is con
sistent with the observed transforma
tions of hexachloroethane and
1,2-dibromoethane under aerobic con
ditions.

In addition, the low potential for re
duction of carbon dioxide to methane,
compared with the reduction potential
for hydrogenolysis of polyhalogenated
aliphatic compounds (Figure 6) is con
sistent with their reported reductive
transformations under methanogenic
conditions (Table II). For example, the
sequential reduction of tetrachlo
roethene to tricWoroethene, to dicWo
roethene, and finally to cWoroethene
(vinyl cWoride) occurs under methano
genic conditions (106), as does the se
quential reduction of tetracWoroethane
to l,l-dichloroethane, and finally to
chloroethane (16, 96, 102). These path
ways follow the hydrogenolysis se
quences illustrated by the narrow ar
rows in Figure 4 for these compounds.

Microbial and mammalian systems
follow the same general trends with re
gard to the oxidation and reduction of
halogenated aliphatic compounds: The
more halogenated the aliphatic com
pound, the faster the relative rate of re
duction; the less halogenated the com
pound, the faster the rate of oxidation.
Substitution reactions follow the same
general trends. Many useful generaliza
tions can be drawn from oxidation-re
duction potentials of halogenated
aliphatic compounds. Dehydrohalo
genation has not yet been reported for
microbial systems.

Environmental applications
Application of these general princi

ples to environmental problems is com
plex . For example, Figure 8 illustrates
the different pathways possible for the
transformation of I, 1, I-trichloroethane
(97), which can undergo two abiotic
transformations as well as reductive de
halogenation by anaerobic microorga
nisms. Abiotically, the half-life for
I, I, I-trichloroethane at 25°C is about
two years (Table 3), and biologically it
could be much less. The abiotic proc
esses are dehydrohalogenation (14, 15,
99), as well as hydrolysis (12, 13, 14).
Acetic acid, the product of hydrolysis,
is fairly inert chemically, but it can be
mineralized rapidly by microorga
nisms. Dehydrohalogenation occurs at
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TABLE 12
Standard potentials (EO) of biologically relevant electron donors
or reductants

(37) Bonse, G. et al. Biochem. Pharmacal.
1975,24, 1829-34.

(38) Guengerich, F. P; Crawford, W M.;
Watanabe, P G. Biochemistry, 1979, 18,
5177-82.

(39) Dekant, W; Melzler, M.; Henschler, D.
Biochem. Pharmacal. 1984,33,2021-27.

(40) Hathaway, D. E. Cancer Lett. 1980, 8,
263-69.

(41) Miller, R. E.; Guengerich, F. P Cancer
Res. 1983,43, 1145-52.

(42) Costa, A. K.; Ivanetich, K. M. Bio
chern. Pharmacol. 1980,29, 2863-69.

(43) Guengerich, F. P el al. Cancer Res.
1981,41,4391-98.

(44) Macdonald, T L. CRC Crit. Rev. Tox
icol. 1983,11,85-120.

(45) Tachizawa, H.; Neal, R. A.; Mac
donald, T L. Mol. Pharmacal. 1982, 22,
745-51.

(46) Bonse, G.; Henschler, D. CRC Crit.
Rev. Toxicol. 1976,4,395-409.

(47) Henschler, D. Enviran. Health Per
speci. 1977,21,61-64.

(48) Leibman, K. C.; Ortiz, E. Environ.
Heallh Perspect. 1977,21,91-97.

(49) Henschler, D. et al. Biochem. Pharma
col. 1979, 28, 543-48.

(50) Miller, R. E.; Guengerich, F. P Bia
chemistry 1982, 21, 1090-97.

(51) Williamson, D. G.; Cvetanovic, R. J. J.
Amer. Chern. Soc. 1968, 90, 4248-52.

(52) Longe:r Handbook of Chemistry, 12th
ed.; Dean, J.A., Ed.; McGraw Hill: New
York, 1979, pp. 965-94.

(53) Neidleman, S. L.; Geigert, J. Biohalo
genation: Principles, Basic Roles and Appli
cations. Ellis Horwood: West Sussex, En
gland, 1986.

(54) Schrauzer, G. N.; Deutsch, E. J. Amer.
Chem. Soc. 1969, 91, 3341-49.

(55) Castro, C. E.; Kray, W. C., Jr. J. Am.
Chem. Sac. 1963,85,2768-73.

(56) Wood,1. M.; Kennedy, F. S.; Wolfe, R.
S. Biochemistry 1968, 7, 1707-13.

(57) Wade, R. S.; Castro, C. E. J. Amer.
Chem. Soc. 1973,95,231-34.

(58) Klecka, G. M.; Gonsior, S. J. Chemos
phere 1984, 13, 391-402.

(59) Mansuy, D.; Fontecave, M. Biochem.
Biophys. Res. Comm. 1982,104, 1651-57.

(60) Kray, W. C., Jr.; Castro, C. E. Org.
Bioi. Chem. 1964, 86, 4603-08.

(61) Babe, A.; Espenson, J. H. J. Amer.
Chem. Soc. 1986,108,713-19.

(62) Castro, C. E. Environ. Health Perspect.
1977, 21, 279-83.

(63) Kochi, J. K.; Powers, J. W J. Amer.
Chem. Soc. 1970,92, 137-46.

(64) Halpern, 1.; Maher, J. P J. Amer. Chem.
Soc. 1965, 87, 5361-66.

(65) Hill, H.A.O. et al. J. Chem. Soc. (A).
1971, 1859-62.

tions under natural environmental con
ditions.

Conclusions

The fate of halogenated aliphatic
compounds in the environment is de
pendent on their particular chemical
properties and potential chemical and
biological transformations. The most
likely transformations to occur under
given environmental conditions are
controlled mainly by the number and
type of halogen substituents. Increased
halogenation or substitution of bromine
for chlorine substituents increases the
electrophilicity and oxidation state of
the compound, making it more suscep
tible to dehydrohalogenation and reduc
tion and less susceptible to substitution
and oxidation (Figure 7). Oxidations
and reductions are more common reac
tions in mammalian and microbiologi
cal systems, where they are mediated
by enzymes or coenzymes. For oxida
tions, initial products are generally al
cohols or epoxides. For reductions,
products are generally less halogenated
than were their precursors. A variety of
transition metal complexes, including
iron porphyrins, are potential media
tors of these reactions.
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Pollution from nonpoint sources
Where we are and where we should go

Nonpoint source pollution management

Section 319 of the Clean Water Act • identification of the measures
requires each state to prepare an as- needed to control NPS pollution
sessment report and management identified in the assessment re-
program for nonpoint source pollu- port,
lion. The Act was reauthorized in • identification of steps to imple-
February 1987, and these docu- ment these measures,
ments are due in August 1988. The • identification of all sources of
assessment report must identify funding for NPS pollution control,
• waters unlikely to meet water • certification that state laws have

quality standards without add i- adequate authority to implement
tional controls on nonpoint source the program, and
(NPS) pollution, and • a schedule for implementation of

• nonpoint sources causing the the program.
problems. The 1987 Act authorizes $400 mil-
The management program will lion in grants for four years for the

cover a period of four years and will states to use in implementing ap-
include proved management programs.

Frank J. Humenik
Michael D. Smolen
Steven A. Dressing

North Carolina State University
Raleigh, N. C. 27695

Recent water quality evaluations and
landmark legislation place nonpoint
source (NPS) control programs at a
pivotal point. Because NPS pollution
impacts are site- and source-specific,
difficult to identify, and challenging to
quantify, assessments of the severity of
NPS problems nationwide vary. Some
professionals declare nonpoint sources
to be the major reason for not reaching
water quality goals. Others say, "the
majority of the nation's surface waters
have minimum to no known significant
impacts from NPSs ...n (1).

The assessments
In the 1982 National Water Quality

Inventory, six out of 10 EPA regions
reported that NPS pollution is the prin
cipal remaining cause of water quality
problems in their regions (2). Results
of that survey showed that despite the
variability of NPS problems, agricul
tural activities-especially tillage prac
tices and animal waste management
constitute the most pervasive problems
in every region. The 1984 National

Water Quality Inventory noted that
NPS is a major problem in 24 states and
is the primary cause of use impairments
(e.g., degradation of a drinking-water
supply) of rivers and streams in three of
the western regions (3).

The Association of State and Inter
state Water Pollution Control Adminis
trators (ASlWPCA) evaluated progress
in water quality by comparing state wa
ter quality assessments from 1972 and
1982 (4, 5). Table I shows improve
ment in about 13% and degradation in
about 3% of the river and stream miles
assessed. These statistics were reversed

for lakes; deterioration was detected in
13% of the lake acres. There are, how
ever, deficiencies in the ASlWPCA as-

. sessment. For example, the river and
stream mileage compared between
1972 and 1982 was only about 10-20%
of the total river mileage, depending on
whether one accepts ASlWPCA's esti
mate of 1.8 million stream miles or the
3.5 million miles recognized by the
U.S. Geologic Survey (USGS), EPA,
and the Bureau of the Census. Simi
larly, the lake and reservoir assess
ments exclude the area of the Great
Lakes and the Great Salt Lake.
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Reauthorization of the Clean Water Act
After nearly two years of delibera- tive bill in the Senate with $12 billion
tion, the Reauthorization Bill passed for construction grants that would
unanimously at the close of the 99th give states complete discretion over
Congress in October 1986, only to participation in the NPS pollution
be pocket-vetoed by President program and use of the federal
Reagan. Identical legislation was in- funds.
troduced in the 100th Congress and The House voted 401-26 to over-
approved by 406-8 by the House on ride on Feb. 3, 1987. The Senate fol-
January 8th and by 93-6 a few days lowed suit by voting 86-14 the next
later in the Senate. day, after voting down the Presi-

On Jan. 30, 1987, the new Clean dent's alternative.
Water Act Reauthorization was ve- The new Act authorizes $18 billion
toed by President Reagan because for construction grants and $2 billion
of its impact on the federal deficit. for related projects during an eight-
But in his letter to the House, the year period. The authorizations for
President indicated strong, funda- NPS programs, including ground-
mental opposition to the NPS provi- water protection, total roughly one-
sion of the bill. He stated that the half billion dollars. The Act provides
legislation a reserve of the greater of $100,000

"...threatens to become the ulti- or 1% of each state's annual con-
mate whip hand for federal regula- struction grant allocation, beginning
tors," that with it the EPA"...will be this fiscal year, to prepare and imple-
able to intrude into decisions such ment the state's NPS management
as how and where the farmers must program. The governor of each state
plow their fields, what fertilizers they may set aside as much as 20% of
must use, and what kind of cover construction grant funds for NPS
crops they must plant," making EPA control. In addition, money from a re-
"...a major force in local zoning de- vOlving loan fund established by the
cisions," Act can be used to help phase out

The President offered an alterna- federal construction grants.

Table 2 provides data from the 1982
ASIWPCA assessment. Almost 30% of
river and stream miles and about 13 %
of lake acres exhibit some degree of use
impairment. Waters that were not as
sessed-about I million stream miles
according to ASIWPCA and about one
half the lake area-were assumed to
have higher quality than those assessed.
Interpretation of these assessments re
quires caution, because the data bases
used differ widely. For example, there
are large differences among data
sources: different state reporting crite
ria, differences between the 1972 and
1982 data bases, and uncertainties in
assessment definitions.

In 1985, at the request of EPA,
ASIWPCA assembled a baseline of
current NPS information, both quanti
tative and narrative, from 49 states;
Rhode Island was omitted (1, 6). Al
though a few major water bodies either
were not assessed (the Great Salt Lake
and Alaskan estuaries) or only partially
assessed (the Great Lakes), it is the
most extensive NPS data base yet as
sembled.

Table 3 displays the results of
ASIWPCA's assessment of impairment
in 400,000 miles of rivers or streams
and 15 million acres of lakes and reser
voirs. State officials report that about
29% of the river and stream miles and
about the same percentage of lakes and
reservoirs assessed are moderately to.
severely impaired. They also report
that about 12 % of the rivers and
streams and 24 % of the lakes and reser
voirs are threatened by nonpoint source
pollution.

Agricultural activities were found to
be the main contributors of NPS pollu
tion in both lakes and rivers. After agri
culture, urban runoff, resource extrac
tion, and hydromodification are the
most widespread causes of NPS pollu
tion. The predominant river NPS pollu
tant is sediment, and the predominant
lake and estuary NPS pollutants are al
gal nutrients.

Perhaps the most disturbing aspect of
the survey is ASWIPCA's conclusion:
"States report that the majority of the
nation's surface waters have minimal to
no known significant impacts from
nonpoint sources." This statement is
contradicted by their data that show that
water resources whose designated uses
are "impaired or threatened" make up
41 % of the total river mileage assessed,
53 % of the total lake surface assessed,
and 28 % of total estuary surface as
sessed.

Recent legislation

The Clean Water Act (CWA)
Reauthorization, passed by Congress in
February 1987 over President Reagan's
veto, for the first time specifically ad-
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dresses NPS pollution. It directs states
to submit to EPA a list of waters not
meeting CWA goals because of NPS
pollution and to submit an NPS man
agement program for those waters.
States are required to identify land use
sectors that cause major NPS problems,
describe their processes for identifying
Best Management Practices (BMPs) to
control NPS pollution, and formulate
implementation schedules. For those
states not submitting their own NPS
programs, EPA is directed to identify
water bodies that do not meet standards
and to identify categories of NPS pollu
tion.

The legislation retains national lead
ership for EPA but requires extensive
state support and reliance on existing
state and local program authorities and
capabilities. This is consistent with
EPA's current NPS policy (7). Funds
are provided to enhance state program
capabilities and to secure the essential
expertise, but grant funds cannot be
used for cost sharing with individuals
except in demonstration projects.

The Food and Security Act of 1985
(PL. 99-198, also known as the Farm
Bill) includes a conservation title call
ing for the elimination of a substantial
amount of agricultural pollution from
NPS. This title includes two key provi
sions. The first establishes a Conserva
tion Reserve Program (CRP); the sec
ond sets up a Conservation Compliance

(CC) program. The CRP will take 40
45 million acres of the most erodible
cropland out of agricultural production
during a 10-year period by developing
rental agreements with landowners.

The CC program seeks to establish
an approved conservation plan for all
farms that raise row crops on highly
erodible land. Highly erodible land is
designated by susceptibility to erosion
by either wind or water. Under the CC
provision, any farmer who cultivates
highly erodible land after 1990 without
an approved conservation plan will be
ineligible to participate in any federal
agricultural programs, including com
modity price supports, loans, and di
saster assistance. The Farm Bill also
has a Conservation Easement provision
that allows the Farm Home Adminis
tration to cancel existing farm debt in
exchange for the permanent idling of
cropland.

Whether or not water quality benefits
accrue from the Act will depend on the
extent to which the conservation re
serve idles those lands that cause water
quality problems and the extent to
which the conservation plans, man
dated by CC, are oriented to water
quality-related problems. In short, a
high level of participation in CRP is
needed.

Participation in CRP is based on a
"free market" concept; during desig
nated sign-up periods farmers and land-



TABLE 1
Comparison of the water quality of U.S. rivers, streams, lakes,
and reservoirs"

No. of river and No. of lake and
Description stream miles comparedb reservoir acres comparedb

Improved 47,000 (13.3%) 390,000 (3.2%)
Degraded 11,000 (3.1%) 1,650,000 (13.6%)
Unchanged 296,000 (83.6%) 10,130,000 (83.2%)
TotalsC 354,000 12,170,000

'Comparison covers the years 1972-1982.
'Data are taken from the 1984 ASIWPCA report (5).
CTotals differ from those presented in ASIWPCA's summary; miles and acres reported as
unknown were omitted.

TABLE 2
Assessment of water quality in U.S. rivers, streams, lakes, and
reservoirs"

No. of river and No. of lake and
Description stream miles aasessedb reservoir acres assessedb

Not supporting 35,000 (5.1%) 400,000 (2.5%)
designated uses
Partially 167,000 (24.2%) 1,700,000 (10.7%)
supporting uses

Fully supporting 488,000 (70.7%) 13,800,000 (86.8%)
uses
TotalsC 690,000 15,900,000

·Assessment covers 1982
'Data are taken from the 1984 ASIWPCA report (5).
'Totals differ from those presented in ASIWPCA's summary; miles and acres reported as
unknown were omitted.

TABLE 3
Assessment of NPS impairment in U.S. rivers, streams, lakes,
and reservoirs"

No. of river and No. of lake and
Description stream miles assessedb reservoir acres assessedb

Impaired, cause 9,000 (2.2%) 90,000 (0.6%)
uncertain

Severely 31,000 (7.6%) 880,000 (5.7%)
impaired

Moderately 87,000 (21.5%) 3,500,000 (22.8%)
impaired

Supported 278,000 (68.6%) 10,900,000 (70.9%)
designated uses
(threatened by 48,000 (11.8%) 3,700,000 (24.1%)
NPS)

Totalsb 405,000 15,370,000

'Data are taken from the appendix to ASIWPCA's 1985 survey (6).
'Numbers differ from those ,n ASIWPCA's summary report (1) because they were computed
directly from the report's appendiX of state submissions (6).

owners enter bids stating the annual
rental payment they would accept to
idle their highly erodible cropland. If a
bid is accepted, the farmer receives the
rental payment plus financial and tech
nical assistance to begin conservation
practices and establish grassland or
woodland. The use of CRP land for
grazing or hay production is not al
lowed, but there are particularly favor
able incentives to establish profitable
wildlife areas or stands of marketable
trees. As part of the participation
agreement, the farmer gives up a por
tion of his established production base,

thereby reducing the amount of money
he can receive from acreage diversion
or price support programs.

In each of four successive sign-up
periods, the stakes have risen. The av
erage bid accepted has increased; in the
February 1987 sign-up, the U.S. De
partment of Agriculture (USDA) of
fered an additional one-time payment
of $2 per bushel for corn land placed in
the reserve. In the four sign-up periods,
19.5 million acres-less than half of the
goal-has been placed in the reserve.
Many farmers are still taking a wait
and-see attitude and gambling that the

compliance provisions, which are not
scheduled to take effect until 1991, will
be reduced in the next farm bill or that
the incentives will reach a level they
cannot resist.

Early experience
The Clean Water Act of 1972 autho

rized EPA to demonstrate pollution
control technologies in the Great Lakes
Basin. The program under which this
demonstration was conducted ad
dressed a wide variety of pollution con
trol technologies, such as soil conserva
tion, conservation tillage, and animal
waste management, through grants to
municipalities and soil and water con
servation districts (8).

Black Creek (Allen County, Ind.),
one of the first watershed-based proj
ects sponsored by the Great Lakes Pro
gram, spent more than $800,000 as a
cost-sharing incentive for conservation
treatment on a 1O,000-acre watershed
but could not show water quality im
provements. The experience demon
strated clearly that the traditional "first
come first-served" distribution of
cost-sharing incentives is not effective
for water quality improvement because
there are too many conservation needs
that have little effect on water quality.
Consequently, the project's managers
developed concepts for targeting criti
cal areas and coordinating treatment
among landowners. The legacy of this
project includes a hydrologic-water
quality simulation model, ANSWERS,
which can be used to identify critical
areas and to evaluate the effect of treat
ing different areas in a watershed (9).

The Black Creek project also pro
vided lessons in sociological and insti
tutional aspects of NPS control. It dem
onstrated the importance of identifying
opinion leaders in the community and
showed the efficacy of personal contact
with landowners in promoting volun
tary participation in conservation prac
tices in critical areas. Moreover, it
demonstrated that a local entity, the Soil
and Water Conservation District, could
administer a nonpoint source abatement
program.

In early 1977, USDA and EPA issued
a Memorandum of Understanding to
conduct the Model Implementation
Program (MIP). This program was a
large-scale cooperative effort to imple
ment soil conservation and water qual
ity-related agricultural land manage
ment practices in watershed projects in
Indiana, Nebraska, New York, Okla
homa, South Carolina, South Dakota,
and Washington. MIP projects, admin
istered on a watershed basis, used exist
ing program authorities of soil and wa
ter conservation districts, USDA
Agricultural Stabilization and Conser
vation Service (ASCS), USDA-Soil
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Conservation Service (SCS), and the
Cooperative Extension Services. State
environmental agencies monitored wa
ter quality to evaluate project results.

The Yakima MIP in Washington state
reduced sediment yield from irrigation
tracts, and the Cannonsville Reservoir
MIP in New York reduced animal
waste pollution from barnyards (10).
Other MIP projects reduced cropland
and pasture land erosion, or attempted
to prevent groundwater contamination
or stream bed erosion. None of the MIP
projects, however, demonstrated clear
cut improvements in their designated
impaired water resource areas, because
monitoring periods were too short (two
to three years) and pollution control ef
forts were generally scattered too
widely to produce measureable im
provements.

A number of lessons, however, were
learned from the MIPs (11). For exam
ple, the program should be adminis
tered on the basis of watershed bounda
ries rather than political boundaries.
The program needs preproject planning
and identification of those critical areas
in which the largest water quality bene
fits can be achieved by land treatment.
The program also should be directed by
an agency with a water quality orienta
tion that can coordinate the efforts of
cooperating agencies.

Recent experience
The Rural Clean Water Program

(RCWP) began in 1980 in a coopera
tive model based on the MIP. The pro
gram funded 21 watershed projects
whose objectives were to improve wa
ter quality, to help agricultural land
owners and operators employ pollution
control practices, and to develop and
test programs, policies, and procedures
for control of agricultural nonpoint
source pollution (12).

The RCWP gained considerably
from the Great Lakes Program and
MIP experiences. The time frames are
longer (10-15 years); critical area tar
geting is required; water quality objec
tives are clearly specified; and projects
monitor water quality. Each project is
administered locally and overseen by
state and national RCWP coordinating
committees.

The RCWP has a much stronger wa
ter quality emphasis than any preceding
conservation or demonstration pro
gram, including the Great Lakes Pro
gram and MIP. Approved BMPs in
clude water management systems,
animal waste management systems, and
fertilizer and pesticide management, all
of which are practices and systems de
signed to improve water quality and are
not necessarily oriented to soil conser
vation or farm productivity.

740 Environ. Sci. Technol., Vol. 21. No.8, 1987

Seven years into the program, most
projects have exceeded their goals of
contracting to treat agricultural NPSs in
75% of their critical areas. Projects that
have achieved a high level of farmer
participation have been successful be
cause they offer cost sharing for prac
tices farmers want, such as animal
waste storage structure installation,
conservation tillage, and irrigation sys
tem improvements. Cost-sharing incen
tives, however, were unsuccessful in
several projects when economic prob
lems were too great in the farm com
munity or when farmers were not en
thusiastic about government programs.

The Cooperative Extension Service
has stimulated participation in several
projects by providing services such as
pest-scouting to reduce pesticide use,
manure-sampling to promote proper
use of manure, and soil-sampling to
match fertilizer and manure nutrient
use with crop requirements. Indications
are that such services may be the most
effective and economical approaches to
agricultural NPS control.

Negative inducements have been ef
fective for obtaining participation in
several projects. Projects in Florida and
Oregon have invoked existing local or
state regulations to induce farmers to
comply with water quality objectives.
In Oregon, for example, dairy farmers
are penalized by their milk cooperative
if they do not use approved animal
waste management practices. The com
bination of negative inducements with
offers of cost sharing and technical as
sistance appears to be a powerful incen
tive for farmer participation (10).

The Rural Clean Water Program is
supplemented by a data analysis project
known as the National Water Quality
Evaluation Project (NWQEP). The
project was initiated in 1981 by a
Memorandum of Understanding be
tween USDA and EPA and a Coopera
tive Agreement between USDA-Exten
sion Service and the North Carolina
Agricultural Extension Service at
North Carolina State University.
Through the efforts of the individual
RCWP projects and the NWQEP, water
quality improvements have been docu
mented in the Snake Creek RCWP in
Utah, the Tillamook Bay RCWP in Or
egon, and the Rock Creek RCWP in
Idaho (10, 13). NWQEP's analysis of
NPS projects indicates that a time
frame longer than five years generally
is necessary to document water quality
improvements in an NPS project, but
more rapid improvement has been ob
served in arid regions. The NWQEP
efforts are directed toward evaluation
and interpretation of water quality
results such as these, and it helps ex
tend RCWP findings and experience to
potential users of such information.

Urban runoff
The Nationwide Urban Runoff Pro

gram (NURP) was developed by EPA
in 1978 as a five-year program to ob
tain data on control of urban runoff
quality and its impact on receiving wa
ters. Data from 28 individual projects
around the country were contributed. A
series of reports on the findings of the
program has been published (14-16).

The NURP studies confirmed that
pollution problems such as coliform
bacteria, nutrients, or heavy metals
result from urban runoff. The most sig
nificant effects of urban stormwater
runoff on aquatic life, however, are
caused by hydrological changes related
to urbanization and construction activi
ties. Analysis of the NURP results indi
cates that the impact of urban runoff is
highly site-specific and depends largely
on the fraction of the drainage basin
urbanized and the characteristics of the
receiving water body.

The NURP studies did not identify
easy solutions. However, wet detention
basins and infiltration of stormwater
through recharge basins were shown to
be effective for reducing the volume of
surface runoff and pollutant concentra
tions. Other practices, such as install
ing stream buffers and grass swales and
establishing wetland areas also have
been identified as potential urban NPS
control practices. Street sweeping was
shown to be generally ineffective.

Lessons learned
Water quality improvement, as

shown in the ASIWPCA surveys
(1972-1982 Progress Report and 1985
NPS Report), has not been overwhelm
ing, although a great deal of money has
been spent on point source pollution
control. The lack of further deteriora
tion of water quality during a period of
industrial growth and population ex
pansion, however, may attest to the suc
cess of the point source control pro
grams. NPS pollution is often the
limiting factor in improving or main
taining water quality, thus point source
control without corresponding NPS
pollution control generally will be in
sufficient. Agricultural pollution is
clearly identified as the principal NPS
concern nationwide.

The Great Lakes Program, NURP,
MIp, RCWp, and other projects have
provided considerable experience
within the EPA, SCS. ASCS. Extension
Service, and soil and water conserva
tion districts. However, they also show
that coordination of these distinctly dif
ferent mission-oriented agencies in a
water quality program requires con
certed effort. It is especially important
that all cooperating agencies participate
in project planning, have clearly de-



fined arrangements for cost reimburse
ment, and share goals.

Agricultural BMPs should be se
lected and approved by teams that in
clude land treatment and water quality
professionals. Substantial effort should
be devoted to public education, and in
centives should be tailored to the needs
of individual participants. Program ad
ministrators should be particularly sen
sitive to economic problems and to cul
tural barriers. Although voluntary
programs are preferred, effective and
fair enforcement of regulations or pen
alties can enhance participation and im
prove results.

Future needs and opportunities
The opportunity is at hand for pro

gress toward national clean water goals
by addressing nonpoint sources of pol
lution. All the elements are present: ex
perience, programming authority, and
the authorization to spend as much as
one-half billion dollars to address NPS
problems in every state. To utilize these
elements effectively, however, we need
leadership, commitment, and determi
nation. States and localities need access
to the best professional experience for
developing their programs and target
ing their efforts, access to state-of-the
art information on the control of NPS
pollution and administration of water
quality projects, and guidance to estab
lish formal reporting that maintains
program accountability. We need infor
mation centers to analyze program
results, assemble and repackage the in
formation, and disseminate the infor
mation to the states.

The lack of consistent, reliable
results from national water quality sur
veys indicates a clear need to improve
our monitoring and assessment capabil
ity. We have no permanent monitoring
network in place, and we still cannot
quantify adequately the improvement
or degradation of our nation's water
quality. We need national coordination
to establish and maintain a consistent
monitoring program. EPA must assure
that states have a clear set of monitor
ing objectives, access to the most up-to
date technology, and appropriate stan
dardization to answer basic questions
on spatial and temporal trends in water
quality.

Many research reports with informa
tion concerning the effectiveness of
BMPs have been published, but most
reflect diverse, isolated conditions. A
coherent body of experimentation eval
uating the range of BMP effectiveness
or the expected performance of systems
of BMPs is lacking.

Coordinating the efforts of universi
ties and governmental research agen
cies, and making information available
to the public, would be helpful. An ac
cepted analytic framework or model to
evaluate the impact of NPS control pro
grams and to assess progress toward
water quality objectives also is needed.
NPS models should be developed to
meet the needs of project managers and
environmental planners.

We need to develop and verify proce
dures to estimate nonpoint source load
ing, and we need models to predict the
impact of NPS controls. In particular,
we need pollutant transport and water

quality models that consider the season
ality and inherent variability of NPS
pollution. Such models would be par
ticularly useful for addressing the issue
of waste load allocation and point-non
point tradeoffs. Although analyses of
this type are being used for phosphorus
control in the Great Lakes, the models
involved are not very sophisticated.
Advances in this area will improve our
ability to compare effectively the costs
and benefits of NPS control and point
source control and to optimize water
quality strategies.

The need for information on the im
pact of NPS on water quality and effec
tiveness of NPS control programs and
BMP performance will increase dra
matically as states plan NPS control
programs as mandated by the CWA.
EPA is expected to provide this infor
mation to the states, but EPA has only
limited information at hand. Assem
bling and distributing such information
will be a major undertaking.

Improved technology is needed to
manage salinity, protect groundwater
from toxic contaminants, manage and
dispose of pesticides properly, and con
trol acid mine drainage. Technological
advances are needed even in well
known areas such as fertilizer and ma
nure management to meet the needs for
agricultural yield and to use nutrients in
a manner that would promote more ef
fective pollution control.

Sociological, economic, and legal is
sues, too, need further research. For
example, we need further understand
ing of the interplay of incentives (cost
sharing and technical assistance) and
constraints (regulations and penalties)
in NPS pollution control programs. We
need insight to handle problems of une
qual dispersal of project funds (as in
targeting one of two neighboring
farms), and we need tools and tech
niques to change public attitudes to
ward environmental quality (to recog
nize personal responsibility for waste
disposal).

The Farm Bill, with its conservation
reserve program and conservation
compliance requirement, may be the
most effective tool yet for controlling
agricultural NPS. States have the op
portunity to coordinate their NPS ef
forts with the Farm Bill programs and
steer the conservation reserve to water
quality critical areas, thereby removing
from production those areas most dam
aging to land and water resources. Un
fortunately, there is continual pressure
to weaken this legislation and remove
the teeth from its compliance section.
Implementation of the conservation
provisions competes with ongoing
USDA programs because the agencies
charged with administering it are un
der-funded. Moreover, the Farm Bill
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comes up for renewal in 1989, one year
before the compliance provision takes
effect. A concerted effort is needed to
support the water quality objectives of
the Act and to assure that the conserva
tion compliance provisions are imple
mented.

Finally, a long-term, coordinated
commitment is needed. The MIP proj
ects were too short. Even the la-year
life of RCWP projects is short. Non
point source control requires the same
level of commitment as point source
control even though the methods are
very different. A well-developed grass
roots approach, in which NPS control
is factored into all relevant national,
state, and community activities, will go
a long way toward achieving effective
NPS control.

We have a major opportunity to re
duce the impact of NPS pollution. The
new version of the CWA and the Farm
Bill offer both the means and the moti
vation to address the NPS pollution
problem directly. The CWA directs
EPA and the states to assess the prob
lem and implement a program for its
control. The Farm Bill offers cost shar
ing incentives and the threat of future
penalties to induce soil conservation on
a large portion of the land. Coordina
tion of these programs, along with con
trol of urban NPS and point source pol
lution, can achieve significant im
provements in water quality.
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Structure-activity relationships
Criteria for predicting the carcinogenic activity ofchemical compounds

By Joseph C. Arcos

It is a sobering fact that the rate of
growth of the number of new organic
compounds synthesized throughout the
world is around 400,000 per year. Of
these 400,000 new chemicals, an esti
mated more than 1000 are introduced
yearly into economic use and thus into
the environment worldwide. However,
because of cost and time limitations and
limitations in the number of existing
testing facilities, only a small number
of these new chemicals can be ade
quately assayed for carcinogenicity.
Hence a significant number of untested
or inadequately tested chemical com
pounds can find their way into con
sumer items or industrial uses. More
over, a considerable number of
chemicals now in use in industrialized
countries were introduced before the
present relatively stringent criteria for
carcinogen testing and risk assessment
were established. Russell Train, former
administrator of the EPA, has stated
that "less than 2 % of the more than
65,000 chemicals in commerce have
been adequately tested for their effects
on human health and the environment."

These circumstances have sparked a
growing interest in formalized schemes
and procedures to detect chemicals that
may be suspected of carcinogenic activ
ity. The total perspective of known
chemical carcinogens (1-5) allows a
distillation of the general principles for
the prediction of potential carcinogenic
activity (CA) of untested chemicals.

The three categories of criteria for
suspecting chemical compounds of CA
are structural criteria, functional crite
ria, and the "guilt by association" crite
rion.

Structural criteria represent conclu
sions drawn from structure-activity re
lationship (SAR) analysis. SAR analy
sis uses essentially two approaches,
which are based on

At the spring meeting of the Ameri
can Chemical Society in Denver, Jo
seph C. Arcos received the ACS
Award for Creative Advances in En
vironmental Science and Technol
ogy. In his award address on the pre
diction of carcinogenic activity of
new organic compounds, he re
viewed the general principles of
structure-activity relationship analy
sis for assessing potential carcino
genicity. During the past 20 years he
has carried out a broad, analytic sur
vey of the entire literature of chemi
cal carcinogens and has written a
six-volume series of monographs en
titled "Chemical Induction of Can
cer-Structural Bases and Biologi
cal Mechanism," (Academic Press,
New York/Orlando), which was the
basis of this award.

Arcos is a senior science advisor
in EPA's Office of Toxic Substances.
He also is a clinical professor at Tu
lane University Medical Center in
New Orleans. He received his train
ing in cancer research at the Univer
sity of Wisconsin during the 1950s.
He then joined the University of Flor
ida and in 1960 became affiliated
with Tulane University. In 1986, Ar
cos was named a fellow of the Amer
ican College of Toxicology for his
outstanding contributions to the field
of toxicology.

• formal structural analogies with es
tablished types of chemical carcino
gens, and

• considerations of molecular size,
shape, and symmetry; of electron
distribution; of reactive functional
group(s), if any, and of steric factors
around these groups; and of the pos
sibility of undergoing metabolism to
reactive intermediates-indepen
delllly of any possible analogy with
known chemical carcinogens.

Functional criteria represent the sum
of the pharmacological and toxicologi
cal capabilities that-irrespective of
structural type-have shown some de
gree of correlation with CA (e.g., mu
tagenicity, induction of DNA repair,
immune suppression). Functional crite
ria complement structural criteria be
cause structural considerations alone
cannot forecast entirely new structural
types of carcinogens.

The "guilt-by-association" criterion
points to the potential CA of a com
pound that-although found inactive
under some "standard" conditions of
animal bioassay (or genotoxicity test
ing)-belongs to a chemical class in
which several other compounds were
found to be potent and multitarget car
cinogens (e.g., the 5-nitrofuran-type
urinary antibacterials). Such com
pounds should be re-evaluated to deter
mine whether retesting by bioassay un
der more stringent conditions is
warranted.

Structural criteria
The first approach of SAR analysis

compares compounds of unknown ac
tivity to structural types known to be
carcinogenic. Structural analogy, as
used presently, is a relative and subjec
tive concept dependent to some extent
on the "eyes of the beholder." There is
a beginning of development to place the
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concept on a rigorous, scientific basis
~mgvmoosawnmc~ofmru~wM

topology (such as graph theory) as well
as approaches of mformation theory.
Another route usmg the concept of
structural analogy is to identify mol~u

1M descriptor structure fragments that
are associated with CMCinogenic or mu
tagenic activity (or lack thereof) and
then to analyze a new mol~we for p0
tential activity against the set of de
scriptors. A computer-automated struc
ture evaluation (CASE) method, which
~ this route, has been developed by
Rosenkranz et al. (6).
The principal types of known chemi

cal CMCmogens that form the backdrop
for the evaluation of new compoonds
by structural analogy are
• aromatic amines,
• azo compounds,
• polynucleM hydrocarbons and hete

roaromatics,
• alkylating agents,
• halogenated and polyhalogenated

aliphatic and aromatic hydrocarbons
and derivatives thereof,

• acylating agents,
• miscellaneous epigenetic carcino

gens,
• carcinogenic elements: certain

metals and metalloids (e.g., Cd, Cr,
Ni, As), and

• foreign-body CMCmogens.
The aromatic amines, azo com

poonds, and polynucleM hydrocarbons
and heteroaromatics are arylating
agents. After metabolic activation to re
active el~trophiles, they become cova
lently linked to cellular nucleophiles:
nucleic acids, and proteins. The activa
tion of most Momatic amines and azo
dyes mvolves a three-step m~hanism

(beginning with N-hydroxylation)
yielding two tautomeric forms of the
final reactive intermediate, one of
which is a CMbonium ion. PolynucleM
hydrocarbons and heteroMomatics are
activated by epoxidation. The transi
tional forms of these epoxides during
nucleophilic attack are CMbonium ions;
however, for certain polynuclears and
ring-methyl polycyclic hydrocMbons
there is evidence for one-el~tron oxi
dation at CMbon leading di~tly to CM
bonium ion forms, as a competing or
alternate activation pathway. These
~hanisms of activation provide a
predictive rationale for the increase or
d~rease of CMCmogenic potency of M
omatic CMCmogens with change of the
mol~wM size, shape, and 1l"-electron
distribution and with the mtroduction or
removal of substituents.

The alkylating agents are by fM the
IMgest and structurally most heteroge
neous group among all CMCinogens.
These compoonds display a virtually
unlimited structural vmety, and their
only common characteristic is that they
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are or can be metabolically transformed
mto electrophilic reactive mtermediates
that can alkylate DNA and other cellu
1M nucleophiles. Some major classes of
CMCmogenic alkylating agents are ni
trogen m~wds; haloethers; epoxides;
aziridines, lactones and swtones; N-ni
troso compoonds; hydrazo, aliphatic
azo, and azoxy compounds and Myl
dialkyltriazenes; and CMbMDates. Most
of the naturally occurring CMcinogens,
the mycotoxins and plant cMcinogens,
are alkylating agents. Some of the halo
genated and polyhalogenated hydrOCM
bons mentioned in the above list also
are alkylating agents, whereas some
compounds in that class Me epigeneti
cally acting CMcinogens. The extraor
dinary structural vmety among CMCin
ogenic alkylating and cross-linking
agents, as well as the fact that arylation
by aromatic ammes and polynucleM
compoonds also leads to CMcinogene
sis, points to the important concept that
the chemical nature of the xenobiotic
molecular moiety that becomes at
tached to key informational macromol
~es is probably immaterial as long as
these attachments eff~tively interfere
with the normal functioning of syn
thetic templates. This is consistent with
the rmding that some acylating agents
are also CMCinogenic. Benzoyl chloride
and dimethylCMbamyl chloride Me p0
tent CMCinogens in rodents, and there is
epidemiologic evidence for increased
cancer incidence among benzoyl chlo
ride manufacturing workers.

The significant linking of xenobiotic
molecwM moieties-Mylating, alkylat
ing, and acylating agents-to DNA is
probably not a random prncess. There
is increasing evidence that those DNA
substitutions and subsequent mutations
that actually lead to carcinogenesis are
selective and mvolve specific = of
the genome. Several CMcmogens have
been shown to activate oncogenes
(DNA segments coding for various
protems that play critical roles in cell
regWation).

The ~ond appnmch of SAR analy
sis includes a thorough consideration of
the probable modality of interaction of
the compound in question with the tis
sue wget cells. These modalities also
constitute the basis of a classification of
CMCinogens as genotoxic carcinogens,
epigenetic carcinogens, or foreign
body CMCmogens.

Gen%xic carcinogens are com
pounds that produce DNA damage
through covalent bindmg (involving, in
some cases, strand scission). These are
compounds that act as el~trophilic

reactants either directly or after meta
bolic activation.

Epigenetic carcinogens are com
pounds that do not directly damage
DNA but act by a variety of not clearly

defined extrachromosomal ~hanisms
such as mhibition of interceliulM com
munication, creation of endocrine im
balance, chronic tissue mjury, immune
modwation (principally suppression),
or induction of peroxisome prolifera
tion.

Foreign-body carcinogens Me mate
rials that, by virtue of their critical size
and shape as well as surface reactivity,
induce carcinogenesis probably by dis
rupting intercellular homeostasis or by
mechanically interfering with confor
mational changes in chromatin or
DNA. There Me three classes of for
eign-body carcinogens: self-penetrant
fibers (epitomized by as~tos); nonfi
bro~, crystalline, hMd silicates; and
sheets and platelets implanted in tis
sues. On the basis of their possible
mechanisms of action, carcinogenic
water-soluble high polymers have some
aspects of both epigenetic and foreign
body CMcinogens.

Genotoxic carcinogens acting as
el~trophilic reactants can be further
classified as di~t-acting carcinogens,
not requiring activation; carcinogens
that require simple acid or alkali-eata
lyzed hydrolysis for activation; and CM
cinogens that require metabolic activa
tion. Direct-acting carcinogens are
often locally active, whereas those that
require activation tend to be CMcino
genic towMd the tissues or organs
where activation occurs. Compounds
yielding reactive intermediates that are
stabilized by resonance often have
higher CMcinogenic potential, because
such reactive intermediates have a bet
ter chance of remaining reactive during
transport from the cellwM site of acti
vation to reach wget nucleophiles. In
general, a compound should be sus
pected to be carcinogenic if its meta
bolic split products Me known or sus
pected to be CMcinogenic.

Irrespective of its chemical structure,
the CMCmogenic potential of a com
pound is dependent on its physical and
chemical properties, which determine
its "bioavailability" (i.e., its ability to
reach' target tissues and enter into
cells). The most salient properties are
molecwM weight, mol~ular size and
shape, physical state, solubility and wa
ter/octanol pMtition coefficient, and
chemical reactivity.

Functional criteria
Structural criteria cannot predict en

tirely new structural types of CMcino
gens. A major historical example for
this is the class of the nitrosamines.
When the CMcinogenicity of dimethyl
nitrosamine was discovered in the mid
1950s, there was already a very sub
stantial body of information available
on the carcinogenicity and structure-ac
tivity relationships of various polynu-
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clear compounds, aromatic amines, azo
dyes, and aliphatic alkylating agents.
Yet all this information did not suggest
the carcinogenicity of the nitrosamines.
Recent unexplainable examples are the
carcinogenicity of ll-aminoundecanoic
acid, of the strong chelating agent eth
ylenediamine tetra(methylene phos
phonic acid), and the evidence that such
simple compounds as the odd-earbon
straight-chain acids-propionic, va
lerie, and heptanoic acid-appear to be
weak carcinogens in some animal bio
assay systems. There is no known ra
tionale for predicting the carcinogenic
ity of these five compounds within the
present conceptual framework of the
SAR of carcinogens.

The reliability of prediction could be
considerably enhanced, however, by
complementing the framework of struc
tural criteria with another conceptual
framework of evaluation for potential
carcinogenicity. Functional criteria rep
resent the pharmacological or toxico
logical capabilities that, irrespective of
chemical structure, have been correl
ated with CA or construed as possible
component factors in the induction of
malignancy.

The following capabilities represent

Continued from Letters, p. 716
the excess sulfide ions in the treated
water must be removed by aeration or
oxidation with chlorine. Although tech
nically effective, sulfide precipitation is
a relatively complex and expensive
process (12-13)."

As one can see, we have no major
disagreement with Pelers and Bhatta
charyya except in our relative levels of
enthusiasm for sulfide precipitalion.
Perhaps we should have added the
word "potential" ahead of generalion
of toxic H2S gas, because such genera
tion can be avoided by complex design
and careful operation.

Much attention has been given to the
advantages. Let us reiterate the major
disadvantages, first regarding soluble
sulfide precipitation (SSP) as quoted di
rectly from "Control and Treatment
Thchnology for the Metal Finishing in
dustry-Sulfide Precipitation" (EPA
625/88()"()()3, 1980). "In practice, con
sidering typical response lags of instru
ments and incremental reagent addi
tion, control of the level of dissolved
sulfide and pH would require fine tun
ing and rigorous maintenance to pre
vent an H2S odor problem in the work
area. In currently operating treatment
systems, the H2S odor problem is elimi
nated by enclosing and vacuum evacu-

functional criteria for suspecting com
pounds of CA. Compounds are suspect
if they induce or are in vitro cell trans
formation, mutations or chromosomal
aberrations, an euploidy, unscheduled
DNA synthesis, sister chromatid ex
change, spindle poisons, covalent bind
ing to DNA or RNA, structural ana
logues of DNA bases, inhibitors of
intercellular communication and cell
membrane function, ribosome degranu
lation from the endoplasmic reticulum,
stimulators of tissue hyperplasia and in
duction of microsomal mixed-function
oxidases, peroxisome proliferation,
generation of reactive oxygen species
by macrophage stimulation, teratogenic
compounds, inhibitors of mitochondrial
respiration and uncouplers of oxidative
phosphorylation, antineoplastic agents,
immune-suppressive agents, chronic
hormonal imbalance and overstimula
tion, inhibitors of spermatogenesis, he
patonecrotic, very strong surface-active
agents or hydrogen bond reactors, or
strong chelating agents.

Construction of an expert system
The formalism summarized under

"structural criteria" allows an identifi-

ating the process vessels." This is true
in spite of the use of pH and ion-spe
cific electrodes to control the addition
of soluble sulfide. In regard to insolu
ble sulfide precipitation (lSP), from
this same comprehensive report we
quote: "It [careful pH control] is more
important to eliminate the danger of the
FeS slurry coming in contact with
acidic wastewater; FeS is soluble in
acidic solutions, and mixing it with
low-pH wastewater would result in the
emission of toxic H2S fumes in the
work area." and further, "If the pH of
the waste stream drops below 7, valves
automatically reroute the feed back to
the second-stage neutralizer."

1\\'0 significant disadvantages have
not yet been mentioned. One is associ
ated with the potential generation of
H2S from SSP and ISP sludges when
they are subjected to the required acidic
leaching tests. This toxic off-gas would
place such sludges into the hazardous
category. Another disadvantage of the
ISP process using FeS is the added pre
cipitation of a stoichiometric amount of
Fe(OHh from the hydrolysis of the re
leased F~+. Furthermore, if sulfide
and hydroxide are used together in the
same precipitation step, all the metals
will be precipitated as sulfides, thereby
increasing the sulfide demand which is

cation of the molecular features that
correlate with CA. Structural and func
tional criteria can be stated as formal
rules for constructing an expert system
program. Expert system sofrware is
useful when knowledge lends itself to
systematic classification and neat pack
aging. Thus an expert system is a
springboard for establishing the predic
tion of CA as a consistent area of ex
pertise that can be updated as new data
become available.
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already 2 to 4 times stoichiometric in
the case of ISP. In summary, sulfide
precipitation can often produce lower
effluent metals concentrations than hy
droxide precipitation, but sulfide pre
cipitation is potentially more hazardous
and generally more complex and costly.

Finally, let us take this opportunity to
correct an error in our paper regarding
the solubility of barium sulfide that was
pointed out to us by John L. Gray, pres
ident of Chemical Products Corp., Car
tersville, Ga., reportedly "the only re
maining basic barium chemical
manufacturer in the United States." We
stated that "heavy metals such as bar
ium, cadmium, copper, lead, mercury,
nickel, silver, and zinc can be removed
by hydroxide or sulfide precipitation or
by a combination of the two proc
esses." Barium sulfide and hydroxide,
Gray points out, are readily soluble in
water and cannot be removed by such
precipitation processes. We agree. The
inclusion of barium into this group was
an oversight on our part. Note that bar
ium is not included with these same
heavy metals in Table I, where hydrox
ide and sulfide contaminant removal ef
ficiency are summarized,

Dennis Clilford
University of Houston
Houston, Tex, 77004
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Sludge disposal studies

Richard M. Dowd

EPA is presently developing new crite
ria for sewage sludge treatment and dis
posal. The resulting regulations are ex
pected to affect industrial discharges to
publicly owned treatment works
(POTWs), largely through requiring in
creased wastewater pretreatment before
discharge to municipal sewer systems.
EPA's Science Advisory Board (SAB)
has reviewed three EPA reports ad
dressing sludge disposal and reuse and
has submitted recommendations to EPA
Administrator Lee M. Thomas.

The first report, prepared by EPA's
Office of Water Regulations and Stand
ards (OWRS), covers four sludge-dis
posal options: landfilling, land applica
tion and distribution, incineration, and
ocean disposal. It addresses methodolo
gies for evaluating the scientific valid
ity of each option, the identification and
consistency of needed data, and model
ing requirements. The document repre
sents the beginning of a framework for
evaluating sludge management risks
and developing national criteria. an ap
proach endorsed by the SAB.

Among other issues, the SAB review
focused on the use of "reasonable
worst-case" estimates; it pointed out
that the report reflects many conserva
tive, subjective assumptions in positing
its reasonable worst cases. Because it
could not determine whether the worst
case scenarios developed were too con
servative (i.e., unrealistic), the SAB
recommended that detailed sensitivity
analyses be conducted to determine
their reasonableness, the uncertainties
associated with typical results, and the
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probability distribution of exposures
and risks based on specific assumptions
and scenarios.

The SAB also found that the OWRS
risk assessment methodologies for the
four sludge disposal options were not
consistent, and good comparability
among the alternatives was therefore
lacking. Other specific comments in
cluded
• the need for clear distinctions be

tween risk assessment and related
concepts and methodologies such as
hazard assessment, dose-response
models, vulnerability analysis, risk
benefit analysis, and exposure as
sessment;

• SAB support for good mathematical
modeling and appropriate use of
quantitative evaluation for technical,
economic, institutional, political, and
social dimensions: and

• the importance of including effects
on species other than humans.

The SAB recommends that the term
"most-exposed individual" be replaced
by "most-exposed unit" to signal EPA's
concern with effects besides human
health risks.

Alternatives to ocean disposal
The second EPA report, prepared by

the Office of Policy Planning and Eval
uation (OPPE), provides a methodol
ogy for evaluating landfill and land ap
plication alternatives to ocean disposal
of POTW sludge. The SAB's major
findings include the following:
• regarding OPPE's proposal that EPA

analyses of dumping sites be done on
a regional basis, the entire United
States coastline could not be repre
sented by six coastal sites with re
spect to variations in soil, climate,
and hydrologic and POTW disposal
conditions;

• the report should consider codisposal
of POTW sludges in landfills, along
with other municipal and industrial
wastes;

• because conditions at individual sites
may differ significantly from model
predictions, the SAB recommends

sensItiVity analyses to evaluate the
precision of the paran1eters in the
models; and

• the documentation provided is inade
quate to support the use of the Pesti
cide Root Zone Model proposed to
describe transport of chemicals in the
soil, and there is no discussion of val
idation for using the Analytic Trans
port 1-2-3 Dimension Model or the
Exposure Analysis Modeling System
model for transport in surface water.
Also, use of the Universal Soil Loss
Equation model, developed to predict
soil movement within a field, is sug
gested to predict sediment yield to a
stream, but other models should be
considered for this purpose.

Ocean dumping regulations

The third report reviewed by the
SAB was the Office of Marine and Es
tuarine Protection (OMEP) technical
document supporting revisions to the
agency's ocean dumping regulations for
sewage sludges and dredged materials.
The two main issues are technical justi
fication for the separate regulatory
treatment of the disposal of sewage
sludges and dredge materials, and con
sideration of both the need for ocean
disposal and the availabil ity and im
pacts of land-based alternatives. The
SAB found that the report's conclusions
were not adequately supported by the
data and that separate testing of
dredged material is not always justi
fied. It therefore recommended that a
protocol be developed to identify. for
each site, any differences between
dredged materials and sewage sludge in
order to make appropriate decisions on
disposal options.

Although publication of the regula
tions is tentatively set for the fall, the
time needed to perform the additional
work recommended by the SAB may
require some extension of schedules.

Riclulrd M. Dowd, Ph.D., is president
of R. M. Dowd & Company, scientific
and environmental policy consultants ill
Washington, D. C.
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A Method for the Collection, Handling, and Analysis of Trace Metals in
Precipitationt

J. M. Tramontano,· J. R. Scudlark, and T. M. Church

College of Marine Studies, University of Delaware, Newark, Delaware 19716

• A method is described for the automated collection,
proper handling, and accurate analysis of trace metals in
precipitation. The method has been successfully used in
both rural coastal (Lewes, DE) and semiremote (Bermuda)
marine environments but should be generally applicable.
The collection device is a commercially modified automatic
collector with polyethylene bag liners in the collecting
buckets. Strict protocols for acid washing, deployment,
and blanking are necessary to ensure accurate contami
nation-free samples. The freshly collected event samples
are postacidified below pH 1.6 with ultraclean HCI to
ensure desorption and preservation of the sample. Trace
metal concentrations are quantitatively analyzed by heated
graphite atomization in an atomic absorption spectro
photometer. A comparison of the results obtained by this
method with earlier published trace metal results suggests
that serious sampling and analytical artifacts may be
present in most earlier data bases.

Introduction

Atmospheric transport and deposition are important
processes in the global cycling of trace metals. The at
mospheric flux of trace metals is a major component in
both marine (1-4) and terrestrial (5-9) environments. In
fact, some reports indicate that the concentrations of Pb,
Hg, Cu, Zn, and Cd in precipitation from the eastern U.S.
exceed the levels toxic to aquatic organisms (10) and are
linked to deterioration in forest productivity (11). Trace
metals are also important catalysts of S02 oxidation in
atmospheric aerosols (12). In order to determine the
pathways and environmental impact of trace metals in
precipitation, precise and accurate measurements of trace
metal concentration are essential.

As was first demonstrated by Patterson and Settle (13),
extreme care must be taken to avoid contamination when
collecting and analyzing for trace metals in aqueous en
vironmental samples. Another problem is that trace metal
samples require preservation because of adsorption onto
the walls of collection devices and storage bottles. Other
difficulties include accurately analyzing submicrogram
concentrations and the exclusion of dry deposition. Thus,
as we will demonstrate, the accurate measurement of trace
metal concentrations in wet deposition requires a protocol

'This is a contribution to the Western Atlantic Ocean Experiment
(WATOX) and the Bermuda Biological Station (Contribution No.
1072).

even more rigorous than the methods used in the collection
of precipitation for pH and major ions.

The routine monitoring of trace metals in continental
precipitation has been undertaken by a number of inves
tigators (see ref 10). However, only a few of these studies
address the problems of contamination or preservation.
In fact, though trace metal contamination during the
collection of precipitation samples has been shown to be
a problem (14, 15), little has been published on collection
techniques and analytical procedures needed to limit
sample contamination (16), particularly in routine (auto
mated) monitoring of continental precipitation.

In the collection of precipitation samples for trace metals
from remote regions, investigators (1,5,17,18) have uti
lized extreme precautions to limit sample contamination.
These include all-plastic, manually deployed funnel and
bottle-style collectors, extensive acid washing of equipment
and sample bottles, the use of ultraclean water and acids,
and restricting sample manipulation and analysis to clean
rooms. However, to date, no automated sampling protocols
have been defined for such sampling.

When our laboratory began routine monitoring of trace
metals at Lewes, DE, and High Point, Bermuda, as part
of the MAP3S and WATOX programs, we required a
simple, automated noncontaminating procedure applicable
to both continental and semiremote regions. The manual
procedures described for sampling in remote regions are
too labor intensive and impractical for long·term contin
uous monitoring efforts. In addition, we did not know if
the rigorous precautions used in very remote regions were
necessary or practical for our application. Thus, we pro
ceeded to develop and test a technique for the automated
collection, handling, and analysis of trace metals in pre
cipitation.

Procedures

Sampling Location. In general, the collector siting
criteria applicable to any precipitation chemistry study (19)
should be utilized. The site should also be several hundred
feet from any metal supports, wires, or poles and remote
to any regular vehicular traffic. Additional considerations
are site security, accessibility, electric power availability,
and potential for land use changes. For our study, sam
pling was carried out at two collection sites: the middle
Atlantic coast (Lewes, DE) and at the midwestern Atlantic
island of Bermuda (see ref 20 for a detailed description
of the two sites). The collections were made as part of the
Western Atlantic Ocean Experiment (WATOX) sponsored

0013-936X/87/0921-0749$01.50/0 © 1987 American Chemical Society Environ. Sci. Technol., Vol. 21, No.8, 1987 749



Table I. Cleaning Procedure Cor Plasticware Utilized Cor
the Collection, Storage, and Analysis oC Trace Metals in
Precipitation

wash with soapy deionized water (Fisher Versa-Clean or
similar liquid)

2 rinse 3 times with deionized water
3 shake off excess water
4 soak inside with Spex-grade acetone for 10 min
5 shake off excess acetone
6 swirl inside with concentrated reagent ACS HCl
7 rinse 3 times with distilled water
8 swirl inside with concentrated reagent ACS HN03
9 rinse 3 times with distilled water

10 place in warm 6 N reagent ACS HN03 or HCI bath for 2-3
days

11 transfer to 2 N HN03 or HCl bath and soak for 2-3 days
12 rinse outside of container with deionized water
13 rinse inside of container 3 times with double-distilled water
14 rinse inside of container with Q-H,O
15 dry in a filtered air clean bench or hood
16 place and seal in a polyethylene zipper bag

by the Air Resources Laboratory of NOAA.
Cleaning Procedures. Materials made of polyethylene

(CPE) and polypropylene are exclusively used for sam
pling, storage, and laboratory manipulation. The cleaning
procedure is outlined in Table 1. Rinse water is either
distilled/deionized (DDW) water or water-purified by a
Millipore Milli-RO/Milli-Q (Millipore Corp., Bedford, MA)
system (MQ-H20). For laboratory analyses, distilled/
deionized water is further cleaned by subboiling in an
all-quartz still (henceforth referred to as Q-H20). Like
wise, reagent-grade hydrochloric and nitric acids are
cleaned in an identical manner (Q-HCl and Q-HN03).

Collection Materials. Event samples for trace metal
analysis are collected with a modified AeroChem Metrics
(ACM) automatic collector (Model 301, AeroChem Metrics,
Inc., Bushnell, FL), factory equipped with all-plastic
components in the closing lid, displacement of the sensor
grid, and Teflon coating on the lid support arms. The
modified ACM collector is well suited to the collection of
wet deposition, as it is automated, dependable, widely used
in precipitation studies, relatively inexpensive, and com
mercially available. Its automated function is essential for
unattended sampling in remote locations or for long-term
monitoring.

In this study, commercially available 4-mil (0.004-in.)
10 X 8 X 24 in. round-bottomed polyethylene bags (As
sociated Bag Co., Milwaukee, WI), rigorously acid washed,
are used to line the ACM bucket. As an independent
comparison with the automated collector, a manually de
ployed (MD) sampler is used for a minimum subset of the
events. Our MD sampler is a polyethylene funnel, screw
fitted onto a 2-L polyethylene bottle of the same design
employed by the Global Precipitation Chemistry Project
(5).

Deployment. An acid-cleaned bag liner is installed into
the ACM bucket within a clean bench. To minimize
contamination, personnel should wear clean lab coats and
polyethylene disposable gloves for this and all other pro
cedures. The top of the bag is folded over the lip of the
ACM bucket, and the air under the bag is evacuated by
applying a vacuum pump via a small hole near the bottom
of the bucket. Once in place, the bag liner is rinsed twice
with 250--500 mL of MQ-H20, and the bucket is inverted,
shaken dry, and doubly sealed in large plastic bags for
transport to the collection site. At the site, the bucket with
the bag liner is removed from the transport bags, rinsed
3 times with Q-H20, swirled, inverted, shaken dry, and
installed into the ACM. In the event of an extended dry
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period (4-5 days), after periods of fog, dew, or high wind
causing spurious lid openings or in instances where the
amount of precipitation collected is insufficient for anal
ysis, a new bucket and liner should be installed.

The MD collector is acid-cleaned, rinsed in the labora
tory, and doubly sealed in large plastic bags for transport
to the collection site. At the site, the MD collector is
deployed on a plastic pole a few meters above the ground
and about 6 m from the ACM collector. The MD collector
should be uncovered immediately prior to the precipitation
event and recovered as soon as the event has ended. The
samples are retrieved, inspected, and noted for the pres
ence of any local debris (insects, bird droppings, plant
detritus, etc.). The sample containers are doubly sealed
with a clean plastic lid and clean plastic bag and trans
ported upright to a laboratory clean bench or clean room.

Sample Storage. Upon returning from the field, the
samples are removed from the transport bags, weighed to
determine volume, and acidified to below pH 1.6 (0.4 %
v/v Q-HCI) directly in the sample containers by the ad
dition of quartz-distilled acid spikes. The samples are then
securely covered with a plastic bag and placed in a clean
bench. After about a 24-h desorption period, the samples
are homogenized by swirling the containers, and 20-30 mL
is used to repeatedly rinse the precleaned storage bottles.
After the rinsing, the remaining volume is transferred to
a storage bottle that is then securely capped, placed in a
plastic bag, and sealed for storage.

Operational Blanks. The amount of contamination
from the material and methods used in the collection and
analysis of trace metal precipitation samples is monitored
routinely by operational blanks. These blank experiments
are conducted on a bimonthly basis or when (1) a change
in field operator occurs, (2) a new batch of spike acid, liner
bags, or storage bottles is used, or (3) any changes occur
at the sample site, such as any equipment changes or un
usual activity in the surroundings (e.g., construction, ex
cavation, traffic). The "field blanks" consist of 500 mL of
MQ-water added to a lined ACM bucket and the manual
collector after they have been installed in the field as
previously described. This procedure is simultaneously
performed with identically prepared samplers that remain
in the laboratory and are referred to as "lab blanks". In
each case, a 50-mL portion of the MQ-water is saved,
acidified, and labeled as the "process blank". Field blanks
are conducted with the collectors in the closed position
(either by unplugging the power to the ACM or covering
the MD with a plastic bag). Approximately 24 h later, the
blank solutions are retrieved, appropriately labeled, and
processed in the same manner as precipitation samples.

Analysis. The concentrations of Cd, Cu, Fe, Mn, Ni,
Pb, V, and Zn in precipitation are determined directly by
graphite furnace atomic absorption spectroscopy (GFAA).
An Instrumentation Laboratory Model 951 atomic ab
sorption spectrophotometer is used together with a Model
555 graphite furnace and Model 254 Fastac auto sampler.
Primary standards consist of Spex high-purity metals
(Spex Industries, Inc., Edison, NJ) dissolved in 2% Q-HCI.
Calibration was made against secondary metal standards
diluted into an acid solution of 0.4% v/v Q-HCl to du
plicate the sample matrix. The settings for the IL-555
furnace used for the determination of trace metal con
centrations are given in Table II.

To determine the accuracy of these methods, several
quasi-independent techniques are employed with subali
quots from samples representing the range of sample
matrices. They include (1) direct analysis by GFAA with
standard calibration curves, (2) direct analysis by GFAA



Table II. Instrumental Parameters for Instrumentation Laboratory Model 951 Atomic Absorption Spectrophotometer
Equipped with Model 254 Fastac Autosampler and 555 Atomizer for the Determination of Trace Metals in Wet Deposition

·C/s ·C/s

metals 254 deposition, s char. 1 char. 2 atomize 1 atomize 2 comments

Fe, Zn 5,' 10" 600/25 650/5 2400/0 2400/10
Cu, Mn 5,' 20b 950/25 1000/5 2250/0 2250/10
Pb,Cd 10,' 25b 400/20 450/5 1700/0 2250/5 platform
Ni 40,' SOb 700/20 700/5 2350/0 2350/5
V 50,' 100b 500/15 750/15 2500/0 2500/10

11 Lewes samples. b Bermuda samples.

with standard addition, and (3) preconcentration by
APDCjDDDCjfreon extraction into 0.1 N Q-HN03 prior
to GFAA (21).

In addition a 1:10 dilution of NBS certified standard
reference material 1643b ("Trace Elements in Water") is
analyzed along with the samples.

Results and Discussion
Analysis. (A) Interferences. The major ions in wet

deposition samples can interfere with trace metal analysis
(I5). Comparison of the results obtained from selected
precipitation samples, in which a portion was directly
analyzed with a standard curve calibration and the re
mainder analyzed after separation by extraction from the
major ion matrix, indicates that with the proper pyrolysis
program and background corrections (reported in Table
II) the major ion matrix is not a problem in the direct
analysis of Cd, Cu, Fe, Mn, Ni, V, and Zn. However, the
Pb signal is significantly suppressed and must be analyzed
with a graphite cuvette and platform. This platform delays
atomization and eliminates matrix suppression of Pb and
the need for standard additions or extraction.

(B) Precision and Accuracy. The overall analytical
precision of trace metal determinations in precipitation
is estimated from the average of the standard deviations
calculated from a representative number of samples ana
lyzed. Usually, replicate determination of two to three
separate aliquots of each sample is involved, depending
upon volume. Thus, this estimates both the reproducibility
of the GFAA technique and the associated problems of
maintaining homogeneity of subsamples. For all of the
metals, the average overall precision is about ±10% of the
average metal concentration reported for the two locations
(20).

The accuracy of the analysis is maintained by frequent
calibration against dilute high-purity metal standards and
NBS metal standards. The calibration of the GFAA
technique was checked by several quasi-independent
techniques including standard curve calibration, standard
additions, and separation/preconcentration of the metals
prior to analysis. Results obtained by the various tech
niques were within 10% for all the metals investigated.

Blanks. Field, laboratory, and process blanks are tested
throughout the sampling period. The process blank is a
measure of the metal contribution derived from the storage
bottles, reagents, and analytical procedures. The average
concentrations of the process blanks, in micrograms per
liter, are small: Cd < 0.005, Cu < 0.02, Fe < 0.01, Mn <
0.005, Ni < 0.01, Pb < om, V < 0.001, and Zn < om. The
process blank for these metals represents only a few per
cent of the average trace metal concentrations in precip
itation (20). The laboratory blanks estimate contamination
from the collector materials and the laboratory operations,
including sample acidification and partitioning. The field
blanks estimate contamination from all of the above in
addition to any contamination from the field operations

such as transport, deployment and recovery, and input of
fugitive dust.

The field blanks at both sampling locations average
about 6% (with a range of 2-10%) of the mean metal
content of precipitation at the coastal and open western
Atlantic (20). The blank concentrations are somewhat
higher in Lewes than in Bermuda, probably due to the
comparatively high ambient aerosol trace metal burden
in the continental environment. The laboratory blanks are
very low, generally «2-5%), indicating that the material
used and laboratory handling are not a significant source
of contamination.

The field blanks were used only as an estimate of con
tamination levels. Blanks values were not used to correct
trace metal concentration in collected samples.

Sample Preservation. The necessity to preserve trace
metal samples is well established. In this study, preser
vation is achieved by adding acid to the freshly collected
rainwater in the lined ACM buckets soon after the event.
A period of 24 h to assure quantitative leaching and re
covery of any adsorbed metals is required.

Two experiments were conducted to determine if post
acidification quantitatively recovers the original trace
metal concentration in the sample. In the first experiment,
two lined ACM buckets were simultaneously deployed
side-by-side at the beginning of seven different precipi
tation events (two were conducted at Bermuda and five
at Lewes). In each case, one of each sample pair was
preacidified by adding 5 mL of a 50% Q-HCl solution
before the event and the second postacidified to 0.2% vjv
Q-HCI after the end of the event. A desorption period of
6-24 h was allowed prior to transferring to storage bottles.
During the experiment, problems were encountered with
the preacidified samples, such as the inability to gauge
precipitation amounts a priori and the evaporation of the
acid spike prior to the event. As a result, postevent pH
adjustment had to be made to the samples.

A comparison of concentrations obtained from the pre
and postacidified ACM collectors showed that they were
within 20% agreement with an average difference of 7.5%.
The good agreement between the acidification procedures
would indicate that postacidification is quantitative in
reversing any adsorption that may occur during sampling.
The exception is Cd, where the mean concentration is 32%
greater in the preacidified ACM samples. We attribute
this to contamination due to the exposure of the sampling
equipment to the concentrated acid prespike, which has
also been reported in other studies (I5).

In the second experiment, 1:10 and 1:20 dilutions of NBS
trace metal standard SRM 1643b were made in 1 L of
Q-H20. The dilutions were then added to deployed sam
ple buckets, allowed to stand unacidified for 24 h, and then
processed as samples. Analysis of the concentration of
these spike solutions was within 5% of the calculated
concentration for Cd, Cu, Fe, Mn, Ni, and Zn, again in
dicating that postacidification quantitatively reverses any
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ACM-MI 0.320 1.20 10.24 1.79 1.46 15.66
ACM-TM 0.116 0.78 11.59 1.63 3.14 4.57

• From Galloway et al. (10); values reported for rural locations
(Tables IV and V). bFrom Church et a1. (20).

Table IV. Comparative Concentrations of Trace Metals in
Precipitation

Table III. Comparison of tbe Volume-Weighted Mean
Concentration (/tg/L) from 25 Events Measured by
Simultaneously Deployed Automatic (ACM) and Manual
(MD) Samplers at Lewes, DE, and High Point, Bermuda

Zn

concentration, /tg/L

Cu Fe Mn PbCdcollector

no. of
literature refer- median,a Lewes

metal range,' /tg/L ences /tg/L aV,'/tg/L

Cd 0.08-46 23 0.5 0.18
Cu 0.4-150 19 5.4 0.68
Pb 0.59--1l4 32 12 3.02
Mn 0.2-84 28 5.7 1.4
Ni 0.6-48 15 2.4 0.79
V 0.13-23 6 9 0.7
Zn <1-311 32 36 6.4

concentration, /tg/L

collector Cd Cu Fe Mn Pb Zn

Lewes, DE
ACM 0.172 1.18 16.4 1.40 3.17 5.39
MD 0.133 0.81 18.2 1.62 2.80 4.69

High Point, Bermuda
ACM 0.041 0.223 6.21 1.10 0.48 1.30
MD 0.043 0.261 7.56 1.08 0.50 1.62

Table V. Comparison of the Mean Concentration (/tg/L)
from 26 Events Measured from an Automatic Sampler
Prepared for Major Ion Collection (ACM-MI) and a
Simultaneously Deployed Automatic Collector Prepared for
Trace Metal Collection (ACM-TM)

MD collectors were in good agreement (Table III). Thus,
the results from our automatic ACM collector compare well
with those of MD collector, and trace metals in precipi
tation can be accurately collected by an automated net
work system with our protocol.

Results. Table IV presents the trace metal concen
trations in precipitation collected at Lewes, DE (20), that
utilize the protocol we have described. Also included are
some trace metal results from similar rural locations as
compiled in ref 10. As is apparent in Table IV, the trace
metal concentrations reviewed by Galloway et aI. (10) vary
over 3-4 orders of magnitude and have a median concen
traiton considerably higher than the average at Lewes. We
contend that much of the variability reported in earlier
studies resulted from improper collections. Many of these
studies analyzed aliquots for trace metal from samples
collected by major ion protocols.

To test the necessity of our procedures vs. using aliquots
from major ion collectors, 26 side-by-side comparisons were
made between a standard ACM collector prepared for
major ion collection (24) and our modified trace metal
collector prepared according to our protocol. Samples from
the major ion collector could not be acidified until they
were partitioned in storage bottles. Comparison of the
mean concentration calculated from each collector for the
26 events (Table V) shows that the metals fall into three
groups: Zn and Cd were severely contaminated (>100%)
in the major ion sampler; Pb underwent consistent ad
sorption; Cu, Fe, and Mn were in close agreement. How-

adsorption that may occur during sampling. The exception
is Pb (85% recovery), suggesting some small irreversible
loss of Pb to the collector liner.

Particulate Trace Metals in Wet Deposition. In
order to determine the total wet flux from precipitation
samples, it is necessary to analyze all phases of the trace
metals present including entrained particulates. Some
particulate material from local and remote sources is in
corporated in wet deposition samples by way of conden
sation nuclei, washout, or inadvertent capture of dry
fallout. However, other studies have shown that the
amount of particulate Zn, Cd, Pb, and Cu in precipitation
is insignificant (22, 23). In our study, we have found that
the average total mass of particulate (0.4 I'm) material in
some randomly selected acidified samples is only about 0.8
mg/L. Furthermore, any trace metals in precipitation
samples collected by our protocol should be dissolved from
particulates by acidification of the samples. Estimates of
particulate trace metals in samples collected by our pro
tocol made from filtration and centrifugation studies in
dicate that insignificant «10%) amounts of particulate
forms (>0.4 I'm) of Cd, Cu, Fe, Mn, Ni, Pb, and Zn are
present in most events. However, in small «0.7 cm)
precipitation events occurring after extended dry periods
there is some (15-20% by weight) particulate Fe and Mn
in these select precipitation samples. However, measurable
particulate Fe and Mn was present in only three of the
seven small precipitation events tested and would repre
sent a very small portion of the total data set. Both Fe
and Mn have large crustal sources, which may explain the
presence of these refractory particulate forms that may,
in fact, represent resuspended soil particles and not wet
deposited particulates.

A second experiment was conducted to further test if
total metal concentrations are determined and to estimate
sample storage stability. Nine samples were repeatedly
analyzed for Fe after storage intervals ranging from a few
days to 1 year. Results of this experiment revealed that
Fe concentration did not significantly change (::'>5%) over
the time period tested. Since long-term storage under acid
conditions would most likely change the dissolved-par
ticulate distribution, these results indicate that the total
concentration is determined and the samples are well
preserved and accurately analyzed in total. Thus, we are
confident that the concentrations of trace metals in pre
cipitation measured by our method are representative of
total wet deposition (dissolved plus particulate).

Sampling Accuracy. The accuracy of our automated
sampling protocol was checked by comparing the trace
metal concentration to those determined from samples
collected manually (MD collector). The MD collector was
selected because of its simple and convenient all-plastic
construction and because of its widespread use in remote
regions by other investigators (1,5,18). Also, in this study,
the MD collector was less susceptible to ground-based
contamination because of its higher elevation (3 vs. 1.5 m
for the ACM). Comparisons of results from the two col
lectors were made on more than 40 occasions at both
sampling sites over the course of study. Approximately
one-third of these comparisons were rejected because the
manual collector was not opened at the onset of the pre
cipitation event or one or both of the collectors were visibly
compromised with local debris. A comparison of the re
sults from the two collection methods showed that for all
the metals the data are highly correlated (r2 > 0.88) with
slopes close to 1, indicating excellent agreement between
the two sampling techniques. Furthermore, calculations
of the average-weighted concentration from the ACM and
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ever, regression analysis of the Cu, Fe, and Mn data was
poorly correlated (r2 = 0.2-{).6), suggesting random con
tamination and adsorption in the major ion sampler that
results in a fortuitous agreement of the means. Attempts
at acidification of the standard plastic ACM buckets used
for major ion collection produced order of magnitude
contamination of Cd, Cu, Mn, Pb, and Zn in controlled
laboratory experiments. Therefore, any attempts at
acidifying the white plastic ACM bucket prepared for
major ion collection would result in serious contamination.

Conclusions

This paper presents a method for accurately collecting
and analyzing trace metals in precipitation as developed
for semiremote coastal and open oceanic areas of the
western Atlantic but generally applicable. The procedure
has been used successfully at Lewes, DE, and on Bermuda
over a 3-year period as part of the WATOX program. Wet
deposition events are sampled by a modified automatic
collector, with a polyethylene bag liner in the collector
bucket. The accuracy of the collections is randomly
checked by simultaneously deploying a manually operated
funnel-bottle collector. All collector vessels must be rig
orously acid cleaned prior to use. Postacidification by the
addition of 0.4% (v/v) ultrapure hydrochloric acid to the
sample after the event and 24-h leaching period is neces
sary to asure quantitative recovery and preserve the sam
ple. A filtered air environment (clean hood or bench) is
recommended for preventing contamination during
plastiware cleaning, sample acidification, and transfer to
storage bottles. Sample analysis is performed by direct
atomic absorption spectrophotometry with heated graphite
atomization. Sample homogeneity must be maintained
during all sample partitioning steps and analysis. Field,
laboratory, and process blanks must be run to determine
the presence and source of contamination. We contend
that earlier investigations that attempted to utilize major
ion protocols for trace metal collection suffer from con
tamination and adsorption artifacts. These artifacts may
have resulted in the wide range of trace metal concentra
tions reported for geographically similar locations (l0) and
the discrepancy between these values and the concentra
tion that we report (Table IV).
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An Abundant Chlorinated Furanone In the Spent Chlorination Liquor from
Pulp Bleaching
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STFI (Swedish Pulp and Paper Research Instnute), P.O. Box 5604, S-114 86 Stockholm, Sweden

• A large peak always occurring in gas chromatograms
(with electron capture detection) [GC (ECD») when spent
pulp chlorination liquors are analyzed for chlorinated
phenols was identified as being caused by the presence of
3,4-dichloro-5-(dichloromethyl)-5-hydroxy-2-furanone. The
compound exhibits weak mutagenic activity, has a slightly
elevated bioaccumulation propensity, but is chemically
rather unstable.

Introduction

In recent years, available information on the chemical
compositon of spent liquors from the bleaching of chemical
pulp has increased (1). It has been well established that
such liquors may exert acute toxic and genotoxic effects
due to the presence of various chlorinated and non
chlorinated compounds of low relative molecular mass (1,
2).

One group of compounds present is comprised of phe
nols, catechols, and guaiacols chlorinated to various de
grees. This group is of particular interest because the
compounds contribute to the toxicity of spent bleaching
liquors and show a tendency to bioaccumulate (3, 4).

The standard procedure for the qualitative and quan
titative determination of chlorinated phenolic compounds
includes acetylation of the spent liquor and gas chroma
tographic (ECD) analysis of the products obtained (5). A
large peak representing an unknown compound often ap
pears in these chromatograms. The peak is also easily
detectable when chlorination products from naturally oc
curring aquatic humic acid are analyzed (6, 7). Since the
peak could not be attributed to any known chlorinated
phenols, catechols, or guaiacols, we decided to isolate and
characterize the responsible compound.

Experimental Section

Spent Chlorination Liquor. A spent chlorination li
quor was prepared from softwood kraft pulp as described
previously (8). Quantitative determinations of chlorinated
phenolic compounds were carried out according to a pro
cedure outlined previously (5).

Workup Procedure. A total of 1700 mL of the spent
chlorination liquor (natural pH of 1.8) was extracted with
400 mL of diethyl ether [May and Baker Ltd. (pro anal
ysis») in a liquid-liquid extractor for 24 h. The extract
containing a mixture of neutral, acidic, and phenolic com
pounds was then concentrated to a volume of about 25 mL.

The extract obtained was subsequently treated with 2
x 10 mL of a 0.5 M NaHCOg solution, and the aqueous
phase was acetylated essentially as previously described
(5, 7). A small quantity of ascorbic acid was added to
prevent oxidation.

Gas Chromatography. The various hexane extracts
obtained from the acetylations were injected (1-3 I'L) into
a Hewlett-Packard 5890 gas chromatograph equipped with
an electron capture detector (ECD, 63 Ni). The column
was an OV-1701 fused silica capillary column (30 m x 0.32
mm Ld.) manufactured by J & W Scientific Inc. (Cordova,
CAl. The column temperature was held constant at 190

°C. The quantification procedure was carried out with the
internal standard method (response factors related to
2,6-dibromophenol as internal standard). Retention times
and quantification data were measured with a Trivector
Scientific-Trilab 2000 chromatography data system.

Gas Chromatography/Multistage Mass Spectrom
etry (GC/MS-MS). The GC/MS and GC/MS-MS in
vestigations were conducted with a Finnigan TSQ-46C
mass spectrometer system.

The samples were introduced into the ion source (tem
perature 120°C) via the gas chromatograph or a mov
ing-belt LC interface. The conditions for the GC were as
follows: oven temperature, 170°C; injector temperature,
250 °C; GC interface temperature and transfer line tem
perature, 300 °C. The column used was a DB-l fused silica
capillary column (30 m X 0.252 mm i.d.) manufactured by
J & W Scientific Inc. (Cordova, CAl. Two ionization
techniques were used, positive electron impact (EI, electron
energy 70 eV) and positive chemical ionization with
methane as a reactant gas (CI, electron energy 150 eV, ion
source pressure 1.0 mTorr).

Collision activation experiments (daughter ions) were
carried out with the first quadrupole transmitting the ions
of interest alternately. In the collision chamber (second
quadrupole) these ions were collision-activated with argon
at a pressure of 1.5 mTorr and a nominal collision energy
of 10 eV. Collision-induced fragments were separated by
scanning the third quadrupole from mass m/z 40 to mass
m/z 400 in 240 ms in EI and from mass m/z 100 to mass
m/z 400 in 240 ms in CI.

Spectroscopic Methods and Equipment. The lH
NMR and laC NMR spectra were run on a Bruker WP 200
(200 MHz) and a Varian CFT-20 spectrometer, respec
tively. The UV and IR spectra were run on a Cary Model
118C UV spectrophotometer and a Perkin-Elmer Model
983 infrared spectrophotometer, respectively.

Synthesis. Two ways of preparing the furanone com
pounds were used.

In the first, leading to the acetyl derivate 3,4-dichloro
5-(dichloromethyl)-5-acetyl-2-furanone (Figure lA), chlo
rine water (4.0 L, containing 15 g of C12) was added to a
stirred solution of tetrachloro-o-benzoquinone (5.0 g, in 500
mL of acidified water, pH 2) in an amber bottle. The
mixture was stirred at room temperature for 4 h and then
extracted 3 times with ether (400 mL). After concentra
tion, the extract (50 mL) was shaken twice with 2 X 50 mL
of 0.5 M NaHCOa solution. The resulting aqueous phase
was acetylated and extracted with hexane to obtain a crude
product mixture. The pure compound was obtained by
fractionation on Si02 (40 g), eluting with hexane-ether
ethanol (10:5:1). The compound was crystallized twice
from acetone: white crystals; mp 90-91 °C; IR (KBr pellet)
"""", 2990, 1815, 17BO, 1635, 1370, 1185, lOBO, 990, 950 cm'l;
UV (methanol) Am.. 238 nm (9700); lH NMR (CDClg) 0
2.19 (3 H, s, CHaCO), 6.04 (1 H, s, -CHCI2); laC NMR
(CDCla) 0 20.98 (C8), 70.82 (C6), 102.79 (C5), 126.24 (C3),
146.72 (C4), 161.75 (C2), 167.85 (C7). Spectra recorded
with reduction of decoupling effect ~off resonance" showed
a doublet (C6) and a quartet (C8). The GC retention time
of the acetate relative to the internal standard was 1.13.
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Flgur. 1. Structural formula for the chlorinated furanones 3.4-<1i
chloro-5-(dichloromethyl}-5-acetyl-2-furanone (A) and 3.4-dichloro-5
(dichloromethyl}-5-hydroxy-2-furanone (B).

Figure 2. Mass spectrum (EI) of the acetate of 3,4-dichloro-5-(di
chloromethyl}-5-hydroxy-2-furanone. The CI mass spectrum of the
compound showed the molecular ion was m Iz 292. Data for some
daughter ion spectra of the molecular ion and fragment ions are
presented under Experimental Section.

The mass spectrum (EI) of the acetylated compound is
presented in Figure 2.

GC/MS-MS collision activation experiments (daughter
ions) gave the following results: daughters (EI) of m/z 292
gave m/z 232 and 209, of m/z 233 gave m/z 205, and 177,
of m/z 209 gave m/z 181, of m/z 198 gave m/z 170, 142,
and 107, and of m/z 167 gave m/z 139, 111, 103, and 95;
daughters (CI) of m/z 295 gave m/z 235, 207, and 179.

The second synthetic path yielded the underivatized
compound 3,4-dichloro-5-(dichloromethyl)-5-hydroxy-2
furanone (Figure lB). A solution of 2,2,4,5-tetrachloro
cyclopentene-1,3-dione (lCN Biomedical, 1.0 g) in ether
(50 mL) was shaken with 0.1 M KZC03(200 mL) for a few
minutes. The aqueous layer was cooled, acidified with 10%
HCl, and extracted with ether. The extract was dried with
anhydrous magnesium sulfate and evaporated to give the
crude product as a semicrystalline solid. The reaction was
also performed by stirring the dione in water overnight,
extracting with ether, and evaporating the solvent. The
crude product was fractionated on SiOz(40 g), eluting with
hexane-ether 1:1 and ether. After evaporation of the
solvent, trituration with hexane gave the product as tan
crystals: mp 66-68 °C [lit. (9) mp 70-71 °C); IR (KBr
pellet) "max 3360, 2990, 1763, 1630, 1378, 1240, 1175, 1015,
920 cm- I ; UV (methanol) Amax 233 nm (8700); lH NMR
(CDCI3) (, 5.99 (s, -cHClz); 13C NMR (CDCI3) (, 70.71 (C6),
103.54 (C5), 125.01 (C3), 148.19 (C4), 163.12 (C2).

Spectra recorded with reduction of decoupling effect off
resonance showed a doublet (C6). The mass spectrum (EI)
of the compound is presented in Figure 3.

GC/MS-MS collision activation experiments (daughter
ions) gave the following results: daughters (EI) of m/z 250
gave m/z 167 and of m/z 167 gave m/z 139, 111, 103, and
95; daughters (CI) of m/z 251 gave m/z 233, 205, and 177
and of m/z 233 gave m/z 205, 177, and 141.

Acetylation as previously described gave the acetate
(Figure 1A).

Mutagenicity Tests, Ether solutions (20 ILL/plate) of
the underivatized synthesized compound were tested for

Figur. 3. Mass spectrum (EI) of 3.4-dichloro-5-(dichloromethyl}-5
hydroxy-2-fixanone. The CI mass spectrum of the compound showed
the rnoIecular ion was mlz 250. Data for some daughter iOn spectra
of the molecular ion and fragment ions are presented under Experi
mental Section.

mutagenicity with the Ames test (10). Salmonella typh
imurium TA 100 and TA 98 were used without metabolic
activation. All reported test values are mean values of six
plates. As a positive control for the two strains, quercetin
dihydrate (Fluka AG) was used.

Determination of Bioaccumulation Potential. The
determination of the bioaccumulation potential was carried
out by the l-octanol/water distribution coefficient (Kow)

method (11, 12) and by the method based on reverse-phase
thin-layer chromatography (RP-HPTLC), giving R~ values
(13-15).

Results and Discussion
Figure 2 shows the mass spectrum of the compound

responsible for the unknown peak as obtained in the GC
(ECD) and GC/MS analysis of the hexane extract of the
acetylated ether extract from spent chlorination liquor.
From this spectrum and a spectrum obtained in separate
experiments with high-resolution GC/MS (VG-7070 EQ,
run at VG Analytical, Organic Mass Spectrometry Divi
sion, Manchester, U.K.), the following conclusions were
drawn: chemical composition C7H,O,CI,; acetylated;
presence of a dichloromethyl group; and basic structure
very likely a furanone. For further characterization, large
quantities of the compound were produced by chlorinating
tetrachloro-o-benzoquinone and acetylating the reaction
mixture as described under Experimental Section. Tet
rachloro-o-benzoquinone was selected as starting material
because recent investigations suggested furanone deriva
tives as possible intermediates in the degradation of this
particular lignin model compound type by chlorine (16).
In this way the compound could be characterized by lH
NMR, 13C NMR, UV, and IR spectroscopy. The results
obtained are given under Experimental Section. Alto
gether the data suggest the compound to be the acetate
of 3,4-dichloro-5-(dichloromethyl)-5-hydroxy-2-furanone
as shown in Figure 1A.

The availability of the pure acetylated compound made
possible the quantitative determination of the furanone
in spent chlorination liquors from the bleaching of soft
wood kraft pulps and oxygen-prebleached softwood kraft
pulps. The results showed the content to vary between
5 and 10 g per ton of pulp depending upon the level of the
K number of the pulp inspected. These quantities are of
the same order of magnitude as those of chlorinated
phenols, catechols, and guaiacols in spent bleach liquors.

Information on possible genetic effects of the compound
is of importance because a trichlorinated furanone deriv
ative previously found in such liquors «0.5 g per ton of
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pulp) exhibits strong mutagenic effects as determined by
the Ames test (17, 18). The unacetylated 3,4-dichloro
5-{dichloromelthyl)-5-hydroxy-2-furanone could be ob
tained in high yield by hydrolyzing 2,2,4,5-tetrachloro
cyclopentene-1,3-dione as described under Experimental
Section. In some parallel investigations we thus found that
the l,3-dione very likely is an important intermediate in
pulp chlorination (19). The identity of the isolated fura
none was confirmed by lH NMR, 13C NMR, UV, and IR
spectroscopy as can be seen from data given under Ex
perimental Section and from the mass spectrium shown
in Figure 3.

The unacetylated furanone was tested by the Ames test
with S. typhimurium TA 100 as the test organism. The
compound exhibits mutagenic activity corresponding to
about 40 revertants per nanomole. This is considerably
lower than the activity reported for the previously de
scribed trichlorinated furanone derivative (19). No re
sponse was obtained with the strain TA 98 up to a dose
of 1 /Lgj plate.

Measurement of the bioaccumulation potential showed
the compound had an octanoljwater distribution coeffi
cient, log Kow' of about 2.40 at a water pH of 2. When the
RP-HPTLC technique was used for the estimation of log
Kow, a RKt value of 2.26 was obtained. These results in
dicate a slightly elevated bioaccumulation propensity.

Tests of the stability indicated that the major part
(95%) of the compound in spent chlorination liquor dis
appeared after 24 h of storage at pH 8 and ambient tem
perature. At lower pH levels the compound was consid
erably more stable.

Conclusions
The tetrachlorinated furanone is a major compound that

frequently can be observed when analyzing spent chlori
nation liquors for the content of chlorinated phenolic
compounds. The furanone exhibits mutagenic activity and
a slightly elevated bioaccumulation propensity. It may not,
however, be a significant water pollutant as it is readily
degraded under ambient conditions.

Registry No. B, 108082-06-0.
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Characterization of Mutagenic Subfractions of Diesel Exhaust Modified by
Ceramic Particulate Traps

Linda D. Dorle.· Susan T. Bagley, David G. Leddy, and John H. Johnson

Departments of Mechanical Engineering-Engineering Mechanics. Biological Sciences. and Chemistry and Chemical
Engineering, Michigan Technological University, Houghton, Michigan 49931

• Protocols were developed for collection and character
ization of heavy-duty diesel exhaust hydrocarbons. Di
chloromethane extracts of particulate and gaseous-phase
samples were partitioned between hexane and methanol,
and the highly mutagenic (Ames TA98) methanolic frac
tions were further separated with reverse-phase HPLC.
Twenty-eight polycyclic aromatic hydrocarbons (PAH),
including 4 nitro- and 13 oxy-PAH derivatives, were ten
tatively identified in the active (moderately polar) HPLC
fractions with GC/MS. In terms ofraw exhaust emissions
(milligrams per cubic meter), the use of the ceramic traps
caused reduced levels of particulate and associated organic
compounds. Total mutagenic activity also decreased with
the traps, but to a lesser extent than the decrease in
particulate. Many of the identified PAH were common
to both the particulate and gaseous-phase samples col
lected under the same conditions. Calculated hydrocarbon
balances showed that more hydrocarbons passed through
the samplers when the ceramic traps were used.

Introduction
The expanded use of diesel engines has caused an in

creased awareness of the potential health effects related
to the emissions of nitrogen oxides, respirable particulates,
and hydrocarbons (especially polycyclic aromatic hydro
carbons or PAH) that are associated with both the par
ticulate and gaseous phases of diesel exhaust. Federal
particulate emission standards (1), which become effective
in 1991, require that particulate levels be reduced to 0.25
g per brake horsepower-hour for heavy-duty diesels. These
levels will probably not be achievable without the use of
aftertreatment control devices such as particulate traps.

One type of trap being extensively studied is the porous
ceramic wall-flow monolith. Significant effort has been
expended toward the development (2), characterization
(3-13), and modeling (14-18) of this type of trap, which
is illustrated in Figure 1. The trap consists of an array
of square ceramic channels that are alternately plugged
at either their inlet or their outlet ends. The exhaust
enters an open channel and must pass through the porous
side walls into a neighboring, open-ended channel to exit.
Solids are retained while gases pass through the trap;
combustible solids are slowly oxidized. This type of aft
ertreatment device increases both the surface area of the
exhaust system and the residence time of the exhausted
combustion products within the system. Therefore, in
addition to the desired oxidation of particulate, some un
desirable reactions (e.g., nitration of PAH) may be pro
moted that alter the mutagenic activity of the exhaust.

Our previous studies (4,11, 12) have shown that emis
sions of particulates, solids, sulfates, and the soluble or
ganic fraction (SOF) associated with the particulate de
creased when the traps were used with a heavy-duty diesel
engine operated under steady-state conditions (EPA modes
4 and 5) for load and speed. The mutagenicity of the SOF
(measured in revertants per microgram of SOF) was pri
marily direct acting in nature and was found to increase
with the use of the traps (4, 11) although the activity in
terms of raw exhaust emissions (measured in revertants

per cubic meter) decreased when the traps were used due
to decreased emissions of SOF.

It was the aim of this study to develop protocols to
further characterize the chemical and biological changes
produced in heavy-duty diesel exhaust hydrocarbon
emissions by the use of ceramic particulate traps. Par
ticulate-associated hydrocarbons (as collected on Teflon
coated glass-fiber filters) and a portion of the gaseous
phase hydrocarbons termed the vapor-phase organic com
ponent (VOC, as collected on XAD-2 resin) were charac
terized. PAH components of the most mutagenic sub
fractions (determined by using the Salmonella/microsome
mutagenicity bioassay or the Ames assay) of Soxhlet-ex
tracted particulate and VOC samples were identified with
gas chromatography (GC) and GC/mass spectrometry
(GC/MS).

Experimental Methods

Engineering and Sampling Methods. The test engine
was a 1979 Caterpillar Model 3208 naturally aspirated,
direct-injection, 10.4-L displacement, V-8 diesel operated
on No.2 diesel fuel under EPA steady-state modes 4 and
5, which specify the peak torque speed (1680 rpm) and load
(50 and 75% of full load, respectively). Two Corning
EX:47 uncatalyzed ceramic traps (Corning Glass Works,
Corning, NY) were used (one per cylinder bank).

Particulate and gaseous-phase samples were collected
in a stainless steel dilution tunnel in which the volume flow
rate (15.2 m3/min) and dilution ratio (15:1) were held
constant. The tunnel parameters and methods employed
for the measurement of gaseous emissions were previously
reported (4).

Particulate samples were collected from the dilution
tunnel with the ultrahigh-volume sampling system illus
trated in Figure 2. Teflon-coated nonwoven glass-fiber
filters, 508 x 508 mm (T60A20, Pallflex Corp., Putnam,
CT), were used with nominal sampling times of 20 min
each, thus providing ample masses (50-250 mg after sol
vent extraction) for chemical and biological characteriza
tions.

Accurate mass determinations of collected particulate
were made with a tandem collection system (see Figure 2)
employing smaller filters (47-mm diameter) of a similar
material (Teflon-coated woven glass fiber; Pallflex
TX40HI20-WW). Levels of total particulate matter
(TPM, determined gravimetrically), SOF (determined
gravimetrically after Soxhlet extraction of the filter), the
sulfate fraction (SOl-, determined by ion chromatogra
phy), and solids (SOL, determined by difference where
SOL = TPM - SOF - SOlo) were obtained from the ex
posed 47-mm filters.

For the purpose of this study, the "gaseous-phase"
component of the diluted exhaust was considered to be
that portion of the exhaust passing through the particulate
filters (19-21). The vapor-phase organic component
(VOC) was that portion of the gaseous phase collected with
a stainless steel sampler containing 40 g of XAD-2 resin
(a styrene/divinylbenzene copolymer), held in place with
a stainless steel screen and two layers (upper and lower)
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Table I. Relative Retention Times and Fraction Assignments for Selected PAH and Derivatives'

HPLC GC HPLC GC
relative HPLC relative relative HPLC relative

retention fraction retention retention fraction retention
compound time' assignment timeC compound time' assignment timet'

2,7-dihydroxynaphthalene 0.14 1 0.59 fluorene 0.79 3,4 0.40
2·amino-9-hydroxyfluorene 0.22 1 0.77 9-nitrophenanthrene 0.80 3,4 0.81
l,4-naphthoquinone 0.32 2 0.28 9-nitroanthracene 0.81 3,4 0.74
2-amino-9-fluorenone 0.41 2 0.78 9,10-dinitroanthracene 0.82 3,4 0.87
l,5-dinitronaphthalene 0.50 2 0.63 3,3'-dimethylbiphenyl 0_83 3,4 0.41
I-naphthaldehyde 0.50 2 0.35 dibenzothiophene 0.85 4 0.52
2,4,7-trinitro-9-fluorenone 0.54 2,3 1.11 phenanthrene 0.85 4 0.54
1-nitronapbthalene 0.56 3 0.41 anthracene 0.88 4 0.54
2-nitrobiphenyl 0_56 3 0.49 fluoranthene 0.96 4 0.71
2-nitronaphthalene 0.59 3 0.41 3-nitrofluoranthene 0.97 4 0.98
anthrone 0.60 3 0.63 I-nitropyrene 1.00 4 1.00
9-fluorenone 0.60 3 0.51 pyrene 1.01 4 0.74
naphthalene 0.61 3 0.14 6-nitrochrysene 1.06 4,5 1.13
anthracenedione 0.63 3 0.64 benzo[a]anthracene 1.11 5 0.92
2,7-dinitrofluorene 0.67 3 1.04 chrysene 1.11 5 0.93
acenaphthene 0.69 3 0.34 6-nitrobenzo [a] pyrene 1.24 5 1.26
acenaphthylene 0.69 3 0.31 benzo[b]fluoranthene 1.24 5 1.07
l,6-dinitropyrene 0.73 3 1.19 benzolk)fluoranthene 1.24 5 1.08
l-aminopyrene 0.74 3 1.00 benzo[a)pyrene 1.30 5,6 1.11
dibenwfuran 0.74 3 0.34 dibenz[a,h]anthracene 1.34 6 1.25
2~nitrofluOTene 0.76 3,4 0.74 benzo[ghi)perylene 1.44 6 1.27
9-anthraldehyde 0.77 3,4 0.75 indeno[l,2,3-cd]pyrene 1.46 6 1.24

•See text for chromatographic conditions. 'Retention time relative to 1-nitropyrene, which elutes at approximately 38.1 min. ('Retention
time relative to I-nitropyrene, which elutes at approximaely 32.8 min.

r-- High Particulate Concentration Exhaust In

Lower Particulate Concentration Exhaust Out

r Porous Cer.mic Cell Walls
/ (Filtering Surfeces)

. iii ---7

v
L.- Ceramic Cell End Plugs

508 x 5081-mm Filter Holder

Positive Displacement Pump

XAO·2 Resin Trap

Sampling Port

figure 1. Schematic of flow situation in the Coming ceramic particulate
trap.

of open-cell polyurethane foam (6 mm thick). The XAD-2
resin was not expected to collect all of the gaseous-phase
organics, but it has been shown to efficiently collect hy
drocarbons containing seven or more carbons as well as the
more volatile two- to four-ring PAH (20-23). In addition,
XAD-2 resin has been shown to be more efficient at col
lecting these types of hydrocarbons from dilute diesel
exhaust than cold-water trapping of the raw exhaust (23).

The VOC sampler was located immediately after the 508
X 508 mm fIlter cassette (see Figure 2). One XAD-2 resin
sample and one 47-mm filter were exposed coincidentally
with each 508 x 508 mm filter. Exposed filters and resin
samples were stored in the dark at -7 DC until they were
extracted.

Chemical Methods. Ai; indicated in Figure 3, SOF and
VOC from modes 4 and 5 for chemical and biological
characterization were obtained from the exposed 508 x 508
mm filters and XAD-2 resin, respectively, by Soxhlet ex
traction with 400 mL of dichloromethane (Burdick and
Jackson Laboratories, Inc., Muskegon, MI) for 24 h. The
solvent volume was reduced to 5 mL under reduced
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Ultra-High

Volume Sampler

Figure 2. Schematic of voe sampling system.

pressure by a rotary evaporator with a 35 DC water bath.
The extracts were taken to near dryness with a stream of
nitrogen. Mode 4 extracts were then partitioned between
hexane and methanol to separate the relatively nonpolar
(hexane fraction) from the more polar (methanolic frac
tion) components (Figure 3).

The mode 4 methanolic fractions of the SOF and VOC
were further separated with reverse-phase HPLC on a
Hewlett-Packard 1084B liquid chromatograph and a
Magnum-9 (Whatman Lab Sales, Inc., Hillsboro, OR) 25
em X 9.4 mm i.d. semipreparative C's column with an
average particle size of 10 I'm. The initial mobile phase
was 45% CHaCN in water; this concentration was held
constant for 5 min after injection, followed by a linear
gradient to 100% CHaCN over 45 min and isocratic elution
for 10 min. Then, a second gradient to 95% 2-propanol
over 15 min was used and followed by isocratic elution of
the final concentration for 15 min. Seven fractions were
collected: the first six for a duration of 10 min each fol
lowed by one 30-min fraction. The flow rate was 3.0



EXPOSED 508 x 508-mm

FIL TER

OR EXPOSED XAD-2 RESIN

OBTAIN SOLUBLE ORGANIC FRACTION (SOF) OR
VOLATILE ORGANIC CARBON (VOC) BY SOXHLET
EXTRACTION, 24 H WITH METHYLENE CHLORIDE

AMES TESTING: TA98-S9
TA98.S9
AND NR STRAINS

AMES TESTING:
TA98-S9
TA98.S9

PARTITION SOF AND VOC BETWEEN
METHANOL AND HEXANE

AMES TESTING: TA98-S9
TA98+S9
AND NR STRAINS

AMES TESTING:
TA98.S9

AMES TESTING:
TAS8+SS
AND NR STRAINS

GC AND GC/MS ANALYSIS
FOR KNOWN/SUSPECTED
MUTAGENS/CARCINOGENS

Figure 3. Flow chart for the chemical and biological characterization of SOF and VQC.

mL/min; UV absorbance was monitored at 254 nm. The California at Berkeley) lL j nitroreductase-deficient strains
relative retention times that were determined for PAH TA98NR and TA98-1,8-DNP6 (TA98DNP) (from Dr.
reference compounds appear in Table I. Herbert Rosenkranz, Case Western Reserve University)

The collected HPLC fractions that showed the most with 100 X 15 mm Petri dishes and the methods of Maron
direct-acting mutagenic activity in the Ames assay with and Ames (24). A standard 4% S9 mixture was prepared
strain TA98 were further analyzed by capillary GC and from Aroclor 1254 induced rat liver S9 enzyme (Litton
GC/MS (see Figure 3). A 30 m x 0.31 mm i.d. Durabond Bionetics, Inc., Charleston, SC) and used for tests requiring
DB-5 fused silica column with a film thickness of 0.25 I'm metabolic activation. Plates were counted after 63 h (25)
(J&W Scientific, Inc., Rancho Cordova, CAl was used with by an Artek Model 880 automatic colony counter (Artek
He carrier gas (65 ± 5 cm/s at 100°C) on a Hewlett- Corp., Farmingdale, NY). The modified techniques of
Packard 5880A GC with a split/splitless injector and Alfheim et a\. (26) were employed with 60 X 15 mm Petri
flame-ionization and nitrogen-phosphorus detectors. The dishes for samples having masses less than 5 mg (e.g.,
column temperature was initially 100°C for 3.0 min, HPLC fractions).
followed by a linear thermal gradient to 300°C at 5 The positive controls used were 2-nitrofluorene (Aldrich
deg/min and an isothermal period of 15 min at 300°C. Chemical Co., Milwaukee, WI), 2-aminoanthracene (Ald-
Injector and detector temperatures were 225 and 350°C, rich), and I-nitr(}- and 1,6-dinitropyrenes (from Dr. Dennis
respectively. Relative retention times for PAH reference Schuetzle, Ford Motor Co.). Controls were run on each
compounds are given in Table I. test date and included solvent (dimethyl sulfoxide, Me2S0)

A Hewlett-Packard 5985 quadrupole mass spectrometer controls for spontaneous revertant levels, genotypic checks,
(interfaced to an HP 5840A GC) was tuned in the electron reagent and medium sterility tests, and checks for sample
impact (EI) mode with an ionization energy of 70 eV, toxicity to the tester strains.
emission current of 300 I'A, ion source temperature of 250 Data Analysis. Ames assay dose-response data were
°C, and ionization chamber pressure of approximately 5 used to calculate revertants per microgram values with a
x 10-<> Torr. The repeller, drawout, ion focus, and entrance computer program that first determined the linear portion
lens voltages were optimized in an iterative process that of the dose-response curve. A power function model
used the m/e 69, 219, and 502 ions of perfluorotributyl- formula (4) was then used to determine activity as re-
amine. The GC parameters were identical with those used vertants per microgram of sample. Revertants per mi-
for the HP 5880. crogram values were then multiplied by volumetric values

Biological Methods for Determining Mutagenicity. (milligrams per cubic meter) for SOF or VOC to produce
The integrated chemical and biological analysis scheme raw exhaust estimates of mutagenicity as revertants per
is presented in Figure 3. The Ames assay was used with cubic meter. All raw exhaust values (reported on a cubic
tester strain TA98 (from Dr. Bruce Ames, University of meter basis) were calculated at stand rd conditions for
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Table H. Caterpillar 3208 Engine Emissions with and without Traps

engine emissionsb,c

TPM,h SOF," VOC.' SO; i
modea n NO"d ppm NO,'ppm NO,/ppm HC!ppm HC! mg/m' mg/m' mg/m' mg/m' mg/m3

4B 20 709 (12.8) 513 (5.1) 65.7 (13.5) 147 (7.5) 85.2 (4.4) 56.8 (7.5) 41.2 (8.2) 30.3 (7.4) 3.0 (0.4)
4T 35 693 (21.5) 526 (14.2) 32.6 (6.4) 145 (6.7) 83.9 (3.9) 16.8 (3.2) 12.1 (2.8) 33.2 (9.7) 1.5 (0.15)
5B 956 (1.0) 910 (0.9) 44.1 «0.1) 90.6 (7.8) 52.5 (4.5) 42.7 (0.9) 7.6 (1.3) 15.4 (1.2) 3.5 (0.1)
5T 4 929 (9.3) 894 (5.4) 34.1 (4.5) 49.7 (1.7) 28.8 (1.0) 5.8 (0.6) 2.8 (0.4) 7.7 (1.6) 1.5 (0.3)

"Speed for all modes; 1680 rpm; load for mode 4; 320 N.m; load for mode 5; 480 N.m; B; base line (no trap); T; trap. bReported
as mean value (standard deviation). 'All mg/m3 values reported at standard conditions: TSTD ; 294.2 K; PSTD ; 101 kPa. dMeasured by
Beckman Instruments 955 NO/NO, analyzer after reduction of NO, to NO. 'Measured directly by Beckman 955. f Obtained by difference
of NO, and NO. 'Measured by Beckman Instruments 402 healed flame ionization detector. "From 47-mm filters, gravimetrically. 'From
XAD-2 resin, gravimetrically. iFrom 47-mm filters by ion chromatography.

BTBT BT BTOT BT

Mode 4 Mode 5 Mode 4 Mode 4 Mode 5 Mode 4

Figure 4. Raw exhaust emission mutagenicity levels of modes 4 and
5 with (T) and w~hout (B) ceramic particulate fitters. Mode 4 and 5
samples were run in duplicate on two separate dates w~h 100 X 15
mm Petri dishes. Responses (revertants per plate) for the solvent
(Me,50) blank for mode 4 sample runs were 30 ± 5 for TA98 - S9,
42 ± 4 for TA98 + 59, 20 ± 1 for TA98NR, and 12 ± 2 for TA98DNP;
the solvent blank value for mode 5 was 26 ± 2 revertants per plate.
Pos~ive control responses (revertants per plate) for the mode 4 sam
ples with 2-nitrofluorene (3.2 I'g/plate) were 732 ± 37 for TA98, 93
± 13 for TA98NR, and 145 ± 1 for TA98DNP; the 2-n~rofluorene

response for TA98 - S9 with the mode 5 samples was 679 ± 23
revertants per plate. Response w~ TA98 + 59 to 2-aminoanthracene
(1.5 I'g/plate) was 2145 ± 290 revertants per plate. The responses
(revertants per plate) to l-n~opyrene (0.33I'g/plate; - S9) were 816
± 34 for TA98, 188 ± 15 for TA98NR, and 529 ± 40 for TA98DNP.
The responses (revertants per plate) to 1,6-<linitropyrene (0.025 I'g/
plate; - S9) were 2789 ± 120 for TA98, 244 ± 65 for TA98NR, and
150 ± 20 for TA98DNP.

Hydrocarbon balances that were calculated for both
modes (J 1) showed that more hydrocarbons were unac
counted for (i.e., neither adsorbed onto the filter particu
late nor trapped on XAD-2 resin) when the ceramic traps
were used. Considering only the hydrocarbons that could
be collected during this study (i.e., those trapped by
XAD-2 and particulate filters), the mode 4 VOC contrib
uted 20-25% and 20-30% of the direct-acting mutagen
icity per cubic meter of raw exhaust detected under
base-line and trap conditions, respectively. There was no
change in the percent contribution to mutagenicity ob
served with S9 metabolic activation at mode 4 under
base-line conditions; however, the trap VOC contributed
up to 50% of the observed mutagenicity per cubic meter
when tested with S9. The VOC collected under base-line
conditions from mode 5 had the same percent contribution
to direct-acting mutagenicity as found at mode 4. In
contrast, the VOC collected with the traps in use had half
the mutagenic contribution (10-15%) as at mode 4.

The contribution of the collected gaseous-phase material
to the overall exhaust mutagenicity found in this study is
similar to that reported by Rannug (19) for gaseous-phase

temperature and pressure, which, for this study, were 294.2
K and 101 kPa, respectively.

Engine emissions data were compared by the Kruskal
Wallis single-factor ranks test (27) as several samples had
to be pooled from separate engine test dates in order to
provide sufficient SOF and VOC masses for biological and
chemical characterizations. The null hypothesis was that
there was no significant difference between the compared
groups at an a level of 0.05.

Results and Discussion
Emission and Activity of SOF and VOC. The effects

of the ceramic traps on measured emissions can be seen
from the typical values reported in Table II. Use of the
ceramic traps significantly reduced emissions of TPM,
SOL, SOF, and SOl- for both modes 4 and 5; for mode
5, a significant decrease in HC was seen with the traps.
There were no significant differences in the measured
emission rates for NO or NO, for base line VB. trap at mode
4. The mode 5 trap NO, NO" and N02 emission levels
were significantly reduced compared to base line. The
VOC levels showed the same trends as NO/NO, emissions;
i.e., the trap had little effect at mode 4, while mode 5 trap
levels were significantly lower.

As can be seen in Figure 4, the use of the ceramic traps
coincided with reduced raw exhaust emission levels of
mutagenicity for mode 4 and 5 SOF and VOC. On the
basis of revertants per cubic meter of raw exhaust, this
trend was observed for both direct (TA98 - S9) and in
direct (TA98 + S9) activities; the activity of mode 4 VOC
with S9 was the single exception. Sample toxicity to tester
strain TA98 - S9 was observed with all the VOC samples
as well as both of the mode 5 SOF samples. Ames assays
on organic material extracted from unexposed XAD-2 resin
and polyurethane foam showed no toxicity. The observed
activity of this extracted material accounted for 5% (or
less) of the activity of the VOC extracts.

The reduced activity observed with the mode 4 base-line
and trap SOF samples when tested with TA98NR and
TA98DNP strains (see Figure 4) indicates the presence of
nitro aromatic PAH in these samples. The mode 4 base
line and trap VOC samples were not tested with the nit
roreductase-deficient strains due to the low activities as
sociated with these VOC samples. In preliminary tests
with mode 4 base-line VOC samples, there were no de
tectable activities with TA98NR. There was insufficient
sample available to test the mode 5 SOF and VOC with
either S9 or the nitroreductase-deficient strains.

It is interesting to note that the traps do not produce
equal reductions in particulate levels and raw exhaust
mutagenicity associated with the particulate. This same
observation was made in previous studies with the Corning
Ex:47 ceramic traps at Michigan Technological University
over additional engine operating conditions (4).
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Table III. Mutagenic Activities or Mode 4 Base·Line and Trap SOF HPLC Fractions

sample

4B·SOF

4T·SOF

fraction mass, mutagenic activities, revertants/Ilg"

fraction % or totsl TA98- S9 TA98 + S9 TA98NR TA98DNP

1 12.5 0.003 NT' NT NT
2 8.5 2.553 NT 0.255 NC'
3 7.5 2.642 NT 0.264 0.145
4 8.0 1.211 NT 0.254 0.545
5 10.4 0.513 NT NC NC
6 7.3 0.077 0.071 NT NT
7 45.9 0.017 0.020 NT NT
I 40.5 0.031 NT NT NT
2 9.6 1.754 NT 0.175 0.439
3 8.9 4.221 NT 0.612 1.351
4 8.0 3.741 NT 0.767 0.187
5 6.7 1.061 1.931 0.477 0.265
6 3.7 1.316 1.319 NT NT
7 22.7 0.163 0.135 NT NT

'Samples were run in duplicate on two separate dates with 60 x 15 mm Petri dishes (26). Responses (revertants per plate) for the solvent
(Me.,gO) blanks were 24 ± 4 for TA98 - S9, 36 ± 3 for TA98 + S9, 13 ± 2 for TA98NR, and 15 ± 2 for TA98DNP. Positive control (- S9)
responses (revertsnts per plate) with 2·nitrofluorene (3.2 "g/plate) were 588 ± 33 for TA98, 70 ± 12 for TA98NR, and 105 ± 13 for
TA98DNP. Response with TA98 + S9 to 2·aminoanthracene (1.56 "g/plate) was 1112 ± 32 revertsnts per plate. 'Not tested. 'Not
calculated due to lack or dose-response.

Table IV. Mutagenic Activities or Mode 4 Base·Line and Trap VOC HPLC Fractions

sample

4B·VOC

4T·VOC

fraction mass, mutagenic activities, revertants/~gO

fraction % or totsl TA98 - S9 TA98 + 89 TA98NR TA98DNP

1 20.2 0.087 NT' NT NT
2 12.7 0.428 NT NC' NC
3 9.1 1.020 NT NT NC
4 10.5 0.907 NT 0.200 0.086
5 5.5 0.079 NT 0.008 NC
6 9.4 0.035 0.042 NT NT
7 32.6 0.018 0.021 NT NT
1 26.8 0.038 NT NT NT
2 10.2 0.461 NT NC NC
3 10.1 0.334 NT NC NC
4 9.9 0.341 NT NT NT
5 10.6 0.039 0.071 NC NT
6 7.1 0.017 0.106 NT NT
7 25.3 0.011 0.022 NT NT

'See footnote a in Table III for responses or solvent blanks and positive controls. 'Not tested. 'Not calculated due to lack of dose-reo
sponse.

material collected by a cryogradient technique (after a
particulate filter) from a light-duty diesel engine without
any emission control systems; that is, from 25--30% of the
total raw exhaust direct-acting mutagenicity (reported as
revertants per kilowatt hour) was associated with the
gaseous-phase material. The gaseous-phase contribution
to the total mutagenicity was 5--20% when tested with 89
metabolic activation.

Separation and Activity of SOF and VOC. Prior to
the HPLC separation, the mode 4 80F or VOC was par
titioned between water-washed hexane and methanol.
This initial step produced a fraction that was more con
centrated in direct-acting mutagens; typically, the meth
anolic fraction contained only 11-16% of the original 80F
or VOC mass but yet was still more active (as revertants
per cubic meter) with TA98 - 89 than the hexane fraction.
The use of the traps had little effect on the proportions
of mass partitioning into the relatively polar (methanolic)
or nonpolar (hexane) fractions for either the 80F or VOC.

The methanolic fractions of the base-line and trap 80F
showed reductions in activities of 65-80% compared to
TA98 - 89 when retested with TA98NR and TA98DNP
(Figure 5). In contrast, only a 15-30% reduction was
observed with the trap VOC methanolic fraction. (There
was insufficient mass available for the base-line VOC
methanolic fraction to be reassayed with these nitro-

reductase-deficient strains.) These results indicate, as
found in previous studies with diesel (20, 28-35) and
gasoline (36) particulate extracts, that the direct mutagens
are concentrated in a relatively small fractional mass of
the extractable organics and that the mutagenicity is due,
in part, to the presence of nitro-substituted PAH.

The methanolic fractions were further separated into
seven reverse-phase HPLC fractions. The middle fractions
showed the greatest activities with TA98 - 89. Typically,
fractions 2-5 contained less than 40% of the methanolic
80F or VOC mass (base line or trap), yet these fractions
accounted for more than 85% of the direct-acting activity
(Tables III and IV). Absolute mass recovery data were
not included because we were unable to accurately de
termine the quantities injected on the HPLC. However,
the relative proportions of the collected fractions are given
in Tables III and IV.

80me of the HPLC fractions were tested with 89 and/or
nitroreductase-deficient tester strains, depending on the
types of compounds expected to be present in each fraction
from tests with standard PAH compounds (Table I). 89
was used with fractions 5-7 as these fractions might have
contained compounds requiring metabolic activation and
also generally had low levels of direct-acting mutagenicity.
Comparison of activities with TA98 ± 89 are presented
in Tables III and IV for 80F and VOC fractions, respec-
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Table V. COllipound. Identified in Moot Acthe ~Oj\e ~ Methanolic ~LC Fraction.

base line trap

X

X

X
X
X

X
X

X
X
X
X
X
X
X
X
X
X

VOC

NT'

X

X

X
X
X

X

X

X

SOF

X
X
X

X
X

X

X
X
X
X
X
X

x
X
X

X

X

X
X
X
X

x

X

SOF yoc

X N'r'
X
X
X

compound

2

4

3

ijPLC fraction

naphUudeneaceticacid
naphthale~earbollYlicacid anhydride
2-naphthyletbanol - 
C-2 aldehyde of naphthYene
fluorenorie .
fluorenone
methylfl\lorenone
anthracenedione
phenanthridln./a~dlne/benzoqulnoline'
e-:l ketone of anthracene/phenanthrene~
5H-cyclcipenta[<!eflphenanthle1\one -
dihy~xymethylfluorena

C-2 aldehyde of naphtIWene
nitronaphUude1\e
qulnollne/iaoqulnol\ne'
xanthone
fluoranthene
phenanthridine/acridine/benzoquinoline'
pyrene ' -
methylanthracenc/lI!ethylphenanthrene'
C-2 afkylfluorene .
anthracelle/phenanthrene'
dimethylnitroanthr,!cene/dimethylnit!'opbenanthrene'
methyldibenzothiophene
C-4 alkyl11"orenone
C-3 alkylnaphUude"e
dibenzothiophene
methylfluoreneearboxaldehyde
methylnitroanthrace""/I!lethylnitrophenanthrene' X
nitropyrene/nitrofluoranthenc' X
octahydromethy!riaphUudenone X

• Fraction not characterized by GC and GC /M!?>. 'bomeric .tructure 1\ot determined. One or more iao",ers of the listed compounds may
be present. - - -

figure 5. RtIw exhaust emlssl9n mutagenicity IeYeIa 01 mode 4 SOF
and VOC melhanolc a!ld hexane lrac;tlons with (T) and without (B)
!*lImIc par1k:ulate trapS. 5amples were IW! In~ on 1he IIIITMt
lesl dale as thl! mode 4 base-llne and !"8p $OF al¥! VOC sampln.
See 1he legend to Figli'e 4 lor~ QlIOIvenl bIanka and poelIlve
_ols. . . ,

tively. (There was insufficiept sample to te@t fraction 5
of the base-line 80F or VOC with 89). Some increasea
with 89 metabolic activation were found, but the reaulting
activities were still low compared to the direct-acting IIC
tivities found with fractions 2-4.
. Fractions 2-5 were tested with TA98NR and TA98DNP.

As presented in Tables in and IV, the reepon8es with these
nitroreductaBe-deficient strains were l8Sl! than that for
TA98 - 89 for all fra¢ons tested. With IJI!IDY of the VOC
fractions, the TA98 response was very low initially, and
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no increase above spontaneous revertant levels at the
sample coo.centrationS tested could be fOQIld with TA98NR
~ TA98DNP. ~ responses with the trap and base-line
80F ~tioils2-4 (Table lll) indicate that these fractions
~ight contain not Qnly dinitropYfenes (fraction 3) and
nitropyreries (fraction 4) bitt iIlso other types of IlitrO'PAH
to which these tester ~trains have reduceq responses (34) .

IdentificaticID of P AB. The HrLC fractions having
the most~acting mQt&geilicity were further separated
with GC and GC/M8 te<;hniques to llSl\ess what types of
PAH com»O\!ll~might be present-· Mode 4 b~e-!ine and
trap SOF fractions ~-4 and base-line an!l trap VOC frac
tions 3 and 4 were used in these l!Dalyses.

Table V gives a sumlDan' of all tentatively identified
colDpounds. The (}C retention times, IJlIjor EI fragme!1ts,
and other evid!!nce used to support the. identifications of
cOlllpounds are givell in the supplementary table (see
paragraph at end of paper regar~ingsupplementary ma-
terial). ' ,

Fluorenone appears to be the most abundant of the
P AH identified in the methanolic fractions, and as seen
in Table V, it is found in both 80F and VOC for the
base-Une lind trap samples. F!uorenone has an HPLC
retention time that puts it on the bor!ier between fractions
2'and 3; in one case it appearlld in fraction 2 of the trap
80F, I\Dd in all other Cl\S8S it was found in fraction 3.
Fluorenones and alkylfluorenones are present in diesel
eW!1st bl,!t are theori~ to be producell by combustion
of the more abunllant phenanthreil~via a route proposed
by Yu apd Hites (29). Alkylated fluorenes may' also be
prodl,!ced via this scheI!1e. These compounds, by virtue
of their vapor pressures, would be expected to be found
both QP the particulate I\Dd in the gaseous phase. They
would be expected to pass through a ceramic trap with



some reduction in concentration due to adsorption onto
trapped particulate. Increased residence time of these
species in the trap matrix could generate nitrated fluorenes
and fluorenones. Although these compounds were not
conclusively identified in this study, the presence of ni
trofluorenone (in low abundance) was suspected in fraction
3 of the trap SOF.

Phenanthrene and/or anthracene and their alkylated
derivatives were also present in relatively great abundance
in a number of the HPLC fractions of the methanolic
extract of the mode 4 base-line and trap SOF and VOC.
These compounds were expected to partition into the
hexane fraction; due to their great abundance and the
slight solubility of hexane in methanol, however, these
PAH were also found in the methanolic fraction. The same
explanation can be given for the presence of pyrene and
fluoranthene. The vapor pressures of anthracene, phen
anthrene, pyrene, and fluoranthene are sufficiently high
that they could be present either on particulate or in the
gaseous phase (20); this was the case in this study.

Four nitro-PAH compounds were tentatively identified:
nitronaphthalene, dimethylnitroanthracene/dimethyl
nitrophenanthrene, methylnitroanthracene/ methylnitro
phenanthrene, and nitropyrene/nitrofluoranthene. Ni
tronaphthalene was found in fraction 3 trap '10C while
the other nitro-PAH were found in fraction 4 SOF. Ni
tropyrene was found only in fraction 4 of the trap SOF.
This correlates with the expected elution of t)'ese com
pounds from the HPLC. Nitronaphthalene and nitro
pyrene are known to be direct-acting mutagens (37), as are
nitrofluorenone and nitroanthracene (38). However, all
of the mutagenic nitro-PAH seemed to be present at low
or trace levels and probably would not account for all of
the observed mutagenicity of the fractions that comprise
them.

None of the hydroxynitro- or polynitro-PAH isomers
were detected in any of the most active fractions. A variety
of these compounds, especially the derivatives of pyrene,
fluorene, and fluorenone, have been reported as compo
nents of diesel exhaust (35, 39-41). The polar nature,
thermal instability, and low concentrations of these com
pounds make their quantitative detection by gas chro
matography somewhat difficult. Sample discrimination
is a previously identified problem, and cold on-column
injection techniques have been prescribed (40) for im
proved recoveries. Schuetzle and co-workers (35) reported
that hydroxynitropyrene, some isomers of which have been
identified as mutagens (20), decomposed to pyrenequinone.
However, neither hydroxynitropyrene nor pyrenequinone
have been conclusively identified in any fraction in this
study.

Most of the detected heterocyclic compounds, i.e., di
benzothiophene, xanthone, and acridine/phenanthridine,
are present in relatively large abundance in fractions 3 and
4. Quinoline/ isoquinoline was tentatively identified as a
low abundance component of fraction 3 of the trap VOC.
Jensen and Hites (38) found the major heterocyclic com
pounds in diesel particulate to be dibenzothiophene,
xanthone, and thioxanthone. Of the heterocyclics tested
for mutagenicity, however, only quinoline has been re
ported to be mutagenic (42).

Anthracenedione, a weak mutagen (43), was found in
only the VOC (base-line and trap) fraction 3. Schuetzle
has proposed that quinones may be VOC sampling arti
facts produced by the reaction of XAD-2 resin with ex
haust gas (20).

The ceramic trap surface probably provides active (as
well as adsorptive) sites for PAH. The expected reactions

at the trap operating temperatures and in the presence of
oxygen, unburned fuel, nitric and sulfuric acids, and N02
include oxidations, nitrations, alkylations, and the for
mation of sulfonates. In the Ames-active HPLC fractions
that were chemically characterized, an increase in type and
concentration of nitro-, polynitro-, and oxynitro-PAH was
therefore expected.

Although more types of compounds were identified in
the trap SOF and VOC samples than for base line, this
may be due to differences in the sample background levels
and the analyte concentrations for the various HPLC
fractions. The compounds that were unique to the trap
samples included heterocyclics (dibenzothiophene, xan
thone, and quinoline/isoquinoline), ketones and aldehydes
(cyclopenta[deflphenanthrenone, C-2 aldehyde of naph
thalene, methylfluorenecarboxaldehyde, and octahydro
methylnaphthalenone), and nitro compounds (nitro
fluoranthene/nitropyrene and nitronaphthalene). On the
basis of these qualitative screens, it did appear that there
were indeed more oxidative processes occurring that al
tered the composition of the particulate-associated SOF
and the VOC collected with the ceramic trap than without
the trap. Compounds unique to trap SOF extracts in
cluded methylfluorenecarboxaldehyde, nitropyrene/ni
trofluoranthene, and octahydromethylnaphthalenone; the
latter compound was not previously reported for diesel
exhaust. Dihydroxymethylfluorene and methylnitro
anthracene/phenanthrene were unique to the base-line
SOF, although dimethylnitroanthracene/phenanthrene
was identified in both base-line and trap SOF. Di
hydroxymethylfluorene was previously reported in one
study by Schuetzle and co-workers (35), which focused on
polar PAH of the particulate phase. It is reasonable to
assume that such a compound would predominate in the
particulate phase due to its decreased volatility.

Of the 12 compounds identified that were unique to
VOC, only 2 (C-3 ketone of anthracene/phenanthrene and
C-4 alkylfluorenone) were found in the base-line VOC and
not in the trap VOC. Previously reported diesel exhaust
components that were found only in the trap VOC in this
study included xanthone (20), nitronaphthalene (33), di
benzothiophene (29), C-3 alkylnaphthalene (44), and cy
c1openta[deflphenanthrenone (29). Methyldibenzo
thiophene (45), C-2 alkylfluorene (29), anthracene/ phen
anthrene (29), and anthracenedione (29) occurred in both
base-line and trap VOC extracts.

These observations correlate well with the principles
associated with the operation of the trap, i.e., decreases
in particulate and SOF, provision of surfaces and increased
residence time for oxidations, and increases in the pro
portion of VOC to SOF. Quantitative concentration data
for specific PAH compounds would be needed to support
these qualitative observations.

All samples had common components that were classi
fied as contaminants. Several phthalate esters (from
laboratory plastics) and a homologous series of poly
siloxanes (from many potential sources including the GC
injection port liner, its O-ring seal, and the analytical
column itself) gave intense and characteristic fragment
ions, the most common of which were m/e 279, 167, and
149 for phthalates and m/e 429, 355, 281, 207, and 133 for
the siloxanes.

Conclusions and Recommendations
Sampling and analysis protocols were developed to de

termine some of the PAH components of the most muta
genic subfractions of particulate-associated and gaseous
phase diesel hydrocarbon extracts in order to assess the
effects of particulate traps. The use of the traps caused
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reduced raw exhaust mutagenicity and emissions ofTPM,
SOF, SOL, and SOi- at modes 4 and 5. At mode 5, the
traps also reduced HC, VOC, NO, NO.. and N02 emissions.

The moderately polar HPLC subfractions of mode 4
methanolic SOF and VOC exhibited the highest muta
genicity. A significant portion of the activity of these
fractions was shown to be due to the presence of nitro
compounds. The use of S9 metabolic activation had little
effect on the mutagenicity of the mode 4 trap or base-line
SOF; mutagenicity of the mode 4 VOC with S9 activation
more than doubled (in terms of raw exhaust emissions)
when the traps were used.

Twenty-eight PAH were identified, but these qualitative
differences did not account for the observed difference in
mutagenicities of base-line and trap samples. However,
three compounds (anthracenedione, nitronaphthalene, and
quinolinejisoquinoline) tentatively identified as unique
components of the VOC are reported mutagens (42, 43).

More oxygenated P AH compounds were identified as
components of the trap SOF and VOC extracts than for
base line, which is consistent with the proposed mechanism
of the trap's function (i.e., retention of particulate and
oxidation of retained exhaust products). Although the
separation scheme employed was an effective means of
concentrating mutagens, it should be coupled with quan
titative analyses of PAH known to be mutagenic in future
studies.

The observed levels of mutagenicity and the similarities
in the composition of the SOF and VOC underscore the
importance of collecting and analyzing both the particu
late-associated and gaseous-phase hydrocarbons when
attempting to quantitate the biological activity or envi
ronmental impact of diesel exhaust emissions and control
devices. As recommended by Williams and co-workers
(46), quantitative PAH measurements that are the sum
of particulate and gaseous-phase levels are less dependent
upon the sampling system than are the levels in each phase
separately.

The effects of the exhaust and sampling systems also
need to be quantitated in order to make meaningful in
terlaboratory comparisons or extrapolate laboratory data
to the environment. The muffler, dilution tunnel, gas
transfer lines, filters, and other collection media all provide
considerable surface area for the sorption, condensation,
agglomeration, and revolatilization of exhaust products.
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Toxic Chemicals, Including Aromatic and Chlorinated Hydrocarbons and
Their Derivatives, and Liver Lesions in White Croaker (Genyonemus
lineatus) from the Vicinity of Los Angeles

Donald C. Mallns,' Bruce B. McCain, Donald W. Brown, Mark S. Myers, Margaret M. Krahn, and Sin-Lam Chan

Environmental Conservation Division, Northwest and Alaska Fisheries Center, National Marine Fisheries Service, National
Oceanic and Atmospheric Administration, U.S. Department of Commerce, Seattle, Washington 98112

• High concentrations of toxic chemicals in sediment and
white croaker (Genyonemus lineatus), as well as liver
diseases (e.g., carcinomas) in this species, were found in
the Los Angeles area. The highest concentrations of aro
matic hydrocarbons (AHs) in the sediment were in San
Pedro Bay, and the highest concentrations of l,l,l-tri
chloro-2,2-bis(p-chlorophenyl)ethane (DDT) derivatives
were in sediment from near the White Point sewer outfall.
Concentrations of AHs,'polychlorobiphenyls (PCBs), and
DDT derivatives were generally higher in food organisms
(benthic invertebrates) from the croaker's stomach than
in sediment. Moreover, croaker from San Pedro Bay and
White Point were substantially contaminated with DDT
derivatives and metabolites of aromatic compounds (in
bile), compared to croaker from the Hyperion outfall and
Dana Point (reference area). The evidence suggests that
the observed pathological conditions of the liver were as
sociated with exposure of the croaker to toxic chemicals,
which occurred, at least in part, through the ingestion of
contaminated food organisms.

Introduction

Bottom-feeding fish in urban coastal waters are exposed
to myriad toxic chemicals (1, 2), and several studies in
dicate that many of the chemicals accumulate in these fish
(3, 4) and thus create a potential for altering their health
(5-8). For example, accumulations of metabolites of toxic
chemicals in the bile (9, 10), of English sole, Parophrys
vetulus, from Puget Sound were recently shown to be
associated with liver diseases, including liver cancers. In
another study (5), similar associations were observed be-

• Address correspondence to this author at his present address:
Pacific Northwest Research Foundation, Seattle, WA 98104.

tween toxic chemicals [e.g., aromatic hydrocarbons (AHs)]
in sediments and various diseases in English sole.

Marine waters adjacent to Los Angeles are known to
receive considerable amounts of industrial and municipal
wastes (11-13). This environment thus affords an op
portunity to expand limited knowledge available on the
bioaccumulation, disposition, and food chain transfer of
toxic chemicals. White croaker Genyonemus lineatus,
were of particular interest because of their wide distribu
tion along the California coast and because they are an
important component of the skiff sports fishery. This
bottom-feeding fish also forms the basis for a growing gill
net fishery and is a mainstay of pier catches in Southern
and Central California (14). Love et aI. (14) reported that
adult white croaker spawn in shallow waters (8-12 m) and
younger fish tend to reside in shallow waters, migrating
to deeper waters (22-36 m) as they become mature adults.
Accordingly, chemical analyses were performed on sedi
ments and on stomach contents (food organisms), liver,
and bile from white croaker collected in the Los Angeles
area (San Pedro Bay and near the 5-mi Hyperion and
White Point sewer outfalIs) and a nonurban reference area
(Dana Point) (Figure 1). Observations were also made on
histopathologic conditions in these fish.

Methods and Materials
Sediment samples and white croaker were collected in

December 1984 from San Pedro Bay (Queensway Bay,
Cerritos Channel, and near Reservation Point) and from
the vicinity of the White Point and 5-mi Hyperion sewer
outfalls (Figure 1). Comparable samples were obtained
from Dana Point in September 1984. Surface sediments
(top 2 em) were collected with a modified Van Veen grab
(0.1 m2

), and three grab samples taken at each site were
composited. Between 23 and 27 white croaker, collected

Not subject to U.S. Copyright. Published 1987 by the American Chemical Society Environ. Sci. Technol., Vol. 21, No.8, 1987 765



H"YPerion 20 Nautical Miles

0\ . LOS ANGELES

.1'"'11-.<>

<"°'9
0

C'+ '.

~.
"'11-1-~ Dana Pt. .

Santa" < CD
Catalina 6
Island

CD
~White

Point

LOS ANGELES
l'
N

Long Beach

1 Nautical Mile

figure 1. Map showing locations of sampling sRes In the vicinity of Queensway Bay (sRe 1), CerrRos Channel (sRe 2), Reservation Point (sRe
3), WhRe Point sewer outfalls (sRe 4), (Inset) near the 5-m1 Hyperlon outfall (sRe 5) and Dana Point (sRe 6). The coordinates for the sampling
sRes were as follows; Queensway Bay, 33° 45' 20" N X 118° 11' 20" W; CerrRos Channel, 33° 43' 49" N X 118° 14' 48" W; White Point,
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at each site by otter trawl, were measured (mm), weighed
(g), and necropsied. At each site, the following samples
were collected for chemical analyses: bile, from 10 indi
vidual fIsh; stomach contents (food organisms), a composite
from 10 fIsh; liver, a composite from 5 fIsh. The mean
lengths (mm) of fish from each site used for chemical
analyses were as follows: Queensway Bay, 221 :l: 41;
Cerritos Channel, 153 :l: 13; Reservation Point, 200 :l: 36;
White Point, 201 :l: 7; Hyperion, 255 :l: 7; Dana Point, 191
:l: 21. All samples were kept at -20 ·C until analyzed.
Sediments and stomach contents were analyzed for a broad
spectrum of AHs and chlorinated hydrocarbons (CHs) by
using capillary column gas chromatography with mass
spectrometry, flame ionization, and electron capture de
tectors (15). A high-pressure liquid chromatographic/
fluorescence detection technique (9, 10) was employed to
measure metabolites of aromatic compounds in bile. This
technique was used because analyses of AHs (e.g., com
ponents of fossil fuels and their combustion products) in
tissues are of limited value due to the extensive metabolism
of these compounds, especially in the liver (16-18). Sam
ples of liver tissues were analyzed (15) for the more met
abolically resistant CHs (2). Stomach contents from a
composite of five fish were also collected at each site and
preserved in 10% neutral, buffered formalin for taxonomic
characterization. Also, as part of the fish necropsy pro
cedure, liver tissue was routinely collected for histopa
thological examination and preserved and processed by
previously reported methods (5). Lesion classification
followed previously described diagnostic criteria (19-23).

Results
Chemicals in Sediments and Stomach Contents.

Sediment-associated AHs, including benzo(a]pyrene (BaP),

788 Environ. ScI. Technol., Vol. 21, No.8, 1987

were found at the San Pedro Bay sites at summed con
centrations of 890-2800 ng/g dry weight. ("Summed
concentrations" refers to total concentrations of com
pounds in Table I; all concentrations for sediments, stom
ach contents, and liver are on a dry-weight basis.) Con
centrations of AHs in sediment from Dana Point were
generally close to, or below, the limits of detection (Table
I). The highest concentrations of 1,1,I-trichloro-2,2-bis
(p-chlorophenyl)ethane- (DDT-) related compounds and
PCBs were found in sediments from the vicinity of the
White Point sewer outfalls (summed concentrations, 1300
and 520 ng/g, respectively). The concentrations of DDT
and related compounds were 15 and 100 times lower than
those previously reported for sediments collected in the
vicinity of this site by Brown et al. (24) in 1982 and by
Young et al. (25) in 1976, respectively. These differences
do not necessarily imply reductions in sediment concen
trations over time; they could be due to an uneven dis
tribution of chemical contaminants in surface sediments
at the White Point site.

Stomach contents (food organisms) of white croaker
captured inside San Pedro Bay contained substantially
higher summed concentrations of AHs than did samples
from the Hyperion and White Point sites (Table I). For
example, the stomach contents from Cerritos Channel had
20 times the summed concentrations of AHs (30000 ng/g)
than did the sample from the Hyperion site. Concentra
tions of AHs in the stomach organisms from Dana Point
were all close to or below the limits of analytical detection
(Table I).

Highest concentrations of CHs in the stomach contents
were found in fish from near White Point; the summed
concentrations of DDT-related compounds and PCBs were
13000 and 1000 ng/g, respectively (Table I). DDT and
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Table II. Concentrations of Metabolites of Aromatic
Compounds, Measured at Benzo[a )pyrene (BaP) and
Naphthalene (NPH) Wavelengths, in Bile of White Croaker

'It was not possible to obtain sufficient bile from fish sampled
at this site in December 1984; accordingly, values obtained from a
subsequent sampling (August 1985) are given. 'Individual com
pounds in the bile were determined in our laboratories by gas
chromatographicjmass spectroscopic analysis. The results (wet
weight) from the analysis of bile from one white croaker from
Reservation Point, for example, were as follows: BaP, 160 ngjg;
dibenzofuranol, 1500 ngjg (two isomers); 9-tluorenol, 520 ngjg;
tluoranthanol, 6400 ngjg (two isomers); pyrenol, 21000 ngjg (three
isomers); 3-hydroxybenzo[o]pyrene, 44 ngjg.

related compounds were not detected in the stomach
contents from the Dana Point fish; however, 480 ng/g
PCBs were found. Relatively high concentrations of both
DDT and related compounds and PCBs were found in the
stomach contents of fish from the Cerritos Channel,
Queensway Bay, and Hyperion sites.

The taxonomic analyses of stomach contents revealed
that the white croaker had fed primarily on benthic in
vertebrates. Analyses were performed on stomach contents
of fish from the Queensway Bay, Cerritos Channel, Res
ervation Point, and Hyperion sites. (Sufficient sample was
not available from the White Point fish for taxonomic
analysis.) The mean percentages, by weight, of the iden
tifiable food organisms for the four sites were as follows;
53 ± 13% polychaetes, 27 ± 10% crustaceans, 4 ± 2%
bivalves,7 ± 2% small fISh, and 7 ± 4% nemertean worms.
(Only trace amounts of nonbiological material, mostly fme
sand particles, were found in the stomach contents.) The
composition of food organisms in fISh from Dana Point was
quite similar to that of fish from the other sampling sites
(41 % polychaetes, 12% crustaceans, 9% bivalves, 5%
small fish, and 6% nemertean worms), except that bra
chipods (27 %) were also found.

Chemicals in Liver and Bile of White Croaker. CHs
were present in the livers of white croaker from all six sites;
however, substantial differences in concentrations were
found between samples from Dana Point and those from
the Los Angeles area. For example, summed concentra
tions of DDT and related compounds in the livers of the
White Point fish (100000 ng/g; Table I) were about 70
times higher than those in the livers of the Dana Point fish.
Relatively high concentrations of these compounds were
also found in the livers of fish from the Queensway Bay,
Cerritos Channel, and Reservation Point sites. In San
Pedro Bay, the summed concentrations of PCBs in livers
were 6 and 25 times higher for Reservation Point and
Cerritos Channel fish, respectively, compared to livers from
the Dana Point fish (Table I).

In addition, the analyses of bile (Table II) revealed large
differences in concentrations of metabolites of aromatic
compounds in fISh from the Los Angeles area (except those
from the Hyperion site) compared to fish from Dana Point,
regardless of whether the values were obtained at BaP or
naphthalene (NPH) wavelengths. The values obtained at
BaP and NPH wavelengths primarily represent metabo
lites of polynuclear AHs, characteristic of fossil fuel com-

site

Queensway Bay (1)
Cerritos Channel (2)
Reservation Point (3)'
White Point (4)
Hyperion (5)
Dana Point (6)

equivalents. mean ± SD,
ngjg (wet weight)

BaP (n) NPH (n)

330 ± 160 (11)' 140000 ± 52000 (11)'
5500 ± 1200 (8) 330000 ± 100000 (6)
3700 ± 3100 (7) 410000 ± 230000 (7)
960 ± 1600 (12) 170000 ± 61000 (12)
78 ± 25 (5) 64000 ± 47000 (5)
79 ± 75 (8) 39000 ± 13000 (8)

bustion products, and metabolites of diaromatic hydro
carbons present in the kerosene/gasoline fraction of pe
troleum, respectively. White croaker from Cerritos
Channel had concentrations of bile metabolites fluorescing
at BaP wavelengths that were approximately 75 times
higher than those obtained from the Dana Point and the
Hyperion outfall fish. The pattern of values obtained at
NPH wavelengths was similar to that for BaP; the highest
concentrations measured at NPH wavelengths were for bile
of white croaker from certain sites in San Pedro Bay (e.g.,
Cerritos Channel and Reservation Point), whereas the
lowest values were from the Dana Point and Hyperion fish.
The bile metabolite values obtained at BaP wavelengths
from the Dana Point and Hyperion fish were comparable
to those obtained with English sole from nonurban ref
erence areas in Puget Sound (6, 7, 9, 10); however, the
NPH values in white croaker were 5-7 times higher.

Liver Lesions in White Croaker. The white croaker
subjected to chemical analysis were also examined for
histopathological conditions. Of the liver lesions detected,
only the most apparently serious conditions are reported
here. A more detailed description of the histopathological
characterstics of these lesions will be presented elsewhere
(26). The liver lesions included neoplasms, putatively
preneoplastic lesions (Le., basophilic foci of hepatocellular
alteration), megalocytic hepatosis, and hepatocellular nu
clear pleomorphism (5-7, 19,21-23,27,28). The types of
fish liver neoplasms and the sites from which they were
captured are as follows: a cholangiocellular carcinoma in
one fish (25 fish examined) from Queensway Bay; a he
patocellular carcinoma in one fish (25 fish examined) from
near Reservation Point; a cholangioma in one fish (25 fish
examined) from near the Hyperion outfall (Figure 2). A
basophilic focus was detected in the liver of another fish
from Queensway Bay. Megalocytic hepatosis was detected
only in white croaker from Cerritos Channel, at a preva
lence of 13% (3 of 23 fish). It is noteworthy that none of
the above-mentioned liver lesions were detected in fish
from Dana Point (27 fish examined). The prevalence of
nuclear pleomorphism in white croaker from Cerritos
Channel (26.1 %) was significantly higher (P:S 0.05) than
that in fish from Dana Point (3.7%) and near Reservation
Point (4.0%) as determined by the G test for heteroge
necity (29).

In other fish (20, 30) and mammalian species (31), the
probability of developing detectable liver neoplasms, as
well as certain other liver lesions, increases with age.
Because the presence of white croaker with liver neoplasms
at the Los Angeles sites could partially be due to the
capture and sampling of older fish rather than the results
of exposure to environmental carcinogens, it is important
that the age composition of white croakers from reference
areas be comparable to that of croaker from urban areas.
The approximate mean age of white croaker with liver
neoplasms and preneoplasms, estimated from a published
growth curve (14), was between 5 and 7 years (mean length
= 255 ± 30 mm). Only two white croaker with lengths
corresponding to this 5-7-year age group were captured
at Dana Point (the reference site); however, 32 white
croaker in this age group (mean length = 249 ± 18 mm),
collected during the same time period in 1984 along the
central coast of California (Bodega Bay and San Francisco
Bay) as part of NOAA's National Status and Trends
Program, did not have detectable liver neoplasms or pre
neoplastic lesions (32).

Discussion
The chemical analyses revealed that sediments from the

Los Angeles area contained substantially higher concen-
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Figure 2. Photomicrographs of livers of white croaker showing rep
resentative histopathological cond~ions. (A) Liver w~h normal archi
tectlKe, Including hepatocytes arranged in regular cords of a thickness
of 1 to 2 cels, w~ the cords separated by slnusoids. Arrows indicate
melanomacrophage centers: 13~X, hematoxylin and eosin (H and E).
(B) Cholangiocellular carcinoma in the liver of a male white croaker
from San Pedro Bay. The biliary cells composing the neoplasm were
anaplastic and had a disorganized arcMecture. The borders of the
nodule were itTegular, and neoplastic components had clearly invaded
the SLrTounding normal parenchyma: 80X, H and E. (C) Cholangioma
in the liver of a female wh~e croaker from the s~e near the Hyperlon
5-mi outfall. The ductular structures In the nodule were composed of
moderately well-differentiated biliary ep~helium, and the noninvasive
margin (arrows) of the nodule was SLrTounded by normal parenchyma:
80X, Hand E.

trations of AHs and CHs compared to sediments from
Dana Point. Most striking, however, were the differences
in concentrations of AHs and CHs in the biological samples
with respect to the Los Angeles area and Dana Point.
Differences, for example, in the concentrations of bile
metabolites measured at BaP wavelengths for fish from
Cerritos Channel and Reservation Point were, as indicated,
many times greater than those for Dana Point. These
findings provide clear evidence of the high degree to which
the white croaker form the Los Angeles area had been
exposed to toxic chemicals. Interestingly, the concentra
tions of aromatic compounds in the bile of fish from
Cerritos Channel and Reservation Point were higher than
those obtained with English sole from Eagle Harbor in
Puget Sound where the sediments were heavily impreg
nated with creosote AHs (7). In Eagle Harbor, the English
sole had bile values, determined at BaP wavelengths, of
21 ± 1500 ng/g (7).

The observed high degree of uptake of aromatic com
pounds, such as fossil fuel hydrocarbons, by white croaker
from the Los Angeles area and the contamination of food
organisms with AHs and CHs have not been reported
previously. In this regard it is important to point out that

the application of the relatively new technique for bile
analysis (9, 10) made it possible to firmly establish the
uptake and metabolism of aromatic compounds by white
croaker.

Chlorinated hydrocarbons have previously been iden
tified in white croaker from the Los Angeles area. Brown
et al. (4) reported concentrations of DDT and related
compounds similar to our values for livers of white croaker
from White Point and Dana Point (178000 and 2800 ng/g,
respectively, converted to dry weight by using a multiplier
of 5; n = 10 per site). Gossett et al. (12) reported the
concentrations of DDT and related compounds in muscle
of white croaker from White Point and Dana Point to be
38000 and 700 ng/g, respectively. Although studies re
ported by Young et al. (33) and Bascum (34) demonstrated
that body burdens of DDTs and PCBs increased with
trophic level, no prior evidence relating to the important
question of contamination of food organisms consumed by
white croaker, or the route(s) of uptake of chemicals by
this species, was provided.

The liver neoplasms, preneoplasms, and other liver le
sions (e.g., megalocytic hepatosis) in white croaker, dem
onstrated here for the first time, resemble those found in
bottom-feeding fish from other polluted coastal areas (5-7,
19,20,27). Furthermore, the megalocytic hepatosis, as well
as the neoplastic and preneoplastic liver lesions in the
white croaker, compares morphologically to those identi
fied in laboratory animals exposed to toxic and/or carci
nogenic chemicals (21, 28). Overall, the chemical and
biological findings suggest a possible relationship between
toxic environmental chemicals and the observed liver le
sions; however, on the basis of previous data from Puget
Sound (2,5-7, 10), it was surprising to find relatively low
prevalences of neoplastic and preneoplastic liver lesions
in the white croaker from the Los Angeles area. Clearly,
more work is needed to determine if these differences are
species-related and/or are attributable to other factors. In
this regard, we do not feel that seasonal variability was a
significant factor in the differences observed. For example,
there is no reason to believe on the basis of present evi
dence that tissue concentrations of xenobiotics would vary
significantly over a 3-month period. Moreover, for the five
sites sampled in a single month (December), substantial
differences were found in concentrations of chemical
contaminants in sediments and fish, as well as in preva
lences of fish diseases.

The benthic invertebrates eaten by the Los Angeles fish
had apparently bioconcentrated AHs and CHs present in
polluted sediments. That is, the concentrations of chem
icals in the food organisms were generally higher than those
in the sediment. For example, food organisms of the fish
from Cerritos Channel had concentrations of summed AHs,
PCB, and DDT-related compounds that were 34, 8 and 58
times those in the sediment, respectively.

The observed contamination of the fish through the
consumption of benthic food organisms revealed an im
portant route of exposure to toxic chemicals; however,
other routes are possible-both AHs and CHs are known
to be bioconcentrated by fish from the sediment (35, 36)
and water column (16,37,38). Undoubtedly, the relative
impact on the croaker of the various routes of exposure
will have to await further studies in the field and labora
tory.

Clearly, the complementary use of chemical analytical
data on stomach contents, bile, and liver of the white
croaker, in conjunction with histopathologic examination
of the liver, has provided an important new dimension on
the pollution problems of the Los Angeles area that would
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not be generally attainable from sediment analyses alone.
Moreover, in the broad sense, the findings reported here
heighten interest in the extent of contamination of food
chain organisms in urban coastal environments and the
consequences to higher forms of marine life and to humans.
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Movement and Neutralization of Alkaline Leachate at Coal Ash Disposal
Sites

Masahlro Sakata

Central Research Institute of Electric Power Industry (CRIEPI), 1-6-1 Otemachl, Chiyoda-ku, Tokyo 100, Japan

• Chemical analyses have been carried out on core samples
of coal ash and soil taken from two coal ash disposal sites
in Japan. The results showed that alkaline leachate con
taining relatively high amounts of Ca2+ and SOl- moves
downward through the coal ash and the underlying soil
layers and that calcium carbonate with low solubility is
secondarily formed in the coal ash layer. The pH of the
underlying soil layer ranged from 5.7 to 8.1. It was ob
served that the coal ash leachate is neutralized mostly near
the coal ash-soil interface, primarily due to ion exchange
of H+ and AJ3+ with Ca2+ in the leachate.

Introduction
The high ash content of coal is one of the inherent

disadvantages in coal-fired power generation. Approxi
mately 3.8 X 1()6 tons of coal ash was produced by electric
utilities in Japan in 1984, and 42% of the coal ash was
beneficially used for cement and concrete products, road
construction, etc. (1). The balance (58%) was disposed
of by landfill in coastal or inland areas. The establishment
of ash disposal facilities is important for new coal-fired
power plants.

Fly ash from coal-fired power plants occasionally pro
duces highly alkaline leachate containing relatively high
levels of trace elements such as chromium, arsenic, boron,
and molybdenum (2-6). Thus, the expanding use of coal
for petroleum in power generation may lead to the increase
in environmental problems related to coal ash disposal. To
clarify potential surface water and groundwater pollution
caused by coal ash disposal, it is necessary to study the
interaction of the coal ash leachate with soils.

In general, it is expected that the alkaline leachate from
coal ash will be neutralized through interaction with the
acidic soils that are common in Japan. In order to obtain
data on movement and neutralization of alkaline leachate
at actual coal ash disposal sites, core samples of coal ash
and soil were taken from two sites in Japan. Chemical
analyses were performed on these samples.

Experimental Section
Site Description. Schematic illustrations of coal ash

disposal sites studied are shown in Figure 1. The disposal
sites are located in inland areas of Japan. The disposal
periods were 1964-1973 at site A and 1978 at site B. The
areas of disposal sites A and Bare 12.6 and about 2 ha,
respectively. Both power plants A and B utilize low-sulfur
(about 0.5%), high-ash (about 35%) domestic coal, and
there are no significant differences in coal firing methods
between the two power plants. More than 80% of the coal
ash produced is collected by electrostatic precipitators and
cyclone collectors of power plant A and by electrostatic
precipitators of power plant B.

Sampling. Cores containing coal ash and soil (core
diameter, 86 mm) were taken by boring at one station in
each disposal site during July 1984. The thickness of the
coal ash layer and the unsaturated soil layer at the sam
pling station of disposal site A was 11.6 and 2.1 m, re
spectively. At the sampling station of disposal site B, the
thickness was 3.5 and >3.6 m, respectively (the ground
water level was not reached at this site). Each core was
immediately cut into 10- or 20-cm sections. Fly ash sam-

pies were obtained from one of the hoppers of the elec
trostatic precipitator of each power plant.

Analytical Procedures. Coal ash and soil samples
were air-dried at room temperature. Particle size distri
bution of soil sieved to a <2-mm fraction was determined
by the hydrometric method (7). Chemical analyses of coal
ash and soil were carried out upon the fraction that passed
through a OA-mm sieve to remove coarse particles. The
levels of chemical constituents, except for pH, were nor
malized to dry-sample weight. The analytical procedures
are described below. The bulk mineralogy of the selected
coal ash and soil samples was also examined by X-ray
powder diffraction measurement, with a Rigaku Denki
diffractometer (Model RV-2(0) with copper Ka radiation
at 50 kV and 200 mAo

Major Elements in Coal Ash. Coal ash samples were
dissolved by fusion with Na2COS for the determination of
Si, AI. Fe, Ca, and Mg and with CaCOs for the determi
nation of K and Na. Then, the solution obtained after
decomposition was analyzed for Si by gravimetry and for
AI, Fe, Ca, Mg. K, and Na by atomic absorption spec
trometry. Total carbon contents were measured with a
CHN analyzer (Yanagimoto Model MT-2).

pH of Coal Ash and Soil. Coal ash or soil sample was
mixed with distilled water at 1:2.5 weight ratio for 24 h
at room temperature. Then, the pH in the supernatant
was determined with a glass electrode pH meter.

Water-Soluble Constituents in Coal Ash and Soil.
A total of 10 g of coal ash or soil sample was extracted with
25 mL of distilled water for 2 h at room temperature. The
procedure was repeated 3 times. Then, the combined
solution was analyzed for Ca. Mg, K, and Na by atomic
absorption spectrometry and for S04 S by ion chroma
tography. Prolonging the extraction time may decrease
the amounts of Ca, Mg, and S04 extracted from coal ash,
due to precipitation and/or adsorption on ash particles (6).
No significant amounts of the water-soluble Ca. Mg, K,
Na, and S04 were released from coal ash or soil after the
third 2-h extraction. Therefore, three successive 2-h ex
tractions were selected somewhat arbitrarily to leach
chemical constituents in the water-soluble fraction of coal
ash and soil. The water-soluble constituents in coal ash
may be representative of those leached from coal ash with
infiltration of rainwater and snowmelt water.

Carbonate Carbon in Coal Ash and Soil. Carbonate
carbon in coal ash or soil was determined by digesting the
sample with 1 M CHsCOOH solution while bubbling N2
gas, passing the evolved CO2into a 0.02 M Ba(OH)2 so
lution, and then titrating the remaining Ba(OH)2 with
standard 0.1 M HCI solution (8).

Cation-Exchange Capacity and Exchangeable
Cations in Soil. A total of 2-5 g of soil sample was treated
with 100 mL of neutral 1 M CHsCOONH4solution (9) for
24 h at room temperature. Then, Ca, Mg. K, and Na in
the solution were determined by atomic absorption spec
trometry. The exchangeable Ca2+, Mg2+, K+, and Na+
contents of the soil were calculated by subtracting the
water-soluble fraction from the amounts leached by this
treatment. The exchangeable H+ and AJ3+ contents (ex
change acidity) of the soil were calculated from the dif
ference between the sum of the exchangeable Ca2+, Mg2+,
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Flgwe 1. Schematic presentation of coal ash disposal snes.
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Figure 2. Vertical distribution of pH and contents of water-soluble
consmuents in coal ash.

Table II. pH and Contents of Water-Soluble Constituents
in Fresh Fly Ashes

Thic kness of
unsaturated soil:

>3m

Thickness of

cool ash:

3-5m

Thickness of
unsaturated soil·

2 - 3 m

Thickness of
cool ash:

10- 12m

Covering
soil « IOem)

A disposal site

B di sposa I site

fresh ash

ele· disposal site A disposal site B power power
ment mean range mean range plant A plant B

Si 271 262-276 268 259-279 275 273
Al 121 108-129 131 12~139 114 130
Fe 33.0 29.8-39.0 27.2 22.7-34.2 39.9 28.4
Ca 16.7 14.~18.0 22.4 20.2-23.9 22.3 19.2
Mg 11.0 9.7-13.3 9.6 8.&-10.3 12.1 10.2
K 22.2 20.4-24.6 20.8 19.2-23.5 16.9 19.2
Na 7.7 7.1-8.5 5.6 4.7~.5 8.1 6.8
C 21.9 8.~31.1 14.0 9.8-19.2 20.7 10.9

Table I. Bulk Composition Data for Weathered Coal Ashes
from Disposal Sites and for Fresh Fly Ashes (as mg/g)

K+, and Na+ contents and the cation-exchange capacity
(CEC) determined by the method of Peech et a1. (9), be
cause the contents of other exchangeable bases such as
NH/ and Ba2+ were negligibly small «0.1 mequiv/100
g). In most acidic soils, exchangeable H+ and AJ3+ con
tribute to soil acidity (10), although their contents in the
soils studied were not determined directly.

Organic Carbon in Soil. Organic carbon in soil was
determined with a CHN analyzer (Yanagimoto Model
MT-2) after the residue had been treated with 0.5 M HCI
solution to remove carbonates.

Dithionite-Extractable Iron in Soil. A total of 0.5
g of soil sample was extracted with 25 mL of solution
containing 0.5 g of sodium dithionite and 5 g of sodium
citrate (11) for 24 h at room temperature, and iron in this
solution was measured by atomic absorption spectrometry.
The dithionite-extractable iron is regarded as being derived
chiefly from iron oxide and hydroxide in soil.

Results and Discussion
Chemical Constituents of Coal Ash. Table I sum

marizes the bulk composition data (8i, AI, Fe, Ca, Mg, K,
Na, and C) for weathered coal ashes from the disposal sites
and also for fresh fly ashes. There was no significant
difference at the 95% confidence level in the average
contents of major elements except for Ca and Na in the
weathered ashes between the two disposal sites. The
contents of major elements, other than C, were almost
constant with depth in the coal ash layers at disposal sites
A and B. The bulk composition of the fresh ashes from
power plants A and B is similar to that of the weathered
ashes from disposal sites A and B, respectively.

Figure 2 shows the vertical distribution of pH and
water-soluble Ca, Mg, K, Na, and 80. 8 amounts in the

coal ash. The pH of coal ash was 7.7-10.3 at disposal site
A and 8.9-10.7 at disposal site B. Thus, coal ashes from
disposal sites A and B produce alkaline extracts. The pH
of coal ash is relatively low close to the surface and then
in deeper layers reaches a nearly constant value. Relatively
high concentrations of Ca and 80, 8 are observed in the
water-soluble fraction of coal ash. The amounts of
water-soluble Ca, K, Na, and SO. 8 of coal ash increase
gradually with increasing depth in the core. This result
shows that Ca, K, Na, and SO. are leached from the
water-soluble fraction and then migrate to the deeper layer
through infiltration of water. Vertical distribution of
water-soluble Mg in the coal ash layer is quite different
from that of other constituents, and its content is low in
coal ash with pH >9.5. It is likely that the water-soluble
Mg content of coal ash is controlled by carbonate and
hydroxide solid phases, as described by Talbot et al. (12).

There is a high positive correlation between water-sol
uble Ca and 80, 8 contents, which is represented by a
straight line passing close to the origin with a slope of 2.4
(Figure 3). Thus, the Ca/80. 8 weight ratios in the
water-soluble fraction of coal ash samples exceed the value
of 1.25 corresponding to gypsum or anhydrite, which is the
dominant sulfate species in most coal ashes (13, 14) (Figure
3). It was seen from the anion concentrations in the water
extract of coal ash under CO2-free conditions (15) that the
percentages of HC03- and COl- equivalents in the total
anion (OH-, 80/-, HC03-, COl-, and Cn equivalents are
57-81% for disposal site A and 39-75% for disposal site
B. This suggests that the significant part of water-soluble
Ca in coal ashes taken from disposal sites A and B was
dissolved as carbonate.

Table II gives the pH and water-soluble Ca, Mg, K, Na,
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Table III. Extractability (%) of Ca, Mg, K, alld Na from
Weathered Coal Ashes ill Disposal Sites alld from Fresh
Fly Ashes

fresh ..h

ele- weathered ..h power power
ment mean range plant A plant B

Ca 0.63 0.30-1.20 8.9 10.4
Mg 0.15 0.009--{).48 0.008 0.008
K 0.11 0.01-0.25 0.22 0.32
Na 0.21 0.07-0.40 0.98 1.07

and 80. 8 amounts in the fresh fly ashes from power
plants A and B. Both fresh fly ashes produce extremely
alkaline extracts containing a large amount of Ca relative
to other constituents. That is similar to the extracts of
many fly ashes from coal-fIred power plants in Japan. The
high alkalinity of extracts from fresh fly ashes is largely
attributable to the hydrolysis of calcium oxide. The sig
nifIcantly low amount of water-soluble Mg is probably due
to the precipitation of brucite under high alkaline con
ditions (12).

Chemical Reactions of Coal Ash. Table III indicates
the extractability of Ca, Mg, K, and Na from weathered
coal ashes in disposal sites A and B and from fresh fly
ashes (the percentages of the contents of water-soluble
constituents for the total contents of ash). The extremely
low extractability of Mg from fresh fly ashes is probably
caused by the precipitation of brucite under highly alkaline
conditions, as described previously. The extractability of
Ca from weathered coal ashes after landfIlling in disposal
sites A and B is 0.3-1.2%, which is signifIcantly lower than
that (-10%) from fresh fly ashes before landfilling.
Compared to the extractability of Ca, there is a small
difference in the extractability of K and Na between
weathered coal ashes and fresh ashes. This may be due
to the following: (1) a large amount of Ca was leached from
coal ash after landfilling and then migrated to the un
derlying soil layer with inflltrating water; (2) Ca-bearing
water-soluble solids in coal ash were transformed to less

soluble compounds after landfilling.
It is generally assumed that Ca2+ in coal ash leachate

migrates vertically and is adsorbed on the underlying soil
through ion-exchange reactions, as will be described in the
next section. Thus, the amount of Ca migrating to the
underlying soil layer is estimated from the vertical dis
tribution of exchangeable Ca2+ content in the soil layer,
according to Figure 4, although the background level of
exchangeable Ca2+was not always constant because of the
heterogeneity of soil (Figure 6). The amounts in 40-50
and 10-20-cm layers were used as background levels of
exchangeable Ca2+in the soil layers at disposal sites A and
B, respectively (Figure 6). The results indicate that the
amounts of Ca migrating to the underlying soil layers are
560 g/m2in disposal site A and 190 g/m2in disposal site
B, which are only 0.37% and 0.28% of the total amounts
of Ca (A, 150 kg/m2; B, 68 kg/m2) in the coal ash layers
at disposal sites A and B, respectively. Therefore, the
relatively low extractability of Ca from the coal ashes of
disposal sites A and B is primarily due to the transfor
mation of Ca-bearing water-soluble solids to less soluble
compounds after landfilling.

The coal ashes at sites A and B contained carbonates.
The carbonate C content of coal ash ranges from 0.44 to
1.66 mg/g. On the other hand, the carbonate C content
of fresh ashes from power plants A and B is less than 0.03
mg/g. The extremely high pH of extracts from fresh ashes
is largely attributable to hydrolysis of calcium oxide, as
assumed earlier. A portion of the calcium oxide upon
contact with water is later converted to less soluble calcium
carbonate by carbon dioxide from ambient air and/or soil
environment. Thus, calcium carbonate is secondarily
formed in coal ash after landfllling. In fact, calcitic calcium
carbonate was identified in the ash samples by X-ray
diffraction. Assuming that all of the carbonates in the coal
ashes from disposal sites A and B are in the form of cal
cium carbonate (CaC03), the Ca content of carbonate is
estimated to be 1.5-5.5 mg/g, which corresponds to
10-25% of the total Ca content in the coal ashes. The
formation of calcium carbonate in coal ash after landfJIling
is likely to account for the difference in the extractability
of Ca between weathered and fresh ashes (Table III).

Movement and Neutralization of Coal Ash Leach
ate in Soil. 80il texture at disposal site A, based on
particle size measurements, varied with increasing depth
in soil from clay loam or silty clay loam to loamy sand. On
the other hand, soil texture at disposal site B was pre
dominantly clay loam or clay, independent of depth in soil.
The organic C content of the underlying soil layer was
3.1-10.3 mg/g in disposal site A and 0.3-13.7 mg/g in
disposal site B. The soil layer below about 1.2 m depth
at disposal site B contained little organic matter (0.3-1.1
mg/g as organic C). Carbonate C content in the underlying
soil layers at both disposal sites was less than the detection
limit (0.03 mg/g as carbonate C). The bulk mineralogy
of the soils was similar in both disposal sites and was
dominated by quartz and feldspars. The mineralogy of the
clay fraction «2 /Lm) was not determined by X-ray dif
fraction analysis.

Figure 5 shows the vertical distribution of pH and the
contents of water-soluble constituents (Ca, Mg, K, Na, and
80.8) in the underlying soil layer. Figure 6 shows the
vertical distribution of cation-exchange capacity (CEC) and
exchangeable cations (Ca2+, Mg2+, K+, Na+, and H+ and
AI3+) in the soil layer. The percentages of exchangeable
cation contents in CEC are also included in Figure 6.

The water-soluble 80. 8 content in the underlying soil
in disposal site B decreased with depth (Figure 5), clearly
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Figure 4. Schamatlc presentation of vertical distribution of ex
changeable Ca2+ content In soil.

P, . Dry density (g/cm')

showing that coal ash leachate containing high concen
trations of SOl- has moved vertically through the soil
layer. It is generally assumed that new water infiltrating
from the coal ash layer simply pushes old water downward
in the unsaturated soil layer without mixing and dispersion
(16,17). Therefore, the average velocity at which SOl
moves through soil can be estimated from the depth (130
cm) to which SOl- from the coal ash leachate has reached
(Figure 5) in the time (6 yr) since the start oflandfilling.
The estimated velocity at disposal site B was 20 cm/yr.
The soils from disposal site B contain 3.1-16.4 mg/g of
dithionite-extractable Fe, which is regarded as being de
rived chiefly from iron oxide and hydroxide (11). The soils
may have adsorbed SOl- to some extent during the in
filtration of coal ash leachate, because iron oxide and hy
droxide are considered to be active SOl- adsorbents (18,
19). This suggests that the average infiltration velocity
of coal ash leachate through soil at disposal site B was
somewhat more than 20 cm/yr.

The vertical distribution of water-soluble S04 S at dis
posal site A was quite different from that at disposal site
B. Slightly higher levels were observed in the deeper soil
layer (Figure 5). This vertical distribution probably re-
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Figure 5. Vertical distribution of pH and contents of water-soluble constituents In soil.

774 Environ. Sci. Technol., Vol. 21, No.8, 1987



A disposa I sile

~ 0.5

o
'"

~

Q.
"o 1.5

21--¥-~~,------1-~-----1f---~--+------j-----+--------i

o 20 40 60 0 10 20 30 0 10 20 30 0 5 10 15 0 20 40 60

% for CEC

B disposal sile

I
I
I,
L

10150 2Q40 ro

CEClmlQAOOQI C"~""",1OOQ1

2

K+ImoQIlOOQI NO+_/IOOQI H++A l"i /lOOQ)

00t-l¥-~~~t----.;<--*-.,.¥-..!;r-~~4.......!;r-+-'-+-7..,7i:'-+--'T''-->T-=-'f-T- 11"5---,

0.5

E

0

'"
c:

~

Q.
"0 1.5

% for CEC

Figure 8. Vilrtical ~lributkiil. of catiolHtxchange capaclty (CEO) and exi:h8ngeeble cation COllients In 101. Broken lines represent the percentages
of exchangeable calion conlents fOr CEO.

flects the rapid dissolution of sulfates in coal ash during
early stages of leaching, as described by Dudils (20). The
infiltration front of coal ash leachate may luive already
descended to the groundwater level because of the lapse
of 20 yr since laIidfilling.

The water-soluble Ca content in the soil layer at disposal
site a rapidly decreased with depth to a background level.
The vertical distribution of water-soiuble Ca is quite
different from that of water-soluble SO. S (Figure 5). The
relationship between water-soluble Ca and SO. Scoritents
of cOal ash samples is represented by a straight line passing
close to the origin with a slope of 2.4 (Figure 3). However,
as shown in Figure 7, the Ca/Sq. S weight ratios in .the
water-soluble fraction of soil Sllmples were mostly less than
unity. These results show tluit. Ca2+ in the coal ash leac
hate was adsorbed on the underlying soU layer through ion
exchlUlge. The exchangeable Ca2+ content and alSo its
percentage for CEC in the soil layer are higher near the
coal ash--5oil interface and decreased with depth in the
upper soil layer (Figure 6). This vertical distribution of
exchangeable Ca2+ is attributed to the adsorption of Ca2+

in the coal ash leacluite ort the underlying soil layer. In
contrast to the exchangeable Ca2+ content, the exchange
able Ii+ IUld Al3+ contents (exchange acidity) and also their
percentages for CEC of the soil layer in the coal ash dis
posal sites studied were re1li.tively low near the coal ash--50il
interface and increased with depth in the upper soil layer,
although iIle background values are not always certain due
to the heterogeneity of the soil (Figure 6). This shows that
H+ and Al3+ were desorbed from the soil layer through ion
exchange during the infiltration of the coal ash leachate.
Therefore, the vertical distribution of exchangeable Ca2+,
H+, and Al3+ in the soil layer indicates that the neutrali
zatioh of alkaline coal ash leachate is primarily due to the
exchange of H+ and Al3+ for Ca2+ irt coal ash leachate, i.e.

2H+--50il + Ca2+ + 20H-· Ca2+--5oil + 2H20

2/sAI3+--50il + Cli2+ + 2()H- Ca2+--5oil + 2/3Al(OHls

The pH of the underlying soil layer ranges from 5.7 to 8.1,
arid the pH in the upper layer (0-20 cm) at disposal site
B rapidly decreased with depth from 8.1 to 6.6 (Figure 5).
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carbon dioxide from the ambient air and/or the soil en
vironment.

(3) It was clearly observed that coal ash leachate moves
downward through the soil layer. The average infIltration
velocity of coal ash leachate through soil at disposal site
B was estimated to be somewhat more than 20 cm/yr on
the basis of the vertical distribution of water-soluble S04
S.

(4) The pH of the underlying soil layer ranged from 5.7
to 8.1. The vertical distribution of pH and exchangeable
Ca2+, H+, and AP+ in the soil layer showed that the neu
tralization of alkaline coal ash leachate is primarily due
to the exchange of H+ and AP+ for Ca2+ in coal ash leac
hate and that the neutralization occurs mainly near the
coal ash-soil interface.
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Figure 7. Relationship between water-soluble Ca and SO, S contents
in soil.

These results show that the neutralization of coal ash
leachate occurs mainly near the coal ash-soil interface.
Thus, no effect of coal ash leachate on pH of groundwater
was observed at disposal sites A and B.

The exchangeable Mg2+, K+, and Na+ contents of the
soil layer show unsystematic vertical profiles, which were
probably due to the heterogeneity of the soil (Figure 6).
It is likely, however, that Mg2+ and K+ in the coal ash
leachate were adsorbed on the underlying soil layer
through ion exchange, because the water-soluble Mg and
K contents in the soil layer at disposal site B rapidly de
creased with depth to a background value (Figure 5). On
the other hand, the water-soluble Na content in the coal
ash layer is smaller than the water-soluble Ca, K, and S04
S contents (Figure 2), although the water-soluble fraction
of the underlying soil layer contains relatively high levels
of Na (Figure 5). In addition, the vertical profile of
water-soluble Na in the soil layer was similar to that of
water-soluble S04 S (Figure 5). These results suggest that
there was little adsorption of Na+ in the underlying soil
layer through ion exchange during the infiltration of coal
ash leachate.

Conclusions

In order to clarify movement and neutralization of al
kaline leachate at coal ash disposal sites, core samples of
coal ash and soil were taken from two sites (disposal sites
A and B). Chemical analyses have been performed on
these samples. The major results from this study are as
follows:

(1) The vertical distribution of pH and the contents of
water-soluble constituents (Ca, Mg, K, Na, and S04 S)
showed that the coal ashes from disposal sites A and B
produce alkaline leachates containing relatively high
amounts of Ca2+ and SO/-, which move downward with
infiltrating water.

(2) The extractability of Ca from weathered coal ashes
after landfilling in the disposal sites (the percentage of the
water-soluble Ca content for the total Ca content of ash)
was 0.3-1.2%, which was significantly less than that (~
10%) from fresh fly ashes before landfilling. This dif
ference is primarily due to the transformation of water
soluble calcium oxide to less soluble calcium carbonate by

Registry No. Si, 7440-21-3; AI, 7429-90-5; Fe, 7439-89-6; Ca,
7440-70-2; Mg, 7439-95-4; K, 7440-09-7; Na, 7440-23-5; C, 7440
44-0.
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Aqueous Ozonolysis Products of Methyl- and Dimethylnaphthalenes

Michael D. Gaul,' Gregor A. Junk, and Harry J. Svec

Ames Laboratory, Iowa State University, Ames, Iowa 50011

• The ozonolyses of 1- and 2-methylnaphthalene and 1,2-,
1,3-, 1,4-, and 2,3-dimethylnaphthalene were performed in
dilute aqueous solution, and the resulting nonperoxidic
products were extracted, concentrated, and identified.
Identification of the ozonolysis products was confirmed
by comparison of retention indexes and mass and infrared
spectroscopy data with those from authentic samples when
possible. The compound identifications were facilitated
by comparisons with products from parallel ozonolysis
reactions performed in n-hexane and methanol at higher
concentrations. The aqueous ozonolysis of 1-methyl
naphthalene yielded four major products: 2-acetylbenz
aldehyde due to the cleavage of two double bonds and (E)
and (Z)-3-(2-acetylphenyl)-2-butenal and (Z)-3-(2-acetyl
phenyl)propenal due to the cleavage of a single double
bond. The products resulting from the ozonolysis of 2
methylnaphthalene and the isomeric dimethyl
naphthalenes were analogous to those formed for 1
methylnaphthalene.

Introduction
Current methods of water treatment using chlorination

are known to produce chlorinated hydrocarbons from
dissolved humic and fulvic acids and other trace organic
compounds (1-3). Virtually all of these chlorinated hy
drocarbons tend to persist in the environment and bio
accumulate, and many have been shown to be toxic or
oncogenic. The production of chlorinated hydrocarbons
is one of many problems caused by chlorination that has
increased the popularity of ozonation as an alternative for
water treatment.

The question of ozonation byproducts is only just be
ginning to be addressed. There have been a few reports
involving the ozonation of natural and waste water (4-8)
where elevated concentrations of hydroxy aromatic com
pounds, alkyl phthalates, aliphatic aldehydes and acids,
alkanes, and aromatic hydrocarbons were found in waste
water. One problem with these reports is that the pre
cursors to many of the compounds produced were un
known. A simpler approach than studying the complex
mixtures in ozone-treated natural or waste water is to
characterize incomplete ozonation products from model
compounds such as aliphatic alcohols, ketones, acids (9,
10), amino acids, sugars (11), and, perhaps most impor
tantly, benzene derivatives (12-17) and polynuclear aro
matic hydrocarbons (18-26).

Increased interest in the benzene derivatives is due to
the fact that many, such as phenols, are toxic and known
to be present in industrial wastes or to be produced under
certain conditions with ozone. Interest in the polynuclear

• Address correspondence to this author at his present address:
Dow Corning Corp., Midland, M1 48640.

aromatic hydrocarbons (PAHs) has been generated be
cause of the toxicity and carcinogenicity of these com
pounds and the possibility that ozone might promote the
formation of epoxides. Epoxides of the PAHs, in general,
show a tendency to be toxic and carcinogenic (27). The
reaction of the simplest PAH naphthalene with ozone in
water has been reported (22-26), but only three of these
reports had any specific information about the mechanism
or products produced. There have been no studies in
volving the aqueous ozonation of the methyl- and di
methylnaphthalenes despite the fact that these compounds
are known contaminants of potable water supplies at trace
levels (28) and they are principal constituents of crude oils
and oil products (29) that regularly contaminate our water
systems. Naphthalene and its methyl derivatives are also
generally more soluble in water than the higher molecular
weight fused-ring aromatic compounds, and consequently,
their partial ozonation products are of greater concern.

The mechanism shown in Figure 1 is general for the
ozonolyses of naphthalene derivatives in "participating"
or nucleophilic solvents, although it is written specifically
for the reaction in methanol, the solvent most frequently
chosen for mechanistic studies. Ozone has electrophilic
character and, therefore, normally adds to the most elec
tron-rich ring of a substituted naphthalene, Le., the
methylated ring for the methyl- and dimethyl
naphthalenes. Ozone adds to the double bond via a 1,3
dipolar cycloaddition to form the unstable 1,2,3-trioxalane
ring system, which rearranges to form an aldehyde or ke
tone and the carbonyl oxide. The zwitterionic carbonyl
oxide is very reactive, and therefore, in participating
solvents, such as methanol or water, the zwitterion reacts
with the solvent to form a methoxy or hydroxy interme
diate. The reaction sequence is then repeated for the
second double bond, which generally reacts with ozone
much more easily due to the lesser degree of resonance
stabilization of this bond. The breaking of the second
double bond yields two intermediates, an aromatic meth
oxy or hydroxy hydroperoxide and a two-carbon iiliphatic
hydroperoxide. In aqueous solution, the aromatic hydroxy
hydroperoxide either decomposes to phthalaldehyde and
hydrogen peroxide or cyclizes. The cyclic peroxide is
isolatable (24) but easily decomposed in the presence of
acid and a reducing agent to phthalaldehyde.

This general mechanism appears to be operable for the
ozonolysis of the isomeric methyl- and dimethyl
naphthalenes in dilute aqueous solution as described in
this paper. Efforts were made to simulate the ozonation
conditions of natural or waste water treatment, and an
emphasis was placed on the qualitative characterizations
of the secondary, nonperoxidic reaction products since
these would be the compounds most likely to persist after
water treatment. The particular isomeric dimethyl-
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Figure 1. General mechanism lor ozonolysis 01 naphthalene In par
ticipating solvents such as methanol and water (30).

naphthalenes were chosen for two reasons. The fIrst reason
was that the alkyl substitution can have a strong effect on
the orientation of the reaction and the products produced
when ozone attacks an unsaturated system (30, 31). The
second reason was that the methyl groups can act as a
structural tag, much as an isotopic iabel, and this should
aid in the mass spectral identifIcation of unusual products.

Background knowledge for the products of the aqueous
ozonolyses was obtained by reacting these compounds with
ozone in n-hexane and methanol at higher concentrations.
Capillary gas chromatography (GC) and capillary gas
chromatography/mass spectrometry (GC-MS) were used
as the primary methods of product characterization.

Experimental Section
Solution Preparation. The methyl- and dimethyl

naphthalenes used for the ozonolysis experiments were
obtained from commercial sources. I-Methylnaphthalene,
2-methylnaphthalene, 1,2-dimethylnaphthalene, and 1,3
dimethylnaphthalene were obtained from Aldrich Chem
ical Co., Milwaukee, WI. 1,4-Dimethylnaphthalene and
2,3-dimethylnaphthalene were supplied by Pfaltz and
Bauer, Inc., Stanford, CT. Four of the six compounds were
used without further purifIcation; however, 2-methyl
naphthalene and 1,4-dimethylnaphthalene were purified
by passage through a short column of Florisil before use.
Aqueous solutions of I-methyl- and 2-methylnaphthalene
were prepared in l-L Erlenmeyer flasks by dissolving ap
proximately 18 mg of each in HPLC-grade water, supplied
by J. T. Baker Chemical Co., Phillipsburg, NJ. The so
lutions were stirred for 48 h at 30°C to dissolve the me
thylnaphthalenes and then equilibrated at 25°C before
actual concentrations of the methylnaphthalenes were
measured.

One-liter aqueous solutions of the dimethylnaphthalenes
were prepared in the same manner as the methyl
naphthalenes, except only 1.5-2.0 mg of each dimethyl
naphthalene was added to solution. The crystalline 2,3-
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dimethylnaphthalene was an exception. The aqueous so
lution containing 2,3-dimethylnaphthalene was heated to
95°C for 2 h with stirring and then held at 50-60 °C
overnight in an effort to dissolve the sample. The excess
2,3-dimethylnaphthalene was removed by fIltering with a
5 I'm porosity sintered glass funnel.

Reaction Conditions. The purity of the oxygen feed
gas was 96.6% or greater, and a 4-A molecular sieve drying
tube was used to remove any residual moisture. The
ozonater was a Model 03V9-0 ozone generator made by
Ozone Research and Equipment Corp., Phoenix, AZ. A
standard 5OO-mL gas wash bottle with a 12 mm coarse
porosity gas dispersion tube was used as an ozonation
vessel. The outlet of gas wash bottle was connected to an
all-glass cold trap in early experiments when purging of
the starting materials or products was a concern, but in
latter experiments this cold trap was omitted. The output
of the ozone generator was determined by iodometric ti
trations as described by Boelter et al. (32).

The aqueous ozonations of the methylnaphthalenes were
performed with 200 mL of the 1-L stock solutions. The
oxygen feed gas flow was 70 mL/min, and the discharge
tube pressure and current were 4 psi and 0.4 A, respec
tively. All reactions were performed at room temperature.
The reaction times were adjusted depending on the me
thylnaphthalene concentration and desired completeness
of reaction; generally, the reactions were stopped after
reaction of 95% of the starting material. Each reaction
solution was flushed for about 10 s with a high flow of
nitrogen to remove any residual ozone.

The aqueous ozonations of the dimethylnaphthalenes
were performed in the same manner as those of the me
thylnaphthalenes; only 300 mL of the stock solutions was
used for each ozonation.

The ozonations of n-hexane and methanol were per
formed with the same apparatus as the aqueous reactions
only at higher concentrations. Approximately 2.6-2.9
mmol of the methyl- and dimethylnaphthalenes was dis
solved in 150 mL of either n-hexane or methanol, and the
solutions were treated with ozone by using 0.8-1.0 L/min
oxygen flow, discharge tube pressure of 4 psi, and discharge
tube current of 0.7 A. Reactions were performed at room
temperature, and reaction time criteria were the same as
for the aqueous reactions. The reacted solutions were
purged for 1 min with nitrogen to remove residual ozone
and then covered and allowed to stand 48-72 h.

Product Isolation. The aqueous ozonation solutions
of 1- and 2-methylnaphthalene were acidified with 2.0 mL
of 1 M hydrochloric acid and then extracted with methy
lene chloride. The extracts were then dried over sodium
sulfate and concentrated with Kuderna-Danish evapora
tive concentrators as modified by Junk et al. (33). The
extracts were then transferred to 5.0-mL volumetric flasks
and diluted with methylene chloride and a small amount
of diazomethane reagent.

The ozonation solutions of the dimethylnaphthalenes
were treated in a similar manner as the solutions from l
and 2-methylnaphthalene, except that extraction volumes
were 75 mL and final solution volumes were adjusted to
1.0 mL.

The ozonation solutions in n-hexane and methanol were
simply concentrated before analysis. In the case of n
hexane, the concentrated solution was derivatized with
diazomethane.

The methylene chloride, along with all other organic
solvents used in this investigation, was supplied by Burdick
and Jackson Laboratories, Inc., Muskegon, MI, and was
redistilled before use.



Table I. Products from Ozonolysis of I-Methylnaphthalene in Water, Methanol, and a-Heune

retention % M yields in

product index H,O CHaOH CsA,. identification date

phthalic anhydride 1310 1 GC, GC-MS, GC-FTIR
2-acetylbenzaldehyde 1334 17 6 8 GC-MS, GC-FTIR
methyl 2-formylbenzoate 1354 1 GC, GC-MS, GC-FTIR
3-methoxyphthalide 1402 3 GC, GC-MS, GC-FTIR
methyl 2-acetylbenzoate 1414 3 46 GC, GC-MS, GC-FTIR
methyl 2-formyl-6-methylbenzoate (or isomer) 1420 2 5 GC-MS
methyl 2-formyl-3-methylbenzoate (or isomer) 1466 3 11 GC-MS, GC-FTIR
unidentified 1470 4' GC-MS
unidentified 1479 7' GC-MS
3-methoxy-4-methylphthalide 1497 4 GC-MS, GC-FTIR
dimethyl 3-methylphthalate 1542 2 GC-MS, GC-FTIR
(Z)-3-(2-formylphenyl)-2-butenal 1545 16 2 9 GC-MS
methyl (Z)-3-(2-formylphenyl)-2-butenoate 1566 5 GC-MS, GC-FTIR
(E)-3-(2-formylphenyl)-2-butenal 1583 5 GC-MS
methyl (E)-3-(2-formylphenyl)-2-butenoate 1616 3 GC-MS, GC-FTIR
methyl (Z)-3-[2-[(methyloxy)carbonyl]phenyl]-2-butenoate 1619 3 GC-MS, GC-FTIR
(Z)-3-(2-acetylphenyl)propenal 1622 11 GC-MS

• Dashes indicate a yield of less than 1% for the listed product. 'The yield of unidentified products was estimated by assuming that the
response factor for this product was equal to that of dimethyl phthalate.

Product Identification. All GC analysis for the ozo
nolysis products of the methyl- and dimethylnaphthalenes
was performed with a Carlo Erba Fractovap 4160 gas
chromatograph obtained from Erba Instruments, Inc.,
Peabody, MD. The capillary separations were made with
a fused silica SE-54 capillary, 30 m X 0.25 mm, made by
J & W Scientific, Inc., Rancho.Cordova, CA. Hydrogen
carrier gas, a splitless injection mode, and oven program
ming of 40-220 °C at 6 deg/min with a I-min initial hold
were used. The chromatographic output for most samples
was recorded with a HP3388 integrator obtained from
Hewlett-Packard, Avondale, PA. Kovats retention indexes
were recorded for all sample components by comparison
to a CS-C22 normal hydrocarbon standard (34). The
quantification of sample components was done with ex
ternal standards, making corrections for the extraction
efficiencies for the water reactions. The extraction effi
ciencies and response factors were estimated for products
for which there were no authentic samples.

Packed-column gas chromatographic analyses were
performed with a Perkin-Elmer 3920B gas chromatograph
from Perkin-Elmer, Norwalk, CT, by using either a 3%
SE-30, a 5% FFAP, or a Tenax column (1 m X 3 mm).
These columns were used solely for quantitative analysis
of starting materials with naphthalene as an internal
standard.

All GC-MS analyses were performed with a Finnigan
4000 equipped with a Model 8600 GC and the Incos 2300
data system, Finnigan Corp., Sunnyvale, CA. The scan
ning of the mass spectrometer and data collection was
controlled by a Data General Model Nova 3 computer with
the Incos 2300 software. Electron ionization at 70 eV was
used for all samples, and data were collected over the mass
range of 45-400 atomic mass units with scan cycle times
of 1 s. Chemical ionization spectra were recorded for some
samples with isobutane or methane as the reagent gas.
Data were collected over a 75-300 mass range, again with
a I-s scan cycle time. The gas chromatographic column
used was a fused silica DB-5, with the same temperature
programming described earlier and helium carrier gas. The
GC and GC-MS retention data were correlated with an
easily characterized major component as a reference com
pound.

Capillary gas chromatography-Fourier transform in
frared spectrometry (GC-FTIR) analyses were also per
formed on selected product mixtures with a Bruker-IBM

Model 98 Fourier transform infrared spectrometer ob
tained from IBM Instruments, Inc., Danbury, CT. The
instrument was linked to a Hewlett-Packard 5800 gas
chromatograph equipped with a thick film (1.0 I'm) fused
silica DB-5 capillary column, 30 m X 0.25 mm. The gas
chromatographic conditions were the same as those de
scribed previously. The scan rate of the instrument was
approximately 3.4 scans per second with 8ocm-I resolution.
Data were collected over the range of 4000-800 em-I.

Synthesis of Authentic Standards. An authentic
standard of 3-methoxy-3-methylphthalide was synthesized
from 2-acetylbenzoic acid by refluxing in HCI-acidified
methanol. Some of the properties of 3-methoxy-3
methylphthalide have been reported in the literature (35).
A mixture of cis- and trans-l,3-dimethoxyphthalan was
made from phthalaldehyde and 3-methoxyphthalide was
made from 2-formylbenzoic acid by the same procedure
as that described for 3-methoxy-3-methylphthalide.

Results and Discussion
Product Characterization. Tables I-IV list the name,

retention index, molar yields, and identification data of
the ozonolysis products for each of the methyl- and di
methylnaphthalenes in water, methanol, and n-hexane.

All the products characterized from the six aqueous
ozonolysis reactions were aldehydes and ketones. No acids
were characterized. Determination of the extraction ef
ficiencies of aromatic acid products, such as 2-acetylbenzoic
acid and 2-formylbenzoic acid, at 1 ppm concentrations
indicated that these products would have been isolated if
present. Previous studies (24-26) involving the aqueous
ozonolyses of naphthalene had shown increased yields of
phthalaldehyde in comparison with reactions in organic
solvents, but not to the total exclusion of the aromatic acid
products. Acidic products would be expected from the
oxidation of corresponding aldehydes by peroxides present,
particularly hydrogen peroxide formed by elintination from
the hydroxy hydroperoxide precursor as shown in Figure
1. Ozone should playa minor role in the formation of acids
because it is relatively unreactive toward aldehydes (30).
Apparently little or no oxidation of tlte aldehydes occurred,
probably because the solutions were 2.5-40 times more
dilute than in previous work (26) and product residence
times in the water were short.

The products resulting from the cleavage of two double
bonds in the naphthalene ring system were expected on
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identification data

GC, GC-MS, GC-FTIR
GC, GC-MS, GC-FTIR
GC, GC-MS, GC-FTIR

GC, GC-MS, GC-FTIR
GC-MS, GC-FTIR
GC, GC-MS, GC-FTIR
GC, GC-MS, GC-FTIR
GC-MS, GC-FTIR
GC-MS, GC-FTIR
GC-MS
GC-MS, GC-FTIR
GC-MS, GC-FTIR
GC-MS
GC-MS
GC-MS, GC-FTIR
GC-MS
GC-MS
GC-MS
GC-MS
GC-MS

5
5

9

14
3 3
5 4
5 4

16 14

CH,OH C.H"

10 12
6

2
2
2
2
2

2
2

4

_4

9

H20

201238
1310
1318
1321
1354
1360
1402
1455
1474
1479
1517
1520
1530
1554
1569
1574
1601
1612
1621
1658
1664

retention
indexproduct

phthalaldehyde
phthalic anhydride
(E)- and (Z)-1,3-dimethoxyphthalan

methyl 2·formylbenzoate
2-formyl-4-methylbenzaldehyde
3-methoxyphthalide
dimethyl phthalate
methyl 2-formyl-5-methylbenzoate (or isomer)
methyl 2-formyl-4-methylbenzoate (or isomer)
(Z)- 2·(3-oxo-1-butenyl)benzaldehyde
3-methoxy-6-methylphthalide (or isomer)
3.methoxy-5-methylphthalide (or isomer)
(Z)·3-(2-formylphenyl)·2-methylpropenal
(E)-3-(2-formylphenyl)-2-methylpropenal
dimethyl4-methylphthalate
(Z)-3-(2-formyl-5-methylphenyl)propenal (or isomer)
(Z)-3-(2-formyl·4-methylphenyl)propenal (or isomer)
(E)- 2-(3-oxo-1-butenyl)benzaldehyde
(E)-3-(2-formyl-5-methylphenyl)propenal (or isomer)
(E)-3-(2·formyl-4-methylphenyl)propenal (or isomer)

4 Dashes mean a yield of less than 1% for listed product.

Table II. Products from Ozonolysis of 2-Methylnaphthalene in Water, Methanol, and n -Hexane

% Myields in

Table III. Products from Ozonolysis of l,2-Dimethylnaphthalene in Water, Methanol, and n -Hexane

retention % Myields in

product index H2O CH,OH C.H" identification data

(E)- or (Z)-1·methyl-1,3-dimethoxyphthalan 1296 2 GC-MS, GC-FTIR
phthalic anhydride 1310 2 2 GC, GC-MS, GC-FTIR
2-acetylbenzaldehyde 1334 65 11 8 GC-MS, GC-FTIR
3-methoxy-3-methylphthalide 1381 12 GC, GC-MS, GC-FTIR
3-methoxyphthalide 1402 7 GC, GC-MS, GC-FTIR
methyl 2-acetylbenzoate 1414 6 27 GC, GC-MS, GC-FTIR
unidentified 1479 9' GC-MS
methyl (Z)-3-(2-formylphenyl)-2-methyl-2-butenoate 1611 2 GC-MS
methyl 2·formyl-3,4-dimethylbenzoate (or isomer) 1617 3 GC-MS
(Z)-3·(2-formylphenyl)-2-methyl-2-butenal 1618 32 4 GC-MS
3-methoxy·6,7-dimethylphthalide (or isomer) 1647 3 GC-MS
methyl (E)-3-(2-formylphenyl)-2-methyl-2·butenoate 1685 6 GC-MS
(Z)-I-(2·acetylphenyl)-l-buten-3-one 1686 GC-MS

4 Dashes mean a yield of less than 1% for the listed product. b The yield of unidentified products was estimated by assuming that the
response factor for this product was equal to that of dimethyl phthalate.

identification data

GC-MS, GC-FTIR
GC, GC-MS, GC-FTIR
GC, GC-MS, GC-FTIR
GC, GC-MS, GC-FTIR
GC-MS
GC-MS
GC-MS
GC-MS
GC-MS
GC-MS

GC-MS, GC-FTIR

11

H20 CH,OH C,H"

8
11

27 12 14
4
8
7 26

21 3 4
3

1279
1296
1334
1381
1402
1414
1547
1578
1606
1611
1616
1637

retention
indexproduct

(E)- and (Z)-I-methyl-l,3-dimethoxyphthalan

2-acetylbenzaldehyde
3-methoxy-3-methylphthalide
3-methoxyphthalide
methyl 2-acetylbenzoate
(Z)-2·(l-methyl-3-oxo-l-butenyl)benzaldehyde
methyl 2-formyl-4,6-dimethylhenzoate (or isomer)
3·methoxy-4,6-dimethylphthalide (or isomer)
dimethyl 3,5-dimethylphthalate
methyl (Z)-2-(1-methyl-3-oxo-l-butenyl)benzoate
(Z)-3-(2·acetylphenyl)-2-methylpropenal

Table IV. Products from Ozonolysis of 1,3-Dimethylnaphthalene in Water, Methanol, and n -Hexane

% M yields in

4 Dashes mean a yield of less than 1% for the listed product.

the basis of previous literature results. The aromatic
products 2-acetylbenzaldehyde and phthalaldehyde from
1- and 2-methylnaphthalene were strong evidence that the
normal ozonolysis mechanism described in Figure 1 had
occurred. These two aldehydes would have been expected
from the decomposition of their respective hydroxy hy
droperoxides. As predicted from the mechanism, the

normal ozonolysis products for the dimethylnaphthalenes
were observed to be 2-acetylbenzaldehyde, phthaldehyde,
2-formyl-4-methylbenzaldehyde, and 1,2-diacetylbenzene,
as shown in Tables III-VI.

The predominate products for the aqueous ozonolyses
were from the cleavage of only one double bond in the
naphthalene ring system. Previous literature (30, 36, 37)
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Table V. Products from Ozonolysis of 1,4-Dimethylnaphthalene in Water, Methanol, and n -Hexane

retention % M yields in

product index H2O CHaOH C.H" identification data

(E)- and (Z)-1,3-dimethyl-I,3-dimethoxyphthalan 1328 3 GC-MS
1339 5

3-methoxy-3-methylphthalide 1381 11 GC, GC-MS, GC-FTIR
1,2-diacetylbenzene 1399 20 21 25 GC, GC-MS, GC-FTIR
methyl 2-acetylbenzoate 1414 4 7 GC, GC-MS, GC-FTIR
methyl 2-formyl-3,6-dimethylbenzoate 1538 3 GC-MS, GC-FTIR
methyl (Z)-3-(2-acetylpheny!)-2-butenoate 1585 3 4 GC-MS, GC-FTIR
(Z)-3-(2-acetylphenyl)-2-butenal 1598 17 6 GC-MS, GC-FTIR
(E)-3-(2-acetylphenyl)-2-butenal 1639 2 GC-MS

"Dashes mean a yield of less than I % for the listed product.

Table VI. Products from Ozonolysis of 2,3-Dimethylnaphthalene in Water, Methanol, and n -Hexane

retention % M yields in

product index H2O CHaOH C.H" identification data

phthalaldehyde 1238 4 7 27 GC, GC-MS, GC-FTIR
phthalic anhydride 1310 -" 15 GC, GC-MS, GC-FTIR
(E)- and (Z)-I,3-dimethoxyphthalan 1318 14 GC-MS, GC-FTIR

1321
methyl 2-formylbenzoate 1354 17 27 GC, GC-MS, GC-FTIR
3-methoxyphthalide 1402 18 GC, GC-MS, GC-FTIR
dimethyl phthalate and methyl 2-formylbenzoate dimethyl acetal 1455 20b 5' GC, GC-MS, GC-FTIR
(Z)-2-(2-methyl-3-oxo-I-butenyl)benzaldehyde 1549 8 GC-MS
2-formyl-4,5-dimethylbenzaldehyde 1557 12 GC-MS
methyl 2-formyl-4,5-dimethylbenzoate 1627 5 6 GC-MS
(E)-2- (2-methyl-3-oxo-l-buteny!)benzaldehyde 1638 GC-MS
3-methoxy-5,6-dimethylphthalide 1680 5 GC-MS, GC-FTIR
dimethyl 4,5-dimethylphthalate 1720 3 GC-MS

"Dashes mean a yield of less than I % for the listed product. bTotal yield of both compounds. 'Total yield of dimethyl phthalate only.

indicated that these products were usually not isolated
after the ozonolyses of naphthalene derivatives in organic
solvents because the second double bond, which is olefinic,
was expected to be more reactive than the first double
bond, which is aromatic. The only exception to this gen
eralization was the reaction of 1- and 2-naphthol (38, 39),
where the hydroxy group increased the rate of ozonolysis
of the first double bond relative to the second to the extent
that reaction rates were competitive. The only other report
of monoozonolysis products being characterized was by
Kruithof and Heertjes (25) for the aqueous ozonolysis of
naphthalene, although only very small amounts of the
monoozonolysis product were characterized early in the
reaction sequence before most of the naphthalene had been
consumed.

Some of the specific compounds characterized in this
investigation have not been reported in the literature. The
structure elucidation of these compounds is based pre
dominantly on interpretation of the EI and CI mass
spectra. Supplementary information was obtained from
carbonyl infrared absorption frequencies for products
formed in n-hexane and methanol.

The ozonolysis of 2-methylnaphthalene in water pro
duced all four possible monoozonolysis products resulting
from a double-bond cleavage in either the methylated or
unmethylated ring. The major product resulted from bond
cleavage in the methylated ring, and Figure 2 shows the
two structural possibilities with their expected base peak
mlz values. The base peak of this product at mlz 131 in
the EI spectrum and the pseudo molecular ion in the CI
spectrum at mlz 175 clearly indicate that an acetyl radical
is lost to form the base peak, and therefore, the upper
structure in Figure 2 is the only possible structure. The
EI and CI mass spectra for the remaining three products
were very similar, and therefore, structural assignments

©::HOYOCH3~ M/Z 131

r()Y~~o ~ M/Z 145
~CHO

FIgure 2. Two possible monoozonolysls products resuning from ox~

dation of the methylated ring of 2-methylnaphthalene along with the
base peak mlz values from each compound's EI mass spectrum.

were made on the basis of minor differences in the GC
retention indexes.

The ozonolysis of l-methylnaphthalene in water could
also produce two possible monoozonolysis products re
sulting from bond cleavage in the methylated ring. Un
fortunately, neither the base peak fragmentation nor the
CI mass spectra could distinguish between the two possible
products; however, evidence gathered from the reaction
of l-methylnaphthalene in methanol indicated that the
major product in water was (Z)-3-(2-formylphenyl)-2
butenal.

The monoozonolysis product from the aqueous ozono
lysis of 1,2-dimethylnaphthalene eluted at a retention in
dex of 1618. The base peak at mlz 159 in the EI mass
spectrum indicated that this product resulted from the
cleavage of the bond between carbons 3 and 4. This
cleavage is consistent with the predominate product found
for l-methylnaphthalene; however, in the case of 1,2-di
methylnaphthalene the alternate product resulting from
bond cleavage between carbons 1 and 2 was not found.

The product mixture resulting from the aqueous ozo
nolysis of 1,3-dimethylnaphthalene contained both possible
monoozonolysis products resulting from the oxidation of
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the methylated ring. Once again, the base peak distin
guished between the two products.

Finally, the aqueous ozonolysis of the symmetrical 1,4
and 2,3-dimethylnaphthalene yielded only one mono
ozonolysis product for each as indicated in Tables V and
VI, respectively.

The geometrical isomers of many of the monoownolysis
products were sometimes found in the product mixtures,
as indicated in Table I. The expected configuration around
the double bond of the monoozonolysis products is Z; i.e.,
the phenyl substituent and carbonyl-contsining substituent
are cis to one another. Unfortunately, the acidification of
the water solutions prior to extraction would be expected
to promote partial isomerizations of these double bonds
by protonation of the oxygen in the carbonyl substituent.
There was no direct spectral evidence to differentiate the
Z and E isomers of a particular product. However, the
assumptions were made that the E isomer was lower in
concentration, had a similar mass spectrum, and a later
GC retention time than the Z isomer. When the E isomers
appeared, there was usually little difficulty in making
structural assignments.

It is interesting that the monoozonolysis products were
predominant for the aqueous reactions. Apparently, the
second double bond to be broken during ownolysis of the
naphthalene ring system is very unreactive toward ozone
when the ozonolysis is performed in water. This unreac
tivity toward ozone may be due to steric interactions
promoted by the strong hydration of the polar function
ality formed during the course of the reaction. When the
first double bond is broken, the remaining double bond
and its polar substituents can assume anyone of several
configurations with respect to the benzene ring. The
configuration depends on both intramolecular steric in
teractions and intermolecular interactions, such as hy
dration of the polar functionality. The configuration of
this double bond and the degree of hydration of its polar
substituents will have a large effect on the bond's reactivity
toward owne, since the ozone molecule normally requires
an orthogonal access to the double bond. The second
double bond would be expected to have greater configu
rational freedom in organic solvents, including methanol,
where solvation occurs to a smaller degree. The product
characterizations in n-hexane and methanol were con
sistent with this idea since the monoozonolysis products
were isolated in these solvents as only minor components
of the product mixtures.

The product yields for the six ozonolysis reactions are
given in Tables I-VI. For many of the products, particu
larly the monoozonolysis products, these yields are not
exact because there were no authentic samples from which
to determine accurately the response factors and extraction
efficiencies. The response factors for monoozonolysis
products were estimated to be the same as that found for
cinnamaldehyde, or 1.5 relative to dimethyl phthalate. The
relative response factors for products resulting from the
cleavage of two double bonds, such as methyl 2-formyl
benzoate (0.94), phthalaldehyde (1.05), and 2-acetyl
benzoate (1.13), were predictably lower than those found
for the monoozonolysis products due to the lower car
bon-hydrogen content.

Another factor that could have affected product yields
was the purging of either starting material or product from
solution during the reactions. Experiments using 100
mL/min flow rates of just oxygen without owne generation
indicated that less than 5% of the starting materials were
purged from water solution during the time of ozonolysis
reactions. The most volatile product phthaldehyde had
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Figure 3. Chromatograms from the gas chromatographic analysis of
product mixlu'es resulting from the ozonolyses of 1-methytnaphthalene
in water with 4 (top). 12 (middle), and 48 (bottom) molar eqUv 01 ozone.

no tendency to be purged from solution.
One final note conerning the effect of large excesses of

ozone on reaction yields is as follows. Ozone is a powerful
oxidant, and it will continue to react with the primary
products, the ortho-substituted benzenes, after the methyl
or dimethylnaphthalene has been consumed. The primary
products are presumably degraded to short-chain, di
functional aldehydes, ketones, and acids and eventually
to carbon dioxide and water. Indirect evidence that this
occurred under the experimental conditions used in this
investigation is demonstrated with the GC product profiles
shown in Figure 3. The top profIle in Figure 3 results from
aqueous ozonolysis of 1-methylnaphthalene with only 4
molar equiv of owne, an insufficient amount for complete
reaction. The middle and bottom GC profiles represent
product mixtures resulting from the addition of 12 and 48
molar equiv of owne, respectively, to 1-methylnaphthalene.
With use of product 1334 to compare the profiles, it be
comes obvious that the concentrations of all products
decrease dramatically with increasing amounts of ozone
beyond that necessary for complete reaction of the starting
material. Although the ortho-substituted benzene products
would normally be thought of as quite resistant to further
oxidation, the addition of ozone had to be closely controlled
to prevent the degradation of these products and the re
sulting reduction of reaction yields based on these prod
ucts.

In general, the isolated product yields were reasonably
good. Total product yields were greater than 50%, not
including some minor unidentified products isolated for
some of the product mixtures, notably that obtained from
the reaction of 2,3-dimethylnaphthalene. The expected
mechanism of ozonolysis suggests that the unaccounted
molar yield of 2(}-50% for the six reactions is probably due
to hydroxy peroxides, which are stable to acid but not
volatile or stable enough to be gas chromatographed.
Support for this suggestion comes from the results of
qualitative tests for peroxides, which indicated their
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presence, and previous literature (24-26), which indicated
that the aqueous ozonolysis of naphthalene yields ap
proximately 45% of the stable cyclic hydroxy peroxide and
55% phthalaldehyde.

Ozonolysis in JJ-Hexane and Methanol. The fol
lowing paragraphs provide some general discussion con
cerning the products of the ozonolysis reaction performed
in n-hexane and methanol.

The product mixtilres resulting from the reactions in
n-hexane were quite different than those mixtures obtained
for the ozonolyses performed in water. The biggest dif
ference was the presence of the carboxylic acids in the
product mixtures from n-hexane. The acids were in all
cases the more highly oxidized form of the aldehydic
products observed in the aqueous ozonolyses. For example,
the reaction of I-methylnaphthalene yielded 2-acetyl
benzaldehyde and methyl 2-acetylbenzoate (after deriva
tization) as major products. Small amounts of the ex
pected ring-methylated products 2-formyl-2-methylbenz
aldehyde and methyI2-formyl-3-methylbenzoate were also
characterized. The expected monooz(molysis product
(Z)-3-(2-formylphenyl)-2-btitenal was characterized, but
its more highly oxidized analogue was not.

The presence of the acidic products was probably due
to the slightly different mechanism that exists in n-hexane
for the ozonolysis. The peroxide intermediates that are
produced during the ozonolysis in n-hexane are believed
to be predominantly polymeric (30) and insoluble in the
nonpolar solvent. The evidence for this was the observa
tion of a white flocculant solid that precipitated during the
course of the reaction. These polymeric peroxides then
decompose in a manner different from the intermediates
obtained in participating solvents, such as water and
methanol, and this decomposition can yield carboxylic acid
substituted products directly. Experimental evidence for
the oxidation of the n-hexane solvent also suggests that
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63112-99-2; methyl 2-formyl-3-methylbenzoate, 108293-41-0;
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formylphenyl)-2-butelloate, 108293-43-2; (E)-3-(2-formyl
phenyl)-2-butenal, 108293-44-3; (Z)-3-(2-acetylphenyl)propenal,

high concentrations of aliphatic peroxides might be re
sponsible for the oxidation of aldehydic functionality as
sociated with the aromatic products. Due to this peroxidic
environment, the product mixtUres in n-hexane were found
to be unstable with time.

Another basic difference between the product mixtures
in organic solvents and water was the fact that the mo
noozonolysis products were only minor products for the
reactions in n-hexane and methanol and were completely
absent in the product mixtures resulting from the reaction
of 2-methylnaphthalene and 2,3-dimethylnaphthalene in
the two organic solvents. In all cases, the molar yield of
the monoozonolysls products was less than 10%, and the
relative amounts of the monoozonolysis products, com
pared to those of products resulting from the Cleavage of
both double bonds, were dramatically different from that
found for the aqueous reactions. For the reactions in
organic solvents, the products resulting from the Cleavage
of both double bonds greatly predominated.

The ozonolysis product mixtures in methanol were much
more complex than the product mixtures obtained in water
or in n-hexane. The products obtained in methanol were
those expected from the previous literature (30); however,
the mixtures were complicated by the solvent's ability to
promote the formation of stable cyClization products, such
as acetals, ketals, and phthalides. One of the best examples
of this was the product mixture resulting from the reaction
of 2-methylnaphthalene in methanol. Not only were the
expected products phthalaldehyde and methyl 2-formyl
benzoate and the isomeric methyl 2-formyl-4(or 5)
methylbenzoates characterized, but their cyClized ana
logues (E)- and (Z)-I,3-dimethoxyt>hthalan and 3-meth
oxyphthalide and the isomeric 3-methoxy-5(or 6)
inethylphthalides were also found.

GC-FTIR was instrumental in conflI'Illing the structure
of many of the products formed In methanol. Isomeric
products such as methyl 2:formylbenzoate and 3-meth
oxyphthalide were difficult to discriminate on the basis
of their mass spectra, mainly because the molecular ions
and many of their fragment ions were the same, varying
only in intensity. Positive structure identification, how
ever, can easily be made by comparing their infrared
spectra as shown in Figure 4. The substituted benzoate
had two carbonyl adsorptions at 1743 and 1716 cm-l and
the phthalide had a single adsorption at 1813 cm-I .

Many compouhds characterized in this study were ideal
candidates for GC-ITffi analysis. Few organic functional
groups are as strongly absorbing in the infrared region as
the carbonyl; thus, sensitivity was excellent for carbonyl
or carbon~xygen single-bond adsorptions. In most cases,
the number of and the wavelength for the carbonyl ad
sorptions were ali that were required to confirm a structure
already partially elucidated by GC-MS. A library of GC
FTffi spectra (along with the mass spectra) for each of the
products and discussions of many interesting steric and
electronic effects on the carbonyl adsorption frequencies
is published elsewhere (40).
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(Z)-1-methyl-1,3-dimethoxyphthalan, 60026-76-8; (Z)-2-(1
methyl-3-oxo-1-butenyl)henzaldehyde, 108293-51-2; (Z)-3-(2
acetylphenyl)-2-methylpropenal, 108293-52-3; l,4-dimethyl
naphthalene, 571-58-4; (Z)-l,3-dimethyl-1,3-dimethoxyphthalan,
108293-53-4; l,2-diacetylbenzene, 704-00-7; (Z)-3-(2-acetyl
phenyl)-2-butenal, 108293-54-5; 2,3-dimethylnaphthalene, 581
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Biouptake of Chlorinated Hydrocarbons from Laboratory-Spiked and Field
Sediments by Oligochaete Worms

Barry G. Oliver"

Environmental Contaminants Division, National Water Research Institute, Canada Centre for Inland Waters, Burlington,
Ontario, Canada L7R 4A6

• The uptake and depuration of 37 chemicals from spiked
Lake Ontario sediments by oligochaete worms has been
studied at 8 and 20 ·C in laboratory aquaria. The worms
were found to rapidly accumulate the chemicals and reach
peak concentrations within 2 weeks. The concentration
of chemicals in the sediment pore water appeared to be
the major factor controlling the bioconcentration of
chemicals by the worms. The worm bioconcentration
factors increased with increasing octanol-water partition
coefficient of the chemicals. The worm-mediated fluxes
of the chemicals from the sediments have also been esti
mated. Depuration studies showed the half-lives of the
chemicals in the worms ranged from less than 5 days to
several months. Field worms and associated sediments
from Lake Ontario near the Niagara River were analyzed.
The agreement between the field and laboratory results
was good for the more persistent chemicals b'!t po~r for
the less persistent contaminants because of tIme differ
ences for sorting the two sample types.

Introduction

Contaminated sediments are a major problem in the
Great Lakes region and in many other industrialized
countries throughout the world. Many chlorinated hy
drocarbons exhibit a strong tendency for adsorption to
suspended and/or bottom sediments when they are dis
charged to the aquatic environment (1). Polychlorinated
biphenyls (PCB's) (2), chlorobenzenes (3), mirex (4), and
chlorostyrenes (5) are some of the chemicals that have been
found at high concentrations in Great Lakes sediments.
Knowledge of the bioavailability of these sediment-asso
ciated chemicals is a critical requirement for assessing their
potential hazards in sediments.

Benthic organisms can influence the availability of
chemicals in two ways: they can enhance the rate of dif
fusion of chemicals out of bottom sediments into the water
column by the process of bioturbation (6, 7), or they can
incorporate the chemicals into their tissue by absorption
from ingested sediments and/or pore water (8, 9). The
chemicals are then available to higher organisms such as
fish in the first case through bioconcentration from water
processes (10) and in the second case through the food
chain process (11). In a field study, Fox et al. (12) dem
onstrated a strong correlation between sediment hexa
chlorobenzene (HCB) concentration and oligochaete HCB
concentration for several Lake Ontario sediments. Poly
chaete worms in marine systems have been shown to ac
cumulate PCB's from contaminated sediments (13, 14).
The degree of accumulation by the worms seemed to be
inversely correlated with worm size (13) and likely with
organic matter content of the sediment (15).

In an earlier laboratory study it was demonstrated that
oligochaete worms could become contaminated by feeding
on and living in anthropogenically contaminated sediment
from Lake Ontario (8). In that study only a limited

• Address correspondence to the author at his present address:
ELI Eco Laboratories Inc., Rockwood, Ontario, Canada NOB 2KO.

Published 1987 by the American Chemical Society

number of chemicals could be studied because of detection
limit problems at the environmentally encountered con
centrations. In this study, spiked sediments were used to
obtain a broader compound coverage, and a flow-through
(instead of static) system was employed. Two different
temperatures, 8 and 20 ·C, were used to assess the effect
of this variable. Oligochaetes and associated sediments
were collected from several contaminated Lake Ontario
field sites to find out whether the laboratory-derived data
could be applied in the field.

Experimental Section
A large sediment sample (4.6% organic carbon) was

collected from the central basin of Lake Ontario for the
experiment. A sediment slurry (",,20% solids) was pre
pared to which the chemicals in acetone were added slowly
dropwise over a period of several days with constant
stirring. The spiked sediment slurry was then stirred
periodically and "aged" for 6 weeks prior to use. Karich
koff (16) has previously shown that, depending on the
chemical, days to several weeks may be required for dif
fusion processes within the sediments to achieve equilib
rium. Three kilograms of the sediment was then placed
in each of four (30 cm x 60 em x 30 cm deep) aquaria and
allowed to settle for 3 days (sediment depth 5-6 em). The
water supplied to the tanks was carbon filtered tap water
from Lake Ontario. The water was circulated through coils
submersed in 8 or 20 ·C thermostats prior to entering the
aquaria, and cooling coils at the appropriate temperature
were placed in each aquaria to maintain the temperature
at 8 ± 1 and 20 ± 1 ·C. The two tanks used at each
temperature were connected in series, and the water flow
rates were 110 ± 10 mL/min for the 8 ·C tanks and 150
± 15 mL/min for the 20 ·C tanks.

Approximately 13 g wet weight of worms (""7000
worms/m2) from Toronto Harbour (Lake Ontario) was
added to each tank to begin the exposure period. The
worms were analyzed before the start of the experiment
and found to contain insignificant concentrations of the
study chemicals. The worms, which were mainly Tubifex
tubifex and Limnodrilus hoffmeisteri, had an average dry
weight of 13% and a lipid content of 1%. In order to make
a correction for contaminant present in the gut on ingested
sediments, the dry worms were heated to 500 DC in a
muffle furnace to measure the amount of sediment they
contained. This sediment accounted for 15% of the worm
dry weight. Since concentration measurements showed
fecal pellets had virtually the same chemical concentrations
as sediments, the most cases, the gut sediments comprise
a negligible amount of contaminant in the worm. Worms
and sediments were recovered from the tanks after 4, 11,
39, and 79 days of exposure. At 79 days the remaining
worms from the two cold tanks were combined and placed
in an 8 DC tank containing clean Lake Superior sediments.
Similarly, worms from the two warm tanks were combined
and added to a 20 DC tank containing Lake Superior
sediments to begin the depuration phase of the study.
Samples were collected after 5, 12, 21, 36, and 84 days of
depuration.
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icals were lost from the sediments oyer the course of the
study. This observation &grees with field measurements,
which show these chemicals to be present lit fllirly high
concentr&tions in w&ter but at very low concentration in
sediments (27). The uptake of the chemicals by the worms
is shown for HCB and OCS in Figures 1 and 2. The
worms at 20°C seem to achieve their peak concentrations
faster than the worms at 8 ·C, probably because of higher
metabolic activity, but both worm sets reach about the
same maximum concentration.

A plot of maximum concentration fllctor (CF) vs. log
octanol/water partition coefficient (Figure 3) has a shape
similar to that found previously by Oliver (8). The CF
increases until log Kow reaches about 6; then, the CF levels
off and shows a decline for the larger molecules with very
high K.w's. The chemicals aBHC and lindane plot well
above the curve, probably because of their low sediment
affinity.

for all chemicals at both temperatures the chemicals
reached a maximum concentration; then the concentra
tions declined with continuing exposure. These obsllrva
tions can be readily explained by examination of the
changes in chemical concentrations in the water and pore
water in the aquaria. These concentrations wllre steady
for the first 2 weeks of the study and the declined gradually
over time. Thus, the worms are exposed to lower water
and pore water concentrations as the experiment prog
ressed, and reduced residue levels were observed. De
creasing pore water concentrations would be expected in
this flow-through system as the more readily desorbable
portion of the sediment-associated contaminant is depleted
(28).

TIME (days)

fig... 1. Uptake of HCB by worms at 8 and 20 ·e.

Soxhlet extrllction with acetone/hexane was used to
extract the chemicals from the sediments and worms are
previously described (17). Water samples·were pressure
filtered through a glass fiber filter (1 /Lm) prior to ex
traction with hexane. Pore water samples, collected by
submersing a pipet in the sediment and siowly sucking up
the water with a rubber bulb, were centrifuged and pres
sure filtered prior to liquid-liquid extraction with hexane.
All procedures were thoroughly tested prior to use, and
recoveries were excellent, >80% [see also Oliver and Nicol
(17)]. Quantification was carried out by a dual-column
capillary gas chromatographic method with 3O-m DB5 and
DB17 columns and electron capture detectors. Repro
ducibility of the analysis on replicate samples was ±10%.

Field samples of worms and sediments were collected
with a box corer (0.25 m2). The sediment was screened on
site with a 500-/Lm plankton net, and the benthic organisms
and debris were transferred to wide-mouth jars on site.
The jars were kept cool until return to the laboratory where
the organisms were sorted. The sorting was completed
within 3 days of collection, and the worm samples and
sediments were then frozen until analysis.

Results and Discussion
The 37 chemicals used in the study are listed with their

abbreviations and octanol-water partition coefficients, K.."
in Table I. The chemicals were chosen to span a wide
range ofphysical/chemicai properties. With 37 chemicals,
four aquaria, and nine sampling times for worms, sedi
ments, water, and pore water, a large quantity of data has
been generated. Only a small fraction of the data will be
presented here for brevity.

Samplings of the replicate tanks at each temperature
showed excellent agreement; measured concentrations were
within ±1O% of the mean of the two replicates for all
Compartments. There were some differences in the uptake
and elimination rates for the two temperatures, which will
be discussed later. But only aver&ged data for worms and
sediments in the 8 ·C aquaria are shown in Table II. With
the exception of aBHC and lindane, only minor changes
in the sediment concentrations occurred during the 79-day
exposure period. aBHC and lindane seemed to be only
weakly bound to the sediments, and most of these chem-
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Table I. Study Chemicals, Abbreviations, and log Octanol/Water Coefficients (log K~) with Literature Source in
Parentheses

chemical

1,3-dichlorobenzene
l,4-dichlorobenzene
1,2-dichlorobenzene
1,3,5-trichlorobenzene
1,2,4-trichlorobenzene
1,2,3-trichlorobenzene
l,2,4,5-tetrachlorobenzene
1,2,3,4-tetrachlorobenzene
pentachlorobenzene
hexachlorobenzene
2,4,5-trichlorotoluene
2,3,6-trichlorotoluene
2,3,4,5,6-pentachlorotoluene
3,4-dichlorobenzotrifluoride
2,4-dichlorobenzotrifluoride
hexachlorobutadiene
2,3,4-trichloranisole
1,2,3,4-tetrachloronaphthalene
octachlorostyrene
a-hexachlorocyclohexane
'Y-hexachlorocyclohexane
'Y-chlordan
1,1-dichloro-2,2-bis(4-chlorophenyl)ethylene
l,l,1-trichloro-2,2-bis(4-chlorophenyl)ethane
mirex
2,5,2'-trichlorobiphenyl
2,5,4'-trichlorobiphenyl
2,5,2',6'·tetrachlorobiphenyl
2,5,2',5'-tetrachlorobiphenyl
2,3,2',3'-tetrachlorobiphenyl
2,4,3',4'-tetrachlorobiphenyl
2,4,6,2',4' ,6'-hexachlorobiphenyl
2,4,5,2',4' ,5'-hexachlorobiphenyl
2,3,4,2',3',4'-hexachlorobiphenyl
2,3,4,5,3',4'-hexachlorobiphenyl
2,3,4,6,2',3',4'-heptachlorobiphenyl
2,3,4,5,2',3',4',5'-octachlorobiphenyl

abbreviation

1,3-DCB
1,4-DCB
1,2-DCB
1,3,5-TCB
1,2,4-TCB
1,2,3-TCB
1,2,4,5-TeCB
1,2,3,4-TeCB
QCB
HCB
2,4,5-TCT
2,3,6-TCT
PCT
3,4-DCBTF
2,4-DCBTF
HCBD
2,3,4-TCA
l,2,3,4-TeCN
OCS
aBHC
lindane
'Y-CHLOR
pp-DDE
pp-DDT
mirex
PCB18'
PCB3l
PCB53
PCB52
PCB40
PCB66
PCB155
PCB153
PCB128
PCB156
PCBl71
PCB194

log Kow

3.4 (18)
3.4 (18)
3.4 (18)
4.2 (19)
4.0 (20)
4.1 (19)
4.5 (19)
4.5 (19)
4.9 (18)
5.5 (20)
4.8 (21)'
4.8 (21)'
6.2 (21)'
4.4 (21)'
4.4 (21)'
4.8 (18)
4.2 (21)'
5.5 (22)b
6.2 (23)
3.8 (24)
3.7 (24)
6.0 (23)
5.7 (25)
5.8 (25)
6.9 (23)
5.6 (22)b
5.6 (22)b
5.9 (22)b
5.9 (22)b
5.9 (22)b
5.9 (22)b
6.5 (22)b
6.5 (22)b
6.5 (22)b
6.5 (22)b
6.7 (22)b
6.9 (22)b

'Calculated by the IT method of Hansch and Leo (21). bCalculated by the method of Kaiser (22). 'PCB numbering system of Ballsch
miter and Zell (26).

Although it was not possible to detect all the study
chemicals in the pore water, because of the small volume
sampled, measurable concentrations were obtained for 17
chemicals. Table III lists the average pore water concen
trations at 8 ·C for the first two samplings and the bio
concentration factors, BCF's, for the worms expressed as
chemical concentration in worms dry weight (ng/kg)/pore
water concentration (ng/L). Also shown in the table are
BCF values obtained from our earlier studies for rainbow
trout. Although the worms have a lipid content of only
1% on a wet weight basis, their lipid content on a dry
weight basis is about 8%, very close to that of the rainbow
trout. For many of the chemicals, the worm BCF's are in
good agreement with the fish BCF's. For some of the
larger chemicals, the fish BCF's are lower than the worm
BCF's because equilibrium concentrations were not at
tained for these chemicals during the time course of the
fish experiment. This general agreement between the
worm and fish BCF's for chemicals at equilibrium indicates
that the worms' body burden of chemicals comes mainly
from the pore water rather than from ingestion of con
taminated sediment particles. This hypothesis is further
supported by the observation that fecal pellets contained
the same chemical concentration (within experimental
error) as the sediments and that gut sediment contents
made an insignificant contribution to body burden for most
chemicals.

Thus, the measurement of pore water chemical con
centrations will likely be an important requirement for

prediction of chemical concentrations of worms at con
taminated field sites. But such measurements are ex
tremely difficult to perform for organic chemicals.
Therefore, conversely, it may be possible to estimate pore
water concentrations at various sites by using the analysis
of oligochaetes (if present) and applying either laborato
ry-derived worm BCF's or BCF measurements on fish with
similar lipid contents or fish BCF's expressed on a lipid
basis.

The presence of oligochaete worms has been shown to
enhance the flux of contaminants out of the sediments by
the process of bioturbation (7). Table IV shows the average
chemical concentration in the aquaria water over the first
2 weeks of the study together with the estimated chemical
flux. Since the chemicals were present at different con
centrations in the sediments, the flux was normalized to
1000 ppb by multiplying it by 1000/chemical concentration
in the sediment, so the fluxes of the chemicals could be
compared. This normalization is applied for convenience
and does not necessarily imply that the fluxes are linearly
related to sediment concentrations. On average, the flux
out of the sediments was 4 times higher at 20 ·C than at
8 ·C. Lindane and aBHC are seen to have by far the
highest flux at both temperatures. The flux out of the
sediments for the various chemicals was consistent with
the chemicals' properties-the flux decreased as the
chemical K"" increased or as its water solubility decreased.
The exceptions to this rule are lindane and aBHC, which
have an order of magnitude higher Kow and lower water
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30 (0.50)
100 (0.84)
<5
<5
63 (0.66)

130 (0.50)
74 (0.27)

00 (reO
26 (0.75)
30 (0.85)
30 (0.86)
43 (0.70)
29 (0.88)
33 (0.87)

310 (0.11)
170 (0.91)
63 (0.97)
80 (0.70)

260 (0.22)
220 (0.54)

<5
<5
<5
<5
<5
<5
<5
<5
<5
24 (0.69)
<5
<5
22 (0.72)
<5
<5
<5

?

half-life,
days (r')'

20 (0.83)
71 (0.75)
<5
<5
46 (0.67)
80 (0.63)
53 (0.39)

200 (0.60)
24 (0.75)
26 (0.83)
26 (0.83)
36 (0.69)
26 (0.86)
28 (0.85)

120 (0.29)
92 (0.88)
50 (0.96)
58 (0.67)

110 (0.37)
100 (0.99)

NO
NO
ND
NO
NO
NO
NO
NO

19
66

NO
ND

57
NO
NO

5.3
79
63

1300
27
16

310
500

14
2400

66
120
210
440
140
240

3800
1800
820
500
690

1400

NO
ND
NO
ND
ND
NO
NO
NO

9
69

ND
ND

63
NO
NO

9.2
57

110
1400

37
20

290
460

9.2
2400

75
180
320
440
230
360

2800
2100
1300
510
560

1900

ND ND
ND ND
ND ND

5 ND
ND ND
NO ND
ND ND
NO ND

31 36
410 240

25 NO
NO NO
670 220
NO NO
NO NO

16 14
29 120

730 370
2700 2000

76 57
55 32

790 680
890 830

21 33
3100 2600
450 320
680 470

1300 830
1600 1000
840 610

1400 920
5800 3700
3000 2700
2300 1900
1300 790
1200 740
2300 2200

worms' depuration phase

5 d 12 d 21 d 36 d 84 d

ND'
ND
ND

14
ND
ND
ND
ND

67
840

48
ND
680
ND
ND

26
38

1100
2800

68
61

1000
960

47
3200
670

1000
1900
2100
1300
1600
6300
3300
2400
1300
1100
2300

79 d

330 (0.6)
60 (0.2)
40 (0.2)
90 (0.6)

100 (0.2)
100 (0.4)
150 (0.7)
150 (0.7)
800 (1.9)

2400 (3.1)
210 (0.7)
290 (1.4)

2000 (3.1)
130 (0.7)
70 (0.6)

230 (2.6)
200 (0.3)

2800 (2.3)
3300 (6.3)
610 (10)
900 (7.5)

1700 (4.7)
1200 (4.3)

50 (0.5)
2900 (5.1)
2200 (3.7)
2100 (2.8)
3400 (4.5)
3300 (4.5)
2500 (3.5)
2400 (2.9)
6400 (6.5)
3700 (4.6)
2900 (3.2)
1600 (3.9)
1500 (4.1)
2400 (2.6)

11d 39d

500 (0.6) 350 (0.5)
270 (0.5) 70 (0.2)
220 (0.8) 140 (0.6)
130 (0.7) 110 (0.6)
190 (0.3) 90 (0.2)
190 (0.7) 150 (0.6)
430 (1.8) 210 (0.9)
540 (2.1) 300 (1.2)

2300 (5.1) 1100 (2.5)
6100 (6.9) 3500 (4.2)
570 (1.7) 320 (1.0)
630 (2.6) 350 (1.5)

5300 (7.8) 3000 (4.5)
250 (1.2) 120 (0.6)
170 (1.2) 90 (0.7)
930 (8.1) 400 (3.8)
160 (0.2) 290 (0.4)

6400 (4.9) 4000 (3.2)
5000 (9.1) 5000 (9.3)
3400 (11) 1000 (5.0)
6600 (9.7) 1600 (3.6)
3800 (9.7) 2700 (7.2)
2200 (7.6) 2000 (7.0)
540 (5.5) 190 (2.0)

2300 (3.8) 4000 (6.8)
6500 (10) 3400 (5.6)
5400 (7.0) 3200 (4.2)
9000 (12) 5600 (7.3)
8400 (11) 5500 (7.2)
5900 (8.2) 3800 (5.3)
5100 (6.0) 3800 (4.5)
8500 (8.5) 10000 (10)
5200 (6.3) 6000 (7.4)
5000 (5.4) 4700 (5.1)
2100 (4.9) 2800 (6.7)
1400 (3.5) 2200 (5.6)
2100 (2.2) 3200 (3.4)

worms' uptake phase (CF)'

4d

610 (0.7)
200 (0.4)
260 (0.9)
150 (0.8)
180 (0.3)
130 (0.4)
320 (1.3)
400 (1.5)

1600 (3.5)
3500 (3.9)

420 (1.2)
480 (1.9)

3000 (4.3)
270 (1.2)
130 (0.9)
510 (4.3)
150 (0.2)

3200 (2.5)
1900 (3.4)
2400 (7.7)
4800 (6.5)
1800 (4.6)
860 (3.0)
170 (1.7)
720 (1.2)

3800 (6.1)
2800 (3.6)
4500 (5.8)
3800 (4.9)
3300 (4.6)
2000 (2.4)
3100 (3.1)
2100 (2.6)
1800 (2.0)
900 (2.1)
680 (1.7)
750 (0.8)

sediment

4 d 79 d

830 590
530 370
280 230
180 180
630 550
290 230
250 210
270 230
460 420
900 770
340 300
250 210
690 640
220 180
140 110
120 88
710 610

1300 1200
560 520
310 60
740 120
390 360
290 280
100 92
600 570
620 600
770 740
770 760
780 740
720 710
850 840

1000 990
820 800
920 910
430 410
410 370
960 940

l,3-DCB
l,4-DCB
l,2-DCB
l,3,5-TCB
l,2,4-TCB
l,2,3-TCB
1,2,4,5-TeCB
1,2,3,4-TeCB
QCB
HCB
2,4,5-TCT
2,3,6-TCT
PCT
3,4-DCBTF
2,4-DCBTF
HCBD
2,3,4-TCA
1,2,3,4-TeCN
OCS
aBHC
lindane
1'-CHLOR
pp-DDE
pp-DDT
mirex
PCB18
PCB31
PCB53
PCB52
PCB40
PCB66
PCB155
PCB153
PCBl28
PCBl56
PCBl71
PCBl94

Table II. Mean Concentration (ng/g Dry Weight) in Sediment and Worms Crom 8 'C Aquaria and Estimated Half-Lives

growth
corrected
half-life,
days (r')'

<5
<5
<5
<5
<5
<5
<5
<5
<5
27 (0.70)
<5
<5
26 (0.73)
<5
<5
<5

?

'CF =concentration factor (concentration in worm dry weight/concentration in sediment). • r' =square of correlation coefficient for
equation. 'ND = not detected.

Table III. Pore Water Concentrations and Bioconcentration Factors (BCF's) Cor Worms and Fish

compd

QCB
HCB
PCT
HCBO
l,2,3,4-TeCN
OCS
aBHC
lindane
1'-CHLOR

pore water, ng/L worm BCF"

120 19000
250 24000
190 28000
32 29000

310 21000
160 31000

1400 2400
3500 1900

150 25000

fish BCF

20000"
20000'
6800'

17000"
5100'
8100'
2400'
2000'

22000'

compd

pp-OOE
mirex
PCB40
PCB66
PCB155
PCB153
PCB128
PCB194

pore water, ng/L worm BCF"

76 29000
180 22000
250 24000
180 28000
290 34000
240 25000
260 19000
220 15000

fish BCF

14000'
740'

17000'

4800'

'Worm BCF = chemical concentration (ng/kg) in worm dry weight/pore water concentration (ng/L). • From reference 10. 'From ref
erence 29.

solubility than the dichlorobenzenes and yet are desorbed
more than 10 times faster. Most of the chemicals in Table
IV are aromatic, whereas aBHC and lindane are cyclic
aliphatic compounds. Unfortunately, because no mea
surements were made over sediments that did not contain
worms, the influence of the worms on the chemical flux
cannot be quantified.

Although there are very few chemical flux measurements
from sediments in the literature, it is interesting to com
pare these results to those of Karickhoff and Morris (7).
Their fluxes for QCB and HCB from sediments containing
1000 ppb of the chemicals and with about the same worm
populations at 20 DC were about 220 and 120 ~/(m2·day)

in contrast to 9 and 5 /Lg/ (m2·day) in this study. In
Karickhoff and Morris' experiment, the water was con
tinually purged to remove the chemicals so that diffusion
from the sediments was occurring into relatively "clean"
water. Also, the organic carbon content of their sediment
(0.8%) was much lower than that in this study (4.6%).
The availability of organics in sediments is considered to
be much lower for sediments with higher organic carbon
content (1).

After the exposure period, the remaining worms were
recovered and placed in 8 and 20 DC aquaria containing
"clean" Lake Superior sediments. The worms were first
sampled from the new aquaria after 5 days and showed
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Table IV. Average Water Concentrations in Aquaria at 8 and 20 'C for the First Two Study Weeks and Normalized
Desorption Fluxes

8 'C 20 'C 8 'C 20 'C

water normalized water normalized water normalized water normalized
conen, flux,a conen, flux, conen, flux,O: conen, flux,

compd ng/L !'g/(m'.day) ng/L /Lg/(m'.day) compd ng/L /Lg/(m'.day) ng/L /Lg/ (m'·day)

l,3-DCB 6_0 6 9.3 13 aBHC 24 70 75 290
l,4-DCB 2.8 5 5.8 13 lindane 61 70 180 290
l,2-DCB 2.4 8 4.0 17 -y-CHLOR 0.6 1 1.6 5
l,3,5-TCB 1.1 5 1.6 11 pp-DDE 0.05 0.2 0.2 0.8
l,2,4-TCB 1.8 3 2.5 5 pp-DDT ND ND 0.1 I
l,2,3-TCB 1.8 5 2.1 9 mirex 0.1 0.1 0.5 1
1,2,4,5-TeCB 1.2 4 2.1 10 PCB18 0.8 I 3.6 7
l,2,3,4·TeCB 1.5 5 2.9 13 PCB31 0.8 0.9 1.9 3
QCB 1.6 3 3.6 9 PCB53 1.6 2 5.0 8
HCB 1.3 1 3.6 5 PCB52 1.4 2 3.8 6
2,4,5-TCT 1.2 3 1.8 6 PCB40 0.6 0.7 2.5 4
2,3,6-TCT 1.3 5 1.7 8 PCB66 0.2 0.2 1.0 1
PCT 0.9 1 2.5 4 PCBI55 0.4 0.4 1.2 1
3,4-DCBTF 1.1 4 1.7 9 PCB153 0.3 0.3 1.0 1
2,4-DCBTF 0.7 4 1.5 13 PCBI28 0.2 0.2 0.7 0.9
HCBD 0.1 0.7 0.2 2 PCBI56 0.1 0.2 0.5 I
2,3,4-TCA 2.3 3 9.5 16 PCBI71 0.1 0.2 0.4 1
1,2,3,4-TeCN 0.9 0.6 7.0 6 PCB194 0.1 0.1 0.6 0.7
OCS 0.1 0.2 0.4 0.9

'Normalized flux = flux x (IOOO/chemical concentration in sediment).

Table V. Chemical Concentrations (ng/g Dry Weight) in Worms and Sediments in Lake Ontario near the Niagara River

worm/sediment

chemical site 1 site 2 site 3 site 4 site 5 site 6

QCB 3.4/12 20/22 7.1/15 3.9/11 3.1/11 3.1/15
HCB 18/43 46/60 24/39 17/36 14/56 13/40
HCBD 2.4/9.2 8.6/11 6.4/8.4 3.6/11 2.2/11 2.0/7.3
OCS 8.7/2.8 31/3.8 14/3.5 13/2.5 21/3.9 7.5/4.1
pp-DDE 33/16 69/15 34/7.2 29/8.4 32/11 54/38
mirex 47/13 79/19 31/9.3 29/6.2 35/7.9 56/15
total PCB's 380/220 4300/310 1600/270 1300/190 1200/300 460/420

TOC,% 4.2 3.7 2.9 3.2 2.9 5.6

a marked decline in contaminant levels during this period
(Table IT). This is probably due to the considerable energy
and stress expended establishing and building new bur
rows. After this initial adjustment period, the decline in
contaminant levels followed normal first-order kinetics.
For half-life (T1/ 2) calculations, the 5-day sample was
considered the zero point of the depuration phase. Many
of the chemicals were not detected in the worms at the first
samplings in the new aquaria, so their half-lives must be
less than 5 days. For the other chemicals, the T1/ 2 ranged
from a few weeks to several months. The T1/ 2'S of the
chemicals systematically increased with increasing chlorine
content and with increasing K"".

Niimi and Cho (30) have shown that half-lives of chem
icals in fish should be corrected for "growth dilution" to
obtain accurate values. Since we did not label the worms,
such a direct correction was not possible in this experi
ment. But, if it is assumed that the most recalcitrant
substance, mirex, is completely retained by the worms, we
can estimate the impact of this growth correction on the
data (Table II, column 14). As expected, this correction
increases the T1/ 2 and is particularly significant for com
pounds with longer half-lives.

The T \(2 values of the chemicals at 20 ·C were similar
to the 8 C data. The T1/ 2 for PCB's measured in this
study is in reasonable agreement with the value of 27 days
reported for marine worms by Elder et aJ. (14).

A limited field sampling of sediments and worms from
Lake Ontario sites at 5-km intervals about 10 km off the
mouth of the Niagara River was conducted in June 1985

for comparison with the laboratory tests. The data for a
few of the study chemicals are shown in Table V. The
sediment samples had a similar organic carbon content to
the sediment used in the laboratory study. A range of
concentration factors was found in the various samples.
The lowest concentration factors were observed in the
sediments having the highest organic content, indicating
a lower bioavailability of contaminants in these sediments.
The mean concentration factors (CF) for the field data are
as follows: QCB, 0.34; HCB, 0.48; HCBD, 0.43; OCS, 4.6;
pp-DDE, 3.2; mirex, 4.0; PCB's, 5.6. The field CF's for
QCB, HCB, and HCBD are more than an order of mag
nitude lower than the laboratory CF's, whereas, for OCS,
pp-DDE, mirex, and PCB's, the field CF's are about half
the laboratory values. Thus, the field and laboratory data
are in reasonable agreement for the more persistent com
pounds. The reason for the large discrepancy for the other
chemicals is likely due to differences in sampling metho
dology. For the field samples, the period between sample
collection and sorting/freezing is of the order of 3 days,
whereas for the laboratory experiment this procedure took
less than 3 h. It can be seen from Table II that when the
worms are removed from their normal environment (sieved
and transferred to different sediment), a large decrease of
about 1 order of magnitude in the concentration of QCB,
HCB, and HCBD was observed. A much smaller change
in concentration was found for the more persistent chem
icals. Thus, the data for worms in Table V are probably
not a true reflection of residue levels for the less persistent
chemicals. Sampling, sorting, and freezing must be ac-
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complished within a few hours to obtain accurate data for
these compounds.

In summary, oligochaete worms can play an important
role in the mobilization of contaminants from bottom
sediments by bioconcentration and bioturbation. The pore
water concentration of the chemicals was the major driving
force for contaminant uptake by the worms. The half-lives
of the chemicals ranged from less than 5 days to several
months depending on chemical structure. The laborato
ry-derived uptake data provided useful information for
developing appropriate field sampling protocols and for
predicting bioconcentration factors for worms in the en
vironment.
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Structural Characterization of Aquatic Humic Material. 2. Phenolic Content
and Its Relationship to Chlorination Mechanism in an Isolated Aquatic Fulvic
Acid
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• The complementary techniques of solid-state lac nuclear
magnetic resonance spectroscopy and chemical degradation
were utilized to examine the lignin/phenolic substructure
of an isolated aquatic fulvic acid capable of producing upon
aqueous chlorination a number of organohalides typically
found in municipal drinking water. Results indicate that
while phenolic moieties are present in the fulvic acid. they
account for only a minor fraction of the total carbon. A
sequential chemical degradation experiment utilizing
aqueous chlorine and CuO demonstrated that the lig
nin/phenolic substructure was attacked by the chlorine.
It is concluded that while phenolic ring rupture mecha
nisms appear to be important in organohalide generation,
other aqueous chlorination mechanisms involving aliphatic
and other types of aromatic structures should also be
considered.

Introduction
It is well documented that disinfection of natural waters

with aqueous chlorine results in drinking waters that
contain organically bound halogen (referred to as total
organic halide or TOX). A portion of this TOX is com
posed of volatile, relatively hydrophobic organobalides such
as the trihalomethanes, principally chloroform (1). An
other portion is composed of hydrophilic organohalides,
principally di- and trichloroacetic acids (2-4). It is at
tractive to hypothesize that rupture of phenolic rings
contained in natural aquatic humic material by aqueous
chlorine is the principal formation pathway for TOX.
Indeed, such mechanisms have been invoked to rationalize
the formation of certain organohalides produced from the
aqueous chlorination of humic substances (5-7).

Isolated aquatic humic substances, however, produce a
significant number and variety of chlorinated organic
compounds when subjected to aqueous chlorination (8--11).
For certain of these organohalides, phenolic ring rupture
is not the most likely formation pathway.

Humic substances are complex, macromolecular organic
structures formed during the diagenesis of plant material.
They are ubiquitous throughout the environment and
constitute the bulk of organic material in soil and ap
proximately half of the dissolved organic carbon in ter
restrial streams (12, 13). Lignin, a phenolic polymer and
a major component of woody tissue, is thought to be an
important precursor for humic substances. The lignin/
phenol content of humic substances has been extensively
investigated via oxidative chemical degradation (14).
Alkaline solutions of cupric oxide (CuO) (15, 16) as well
as other oxidizing agents (14) have been used to degrade

• Address correspondence to Research Triangle Institute, Ana
lytical and Chemical Sciences, Research Triangle Park, NC 27709.

lignin and humic substances with the resulting production
of phenolic aldehydes and acids.

Solid-state carbon-13 nuclear magnetic resonance
spectroscopy (ISC NMR) employing cross-polarization
(CP), magic-angle spinning (MAS), and high-power proton
decoupling is a relatively new technique that is being
widely utilized to assess qualitative and quantitative car
bon distributions in humic substances (17) and other
macromolecular materials (18, 19). The technique is ca
pable of assessing oxygen-substituted aromatic carbon
contents in lignins (19) and humic substances (20), pro
viding a powerful complement to chemical degradation.

This paper describes the application of NMR techniques
[including CP/MAS ISC NMR, relaxation experiments,
and proton (IH NMR)) and chemical degradation proce
dures to an isolated aquatic fulvic acid. Inferences are
drawn from the combination of NMR and chemical deg
radation results regarding the overall macromolecular
structure and mechanisms of chlorination of the aquatic
fulvic acid.
Experimental Methods

Fulvic Acid Isolation. Aquatic fulvic acid was isolated
from Singletary Lake according to the adsorption chro
matography procedure of Thurman and Malcolm (21).
Singletary Lake is a highly colored natural lake located on
the North Carolina coastal plain near Black Lake. The
latter was utilized as a source of humic substances in
several prevous studies (3, 4,8-11), including the first in
this series (22). Lignin utilized in this study was extracted
from Douglas fir according to Hatcher (23). Soil- and
peat-derived humic substances were obtained according
to procedures described by Hatcher et al. (20).

Elemental Analysis. Elemental analysis of solid fulvic
acid samples was accomplished by Huffman Laboratories,
Inc., Wheat Ridge, CO, utilizing standard gravimetric
procedures (24).

IH NMR. IH NMR spectra were acquired at 250 MHz
with a Bruker WM-250Fourier transform spectrometer
(Bruker Instruments, Inc., Manning Park, Billerica, MA).
Two hundred scans were averaged with a total cycle time
of 2 s to produce an acceptable spectrum.

Ise NMR. ISC NMR spectra of aquatic humic sub
stances in the solid state were obtained by the cross-po
larization, magic-angle spinning (CP/MAS) technique with
high-power proton decoupling. A Chemagnetics CMCl00
spectrometer (Chemagnetics, Fort Collins, CO) equipped
with a 2.35-T superconducting magnet (25.2 MHz for
carbon) was utilized for these experiments. Each pulse
experiment involved the basic sequence of events described
by Hatcher et al. (25), with a I-ms cross_polarization
contact time according to the Hartman-Hahn condition
(26) and 500-ms-l-s pulse delay. The solid fulvic acid was
held in a 300-I'L KEL-F rotor and spun at a rate of 3.2 kHz
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25:22

Figure 1. EI total ion chromatogam of the ether~xtractable aqueous
chlorination products of Singletary Lake fulvic acid: 15 m X 0.2 mm
DB-l fused silica capillary column (J&W Scientific. Rancho Cordova.
CAl; injector temperature 270°C; initial column temperature 60°C
(2-min initial hold); 6 deg/min program: final column temperature 250
DC; 10: 1 spiH injection.

at the magic angle (54.7° to the applied field) over the
course of the experiment. CP/MAS 13C NMR relaxation
studies involved alternate pulse sequences, which are de
scribed later. Relative amounts of various types of protons
and carbons were determined by area measurement of the
appropriate spectral regions. It has been determined in
this laboratory that errors in such area measurements are
approximately ±5%.

Aqueous Chlorination. Procedures for the chlorina
tion and analysis of the resulting organohalide products
from Singletary Lake fulvic acid were similar to those
described previously for Black Lake fuIvic acid (9, 11). To
summarize, 300 mg of fulvic acid was reacted in 450 mL
of pH 11.2 NaOH solution at an initial chlorine-to-carbon
(HOCl/C) molar ratio of 2:1 under headspace-free con
ditions. No buffers were employed, and the pH was al
lowed to drop to 9.6 over the 26-h reaction time period.
A quenched, acidified 300-mL aliquot was removed for
ether extraction, concentration, derivatization (diazo
methylation), and qualitative analysis by combined gas
chromatography/mass spectrometry (GC/MS). A system
blank including all components except the fulvic acid was
chlorinated and subjected to an identical analytical pro
cedure.

The GC/MS system and analytical conditions employed
were the same as those utilized in previous studies (VG
7070F GC/MS system) (3, 4, 8-11). Chromatography
conditions are indicated in Figure 1. The operation of the
VG 7070F instrument in the low-resolution electron ion
ization (EI) mode has been described (11). Isobutane
positive chemical ionization (PCI), negative chemical
ionization (NCI, isobutane buffer gas), and low-resolution
accurate mass measured EI spectra (tetraiodoethylene
internal reference) were collected as a complement, uti
lizing the manufacturer's recommended conditions.

CuO Oxidation. CuO oxidation of Singletary Lake
fulvic acid and the extraction and analysis of the resulting
oxidation products were carried out by the procedures
described by Hedges and Ertel (16) with only minor
modification. Quantification of individual ether-extract
able phenols was achieved by gas chromatographic analysis
(Perkin-Elmer Sigma 2; Perkin-Elmer, Norwalk, CT) with
flame ionization detection (FID) of the corresponding
trimethylsilyl derivatives in pyridine under appropriate
GC conditions (16). Mass spectral analyses were carried
out on the VG 7070F system.

Sequential Chemical Degradation. The first degra
dation in the sequence was aqueous chlorination. Sin
gletary Lake fulvic acid (301 mg) was reacted in 450 mL
of deionized/distilled water at an initial chlorine-to-carbon
molar ratio of 0.3:1 and neutral pH for 5 hand 40 min in
the dark. The final reaction mixture pH (before sodium
arsenite quenching) was 5.
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Figure 2. NCI selected mass chromatogram (mlz 35) of the ether
extractable aqueous chlorination products of Singletary Lake lulvlc acid.

Partially reacted fulvic acid was isolated from the re
action mixture by absorption onto a 200-mL bed volume
column to solvent-extracted (acetone/hexane) XAD-8 resin
(Rohm and Haas, Philadelphia, PAl. The acidified (pH
1) reaction mixture was then eluted through the column
at a flow rate of 5 mL/min. The column was then eluted
with one column volume of distilled/deionized water to
remove chloride, followed by one column volume of 0.1 N
NaOH to desorb the fulvic acid. A brightly colored solu
tion of 350-mL volume was collected and was immediately
passed through a 130-mL bed volume column of metha
nol-extracted AG-MP-50 (Rohm and Haas) cation-ex
change resin at a moderate flow rate for desalting. The
resulting solution was lyophilized (Labconco Model 18,
Fisher) to produce 150 mg of solid hydrogen exchanged
fulvic acid.

CuO oxidation was used as the second degradation in
the sequence. Chromatographic analyses of oxidation
products were performed on the Perkin-Elmer system and
on a Carlo-Erba 5160 HRGC (Carlo-Erba, Milan, Italy)
utilizing the previously indicated conditions.

Results and Discussion

Elemental Analysis. The elemental composition of
Singletary Lake fuIvic acid (average of eight different batch
determinations) was determined to be C 53.06% (S, =
1.21), H 4.57% (S, =0.36), and N 1.22% (S, =0.32) on
an ash-free basis. The resulting H/C ratio of 1.03 is in the
range reported for aquatic humic substances by Thurman
(27) and indicates a relatively high degree of unsaturation
and/or heteroatom substitution. The C/N ratio of 50.7
is also typical of aquatic humic substances (27).

Aqueous Chlorination. A reconstructed total ion
chromatogram (EI) of the methylated product ether ex
tract is shown in Figure 1. The identification of individual
chlorination products utilized the EI fragmentation pat
tern, an element map provided by the accurate mass
measured EI spectrum, and the protonated molecular ion
from the PCI spectrum (when available). Where authentic
standards were available these were analyzed and their EI
spectra and retention indices (relative to methyl p
chlorobenzoate internal reference) compared with the
appropriate unknown data set. The complexity of the
organohalide product mixture is indicated in Figure 2,
which shows an NCI mass chromatogram of m/z 35 (Cn.
Each chromatographic peak represents an individual or
ganohalide.

Figure 1 also indicates two of the most prominent or
ganohalides formed, dichloroacetic acid (DCAA) and tri
chloroacetic acid (TCAA). These and several other of the
20 major organohalide products are listed in Table I.
Table I includes examples of possible phenolic ring rupture
products (chloroform, dichloromaleic acid) as well as
products that are not so easily rationalized by such
mechanisms (dichlorosuccinic acid). The overall distri
bution of organohalides and other chlorination products



Table I. Major Organohalide Chlorination Products A)

ppm

C-C

100200

COOH
a

a

CHCI,
HCCl,CO,H

CCl,CO,H

HO,CCCl,CO,H

HO,CCCl,CH,CO,H

HO,CCC1=CClCO,H

chloroform
dichloroethanoic acid

(dichloroacetic acid, DCAA)
trichloroethanoic acid

(trichloroacetic acid, TCAA)
dichloropropanedioic acid

(dichloromalonic acid)
2,2-dichlorobutanedioic acid

(dichlorosuccinic acid)
cis-dichlorobutenedioic acid

(dichloromaleic acid)

• Confirmed. EI spectrum and GC retention index match those
of an authentic standard; other spectral data agree. bConfident.
Sufficient data are available to preclude all but the most closely
related structures.

Table II. 13C (A) and lH (B) Chemical Shift Regions
B) ......--- H20

% contri-
region carbon type bution

I (o-SO ppm) methyl, methylene, 29
methine (etc.)

II (So-1I0 ppm) alcohol, amine, 22
carbohydrate, ether.
methoxyl, acetal (etc.)

III (110-160 ppm) olefinic, aromatic, 21
phenolic

IV (160-220 ppm) carboxyl, ester, amide, 24
aldehyde, ketone

% contri-
region proton type bution

I (0.4 - 1.7 ppm) methyl, methylene. 38
methine (etc.)

II (1.7-3.3 ppm) methyl, methylene 36
(a to aromatic rings or
carboxyl groups),
" and fJ groups of
inclanes and tetralins

III (3.3-4.6 ppm) protons on carbons, 16
a to oxygen

IV (6.5-8.1 ppm) aromatic 9

is qualitatively and semiquantitatively identical with those
observed in previous studies (8-11) from other aquatic
humic substances.

l3C and IH NMR Spectral Interpretations. CP/
MAS l3C and lH NMR spectra of Singletary Lake fulvic
acid are shown in Figure 3. The CP/MAS spectrum
(Figure 3A) resulted from the collection and averaging of
95000 individual free-induction decays and is striking
similar to spectra reported for other aquatic fulvic acids
(27). Our treatment of these data is patterned after the
work of Hatcher et al. (20) and divides the spectrum into
four regions as outlined in part A of Table II. These
include region I, paraffinic carbons; region II, aliphatic
carbons substituted with oxygen; region III, aromatic/
olefinic carbons; and region IV, carbonyl carbons.

The most interesting piece of information contained in
this spectrum is the relative importance of aliphatic
structures in this aquatic fulvic acid (regions I and II). The
anisotropic peak in region I with resonance maxima at 23.5
and 40.8 ppm is probably due to highly cross-linked
methylene and methine carbon chains. Region II shows
an intense resonance centered at 76 ppm, which is usually
assigned to a polyhdyroxy aliphatic carbon such as car
bohydrate carbon. The presence of carbohydrates cannot,
however, be confirmed since a distinct peak for the
anomeric carbon of polysaccharides (105 ppm) is not
present. The aliphatic carbon in these two spectral regions
accounts for 51 % of the total carbon.

Ar-C·H
H-C-COOH H-C-C

H-C-O \ "(

I A/rr--HH i \ \ I

~ lL
rl-r---,--,--,--,--,--,--,--~-

10 1 0

ppm

Figure 3. CP/MAS 13C NMR (A) and 'H NMR (B) (O.o/NaOO solution)
spectra of Singletary Lake fulvic acid.

The aromatic/olefinic region (III) has a maximum cen
tered at 129 ppm, most likely due to aromatic carbons not
substituted with heteroatoms. Oxygen-substituted aro
matic carbons of phenols and aryl ethers should exhibit
signals at approximately 150 ppm. Note that a reasonably
intense shoulder but no distinct peak is apparent at 150
ppm in this spectrum. The aromatic region accounts for
21 % of the total fulvic acid carbon, which translates to
three aromatic rings per 100 carbon atoms in the macro
molecule. These results are surprising with regard to the
traditional view of humic chlorination chemistry that em
phasizes the reactivity of aromatic organohalide precursors.
The carbonyl region (IV) has a maximum at 173 ppm
(carbonyl of carboxy groups) and a more diffuse resonance
centered at approximately 205 ppm (carbonyl of aldehydes
and ketones).

A typical proton spectrum of Singletary Lake fulvic acid
appears in Figure 3B. Our interpretations have been in
fluenced by Wilson's (17) summary of chemical shift as
signments for humic substances and are summarized in
part B of Table II. Like the CP/MAS spectrum, the
proton spectrum can be divided into four regions. These
include region I, protons on aliphatic carbons at least two
carbons removed from aromatic rings or other polar
functional groups; region 11, protons on carbons ex to aro
matic rings or carboxyl groups; region III, protons on
carbons attached to oxygen functions; and region IV,
protons bound to aromatic rings. Note the excellent
correlation between this proton spectrum and the CP/
MAS spectrum. An interesting observation is that the
aromatic protons account for only 9.2% of the total non
exchangeable proton whereas 21 % of the carbon is present
in aromatic rings. This result implies that aromatic rings
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Figure 4. CP/MAS 13C NMR spectrum of a lignin extracted from
Douglas fir.

200 100
ppm

Figure 6. CPIMAS 13C NMR spectra of three humic acids extracted
from (A) Everglades peat, (B) histosol soil, and (C) mollisol soil.

oxygen-substituted aromatic structures are apparent in
both spectra (120 and 150 ppm). The polymer derived
from hydroxytoluenes and phenols also shows a peak at
15 ppm characteristic of terminal methyl groups on the
toluenes, and the polymer derived from hydroxybenzoic
acids shows a peak at 180 ppm characteristic of carbonyl
carbon of carboxyl groups. Significant quantities of these
phenols incorporated into Singletary Lake fulvic acid
should produce characteristic resonances present in these
synthetic polymers.

The above discussion begs the question: Can any humic
material be found that exhibits resonances indicative of
lignin/phenol content? Figure 6 shows CP/MAS spectra
from three soil- and peat-derived humic substances that
clearly show such signals in varying amounts. This is
further evidence that Singletary Lake fulvic acid is not
predominantly composed of such structures.

CP/MAS Relaxation Studies. Spin-lattice relaxation
in pulse NMR is defined as the overall process by which
the Boltzmann energy distribution of nuclear spins is
reestablished after an rf pulse. The exponential relaxation
process is defined by a spin-lattice relaxation time (TI ).

For a comprehensive treatment of relaxation theory and
measurement the reader is referred to Levy et al. (30) and
Fukushima and Roeder (31). In CP/MAS experiments,
the spin-lattice relaxation time of protons observed
through carbons [T1(H)] determines the rate at which
pulsing can be repeated in order to achieve quantitative
results. An "inversion-recovery" experiment (30) for T, (H)
measurement in Singletary Lake fulvic acid is shown in
Figure 7. These spectra were generated with the alternate
pulse sequence described by Levy et al. (30) and Wilson
et al. (32). The r value resulting in the nulled spectrum
defines the average T1(H). At this point T,(H) may be
estimated as follows: T 1(H) = r /In 2 "'" 14.4 ms. The
500-ms-l-s pulse delays were, therefore, adequate for spin
reequilibration, and saturation should not be a problem
with these experiments.

Cross-polarization contact time must also be optimized
in order to achieve sensitive and quantitative results.

B)

ppm

Figure 5. CP/MAS 13C NMR spectra of two synthetic phenolic poly
mers formed from (A) hydroxytoluenes and phenols and (B) hydroxy
benzoic acids.

present in the fulvic acid macromolecular structure are
heavily substituted. Olefinic protons should be observed
in the 5.0-6.5 ppm region, and although the water peak
prevents the results from being conclusive, few if any ap
pear to be present.

CP/MAS Spectra of Phenolic Polymers. Lignin is
a natural polymer (composed of oxygen-substituted phe
nylpropane units) that is a primary constituent of woody
tissue and is thought to be an important precursor for
humic substances. The CP/MAS spectrum of a softwood
lignin is presented in Figure 4. This spectrum shows five
principal resonances. Two maxima in the aliphatic region
centered at 55 and 75 ppm are due to methoxyl carbon and
other oxygen-substituted aliphatic carbons, respectively.
Three other resonances are in the aromatic/olefinic region
at approximately 110, 130, and 150 ppm. The peak at 150
ppm represents oxygen-substituted aromatic carbons of
the phenols and methoxyl-substituted aromatic rings. The
other two resonances are due to non-heteroatom-substi
tuted aromatic carbons.

If Singletary Lake fulvic acid contains intact or slightly
modified lignin as a major constituent, one would expect
to find resonance maxima at these five points. An exam
ination of Figure 3A shows maxima at 75 and 130 ppm but
only shoulders at 55, 120, and 150 ppm.

Other phenolic polymers are also available. Figure 5
shows the CP/MAS spectra of two phenolic polymers
synthesized as "model humic acids" by Martin and co
workers (28, 29). One polymer was made from a series of
hydroxytoluenes and phenols and the other from a series
of hydroxybenzoic acids. Resonances characteristic of

A)
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Flgur.7. Inversion-recovery experiment for T ,(H) measurement In
Singletary Lake fuMe acid.
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Flgur. 8. Effect of varying contact time on the CP/MAS 13C NMR
spectrum of Singletary Lake fuMe acid.

Figure 8 shows the influence of varying contact time on
the CPjMAS spectrum of Singeltary Lake fulvic acid. The
decay of signal is termed proton relaxation under the in
fluence of the spin locking field (30--32) as observed
through carbon and is defined by a relaxation time T1p(H).
From this experiment, T1p(H) for Singletary Lake fulvic
acid was determined to be 3.95 ms; therefore, a contact
time of 1 ms was deemed optimum.

Differences in relaxation and signal dephasing rates for
carbon atoms under a variety of IHjl3C dipolar interac
tions can be utilized to produce CPjMAS spectra free from
certain carbon atom types. The "dipolar dephasing" pulse

200 100 0

FIgure 9. Effect of dipolar dephasing on the CP/MAS 13C NMR
spectrum of Singletary Lake fuMe acid.

sequence, first applied to humic substances by Wilson et
at. (32), can produce spectra free from signals produced
by CH and CH2 carbons. In this experiment the normal
CP jMAS pulse program is modified to include a time
period (.,.) after cross-polarization contact in which the
decoupler is gated off. After.,. the decoupler is turned back
on and the signal collected. During.,., 'Hj':lC dipolar
interactions take place with a resulting dephasing of signals
from CH and CH2 carbons.

The dipolar dephasing experiment for Singletary Lake
fulvic acid is shown in Figure 9. In spectral region I (Table
IIA) there is a rapid loss of signal as .,. increases, indicating
that much of this aliphatic carbon is protonated. The main
resonance also splits into two peaks centered at approxi
mately 20 and 50 ppm in the.,. =40 I's spectrum. The 20
ppm signal is probably due to terminal methyl groups
[which behave as if they were nonprotonated because rapid
molecular motion effectively reduces 13C_IH dipolar in
teractions (32)] while the 50 ppm signal may be due to
methoxyl or quaternary carbon. Other nonprotonated
aliphatic carbon may also contribute to these signals.

The most interesting results appear in region III where
a loss of aromaticjolefinic signal is apparent, implying
significant aromatic protonation. It is difficult to reconcile
this observation with the proton spectrum. The loss of
aromatic signal is, however, useful in that it reduces peak
overlap and reveals a definite signal from oxygen-substi
tuted aromatic carbon in the.,. =40 I'S spectrum centered
at approximately 150 ppm. This is the first clear indication
from CPjMAS spectra that phenolic structures are present
in Singletary Lake fulvic acid.

Evidence that the dipolar dephasing results are being
correctly interpreted is given in Figure 10, which shows
the result of a 40-l's dephasing experiment on the hy-
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TAlJ(u..c) Table III. CuO Oxidation Products from Singletary Lake
Fulvic Acid

yield, mglg of C

A' Bb

..
"'I ' 'Ii" 'I' i "I' i, 'I iii ,(, i" i" , 'ii" ,

200 100 • -

target compound

p-hydroxybenzaldehyde (Ph)
p-hydroxyacetophenone (Po)
p-hydroxybenzoic acid (Pal
vanillin (Vb)
acetovanillone (Vo)
vanillic acid (Va)
syringaldehyde (Sh)
acetooyringone (So)
syringic acid (Sa)
trall8-p-coumaric acid (Ca)
3,5-dihydroxybenzoic acid (Da)
trall8-cinnamic acid (Cn)
ethylvanillin (Ev)

1.93'"
0.351'
0.902<
0.654'
0.146'"
0.738'
0.170'''
0.211'"
0.202<"
0.138'''
1.08'
trace('
lSi

NIY
trace
0.640'''
0.550','
0.329'''
0.933'"
ND
ND
ND
trace
0.672<"
ND
lSi

F1gIn 10. Effect 01 dipolar dephaslng on the CP/MAS 1:'e NMR
spectrum 01 the synthetic phenoHc polymer lormed from hydroxy
toluenes and phenols.

..~~LkLJl_LJ
o ~ ~ ~ '.--figure 11. EI lotallon chromatogram 01 the ether-extraetable CuO

oxidation products 01 Singletary Lake FuMe ecld.

droxytoluenejphenol synthetic polymer. There is no loss
of signal from oxygen-substituted aromatic carbon (150
ppm), carbonyl carbon (17(}-220 ppm), or terminal methyl
groups on the toluenes (1(}-20 ppm). It is further com
forting to note that in region IV of the Singletary Lake
spectra there is little loss of carbonyl signal from the
carboxyl group peak.

CuO Oxidation. Qualitative and quantitative analysis
of ether-extractable oxidation producta fIrSt employed a
target compound approach. Individual target compounds
can be divided into five categories: p-hydroxyl (P), vanillyl
(V), syringyl (S), cinnamyl (C), and m-dihydroxy (D). The
V, S, and C phenols are considered to be lignin derived
(16). The p-hydroxylphenols have been found as CuO
oxidation producta of nonvascular plants and are not
considered to be unambiguously lignin derived. m-Di
hydroxy structures are not components of lignin but may
be found in flavonoids and other similar compounds (33).

A reconstructed total ion chromatogram of the ether
extractable oxidation products from Singletary Lake fulvic
acid is shown in Figure 11. Column A in Table III lists
the identified oxidation products together with their av
erage yields for the duplicate oxidation reactions. The
identification of most of the target compounds indicates
that Singletary Lake fulvic acid does indeed possess a
phenolic structure partly composed of intact lignin sub
units. Many of these phenols were previously shown to
be reactive with aqueous halogen (6, 7). Of particular
interest is 3,5-dihydroxybenzoic acid, which aside from
p-hydroxybenzaldehyde (whose quantification may be
overestimated due to interferences), was the most abun
dant phenol produced. This structure undergoes aqueous
halogenation by a ring rupture mechanism to produce
chloroform and other aliphatic chlorinated acids (7).

The discovery of 3,5-dihydroxybenzoic acid brings up
the pervasive issue of artifact formation in the CuO re-
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'Unreacted Singletary Lake fulvic acid; average of two CuO
degradations. bPartially chlorinated Singletary Lake Fulvic acid;
average of two CuO degradations. 'Component identification
confirmed by comparison of electron ionization mass spectrum and
gas chromatographic retention index relative to ethylvanillin with
those of an authentic standard. • The presence of coeluting com
ponents may have caused an overestimation of yield. 'Not de
tected. I Internal standard.

action. We define artifact in this instance as an oxidation
product whose formation pathway is incorrectly inter
preted. Cheshire et al. (34) have detected this structure
from the KOH fusion at elevated temperature of synthetic
polymers derived from 0- and p-benzoquinones and fur
fural as well as from a peat-derived humic acid. They
postulated that 3,5-dihydroxybenzoic acid was a secondary
substance "resulting from the breakdown of the complex
products into relatively simple units which recombine
under the fusion condition". This conclusion can be
criticized since the synthetic "polymers" were not char
acterized and secondary reactions may have taken place
during the "polymerization" to produce m-dihydroxy
structures. However, these criticisms are as much without
verification as Cheshire's conclusions. It may be impossible
to demonstrate the absence of artifact formation from
oxidation of a complex natural product like aquatic fulvic
acid; however, in our opinion it is asking a great deal of
an artifact-generating reaction to produce phenols known
to constitute Jjgnin and related plant components as major
products.

Sequential Chemical Degradation. The partially
reacted fulvic acid isolated from the aqueous chlorination
solution was subjected to duplicate to CuO oxidation and
product analysis. As a fIrSt approach to observing possible
effects of aqueous chlorination it is instructive to compare
the general chromatographic appearance of the CuO
product mixtures from raw and partially reacted Singletary
Lake fulvic acid. Figure 12 illustrates this comparison with
FlO chromatograms (Carlo-Erba GC). The two product
mixtures were derived from approximately the same
amount of starting material, and the dilutions and internal
standard (Ev) amounts were exactly the same.

The first obvious conclusion is that the CuO product
distributions from the two materials are different. Further,
the difference appears to be selective and quantitative in
nature. Certain products that dominste the raw fulvic acid
product mixture, such as 3,5-dihydroxybenzoic acid (Da),
appear to be much less important from the chlorinated
residue. The corresponding mass spectra data reveal that
all of the target phenols are reduced in the chlorinated
mixture relative to other components. Notice especially
the relative size of the four large peaks between 10 and 13
min compared to Da and Ev for the two product mixtures.



It remains to be determined whether sufficient phenolic
content is present to account for the majority of TOX or
if other potential precursor structures should be investi
gated.

NMR data in this study indicate that aliphatic and
non-heteroatom-substituted aromatic carbon types con
stitute the majority of carbon in this fulvic acid. The
formation of certain organohalides may be better ration
alized by invoking such structures as precursors. A similar
dominance of these carbon types was noted for an ex
tracted aquatic sedimentary fulvic acid by Saleh et al. (35).
They speculated that this result was artifactual, caused
by the masking of phenols and other heteroatom-substi
tuted carbons by stable free radicals present in the solid
fulvic acid. Although this cannot be ruled out in the case
of Singletary Lake fulvic acid, it should be pointed out that
all natural and synthetic phenolic polymers examined in
this study as well as a number of soil- and peat-derived
humic substances showed appropriate signals for these
latter types of carbon.

Acknowledgments

We express our appreciation to Robert Haddad, Chris
Martens, J. Donald Johnson, D. S. Millington, and J.
Ronald Hass for their invaluable assistance. The samples
of synthetic phenolic polymers were provided by J. P.
Martin.

10 20 30

Tim. (min)

Flgwe 12. FlO c/Yomatograms of 1he ether-extractable CUO oxidation
products of (A) Singletary Lake fulvic acid and (B) partially chlorinated
Singletary Lake fulvic acid (Carlo-Erba Ge).

Yields of the target phenols normalized to the amount
of starting carbon are given in Table III, column B. Note
that the presence of only five of the phenols (Pa, Vh, Vo,
Va, and Da) could be confirmed by mass spectrometry
compared with eleven from the raw fulvic acid. Six other

.phenols (Ph, Po, Sh, So, Sa, and Cal detected from the raw
fulvic acid were either not detected or were present at only
trace levels. The vanillyl phenols appear to have been least
affected by the aqueous chlorination process with mea
sured yields changing only slightly. The 3,5-dihydroxy
benzoic acid yield was apparently reduced by aqueous
chlorination by 40%.

It is attractive to assume that the observed differences
in CuO product distribution from these two samples are
due to the effects of mild aqueous chlorination. In our
opinion, however, these sequential chemical degradation
results should be considered tentative until they can be
confirmed by analysis of a humic substance with greater
phenolic content.

Conclusions

The major conclusions derived from this work may be
summarized as follows:

(1) Singletary Lake fulvic acid produces aqueous chlo
rination products identical with those produced from other
isolated aquatic fulvic acids (J1). Many of these products
are indicative of phenolic ring rupture mechanisms.

(2) Singletary Lake fulvic acid contains a measureable
phenolic substructure, some of which is lignin derived.

(3) Mild aqueous chlorination appears to alter this
phenolic substructure selectively and quantitatively.

Reactive phenolic structures within the aquatic humic
macromolecular system are further implicated as precur
sors for the formation of organohalides in drinking water.
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Field Comparison of Polyurethane Foam and XAD-2 Resin for Air Sampling
for Polynuclear Aromatic Hydrocarbons

Jane c. Chuang,*·t Steve W. Hannan,t and Nancy K. Wllsont

Battelle Columbus Division, Columbus, Ohio 43201. and Environmental Mon~oring Systems Laboratory, U.S. Environmental
Protection Agency, Research Triangle Park, North Carolina 27711

• A study of the sampling efficiency for polynuclear
aromatic hydrocarbons (PAH) in air of two adsorbents,
XAD-2 resin and polyurethane foam (PUF), was per
formed under summer and winter ambient conditions.
Two aspects were investigated: (1) collection efficiency
for ambient PAH vapor and (2) retention efficiency for
native and perdeuteriated PAH spiked onto the adsorbents
before sampling. The XAD-2 resin had a higher collection
efficiency for naphthalene than did PUF. Some spiked
PAH that were volatile or reactive were also recovered
more efficiently with XAD-2 resin than with PDF. Lower
sampling temperatures improved the recoveries of volatile
PAH with PDF, but the recoveries of reactive PAH, such
as cyclopenta[cd)pyrene, were not improved at lower
temperatures for either adsorbent. The stability of PAH
collected on quartz-fiber prefilters and XAD-2 or PUF
backup traps as a function of the storage time was also
investigated. Storage at room temperature in the dark for
30 days did not have an adverse effect on ambient PAH
collected with XAD-2 resin or on perdeuteriated PAH
spiked onto the adsorbent prior to sampling. However,
a decreasing concentration trend with storage time for
naphthalene, anthracene, and FHdbenzo[a)pyrene col
lected or spiked on PUF was found. Most of the parti
cle-bound PAH collected on quartz-fiber filters were not
affected significantly during storage, except that cyclo
penta[cd)pyrene decreased to approximately half the or
iginal level after 30 days of storage.

Introduction
Polynuclear aromatic hydrocarbons (PAH) have been

studied extensively and have received increased attention

'Battelle Columbus Division.
I U,S, Environmental Protection Agency.

in studies of air pollution in recent years because some of
these compounds are potent carcinogens, mutagens, or
both (1-5). To understand the extent of human exposure
to PAH, reliable sampling and analytical methodology
must be established for monitoring the concentrations of
PAH in air. In general, the analytical methodology is well
developed; however, the ambiguities introduced by sam
pling procedures can often reduce the validity of conclu
sions based on the analytical results. Several studies (6-9)
have shown that PAH having two to four rings are present
in air primarily in the vapor phase and are not retained
by filters because of their volatility.

With regard to health effects, the collection of gas-phase
PAH in air may be as important as the collection of par
ticle-bound PAH, Thus, a wide variety of adsorbents such
as XAD-2 resin, Tenax GC, and polyurethane foam (PUF)
has been used to collect PAH vapors (1Q--14). All these
adsorbents have been demonstrated to have a high col
lection efficiency for certain PAH. Typically, Tenax GC
is used for sampling volatile analytes for subsequent
thermal desorption rather than for semivolatile analytes
for subsequent solvent elution, for which PDF and XAD-2
are used. Therefore, Tenax GC was excluded from this
study. Polyurethane foam has relatively better flow
characteristics than XAD-2 resin and is easy to handle in
the field. However, PUF was found to give rise to un
known components that interfered with the PAH analyses,
even after extensive cleanup by Soxhlet extraction (14).
A new cleanup procedure was developed (12) that was
found to eliminate the interferences. This new procedure
was employed in this study. The overall comparative ef
fectiveness of these adsorbents and the degree to which
quantification of PAH is affected by sampling, handling,
and storage have not been fully investigated. This un
certainty precludes an accurate assessment at this time of
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the relative overall merit of each adsorbent.
The investigation reported here had two goals: (1)

comparison of two adsorbents, PUF and XAD-2 resin, for
their effectiveness in air sampling of PAH vapors and (2)
comparison of the stability of PAH vapors collected on
PUF and XAD-2 resin and of particle-bound PAH col
lected on quartz-fiber filters, as a function of the storage
time between collection and extraction.

Experimental Section

Adsorbent Preparation. The PUF cartridges were
purchased from Southwest Research Institute. The
modified and improved cleanup procedure included se
quential (50 times) compressionjdecompression of the
PUF plug in 800 mL each of toluene, acetone, and 10%
etherjhexane. The PUF plug was then Soxhlet extracted
with acetone for 16 h and dried in a vacuum oven for 6 h
at room temperature. The PUF plug was placed in a clean
glass cartridge (2.3-in. Ld., 5-in. length), wrapped with
hexane-rinsed aluminum foil, and stored in a clean
screw-capped jar. All PUF plugs were cleaned by this
procedure 24 h before air sampling.

The XAD-2 resin, which is a styrene-divinylbenzene
polymer, was purchased as a precleaned resin from Supelco
and was further cleaned by Soxhlet extraction with
methylene chloride for 16 h and dried with a nitrogen gas
stream. The clean XAD-2 resin was placed in the same
type of glass cartridge described above. A nickel wire
screen was placed in the bottom of the glass cartridge to
retain the resin. The nickel wire screen was purchased
from UNIQUE Wire Weaving Co. (mesh size 200j2oo, wire
size 0.0021-0.0022 in.). The XAD-2 resin bed depth was
2 in., which allowed a maximum sampling flow rate of
approximately 7 cfm.

Sampling Apparatus and Location. Modified me
dium-volume samplers (modified General Metals PS-1
samplers with General Metals bypass motors) were em
ployed in the ambient air sampling. The samplers, which
are described elsewhere (15), were equipped with a shelter
that shields the filter and the PUF or XAD-2 backup trap
from sunlight during sampling. Samplers were placed on
the ground in an open space outside Battelle's laboratories
in Columbus, OH. This location can be classified as a
medium size, midwestern city with relatively clean air
quality for an urban environment. The sampling was
performed on weekends or holidays to reduce the contri
bution of local vehicle exhaust emissions to the sample.
A 5-ft exhaust hose leading away from the sample module
was attached to each sampler. Each sampler was cali
brated with a dry gas meter (Rockwell Model 415) to ob
tain a flow rate of 6.7 cfm. Flow measurements from the
sampler Magnehelic gauge were then recorded. The sam
ple module was then placed on the sampler, and adjust
ment was made by the orifice calibrator to obtain the same
calibrated reading on the Magnehelic gauge. Air was
sampled for 24 h at 6.7 cfm. The flow was checked ap
proximately every 6 h and maintained at 6.7 cfm
throughout the sampling period. The same flow was used
for both PUF and XAD-2. To ensure that only vapor
phase PAH were collected on the PUF and XAD-2,
quartz-fiber filters (l04-mm QAST, Pallflex) were located
upstream of the PUF or XAD-2 in all sampling experi
ments (both the sampling efficiency comparision and the
storage stability studies).

Sampling Procedure. (A) PUF and XAD-2 Sam
pling Efficiency Comparison. In the PUF and XAD-2
sampling efficiency comparison, two sets of three samplers
were located in parallel, approximately 2 ft apart. The

three samplers of each set were separated from each other
by approximately 1 ft. In one set of three samplers PUF
cartridges were used, and in the other set XAD-2 cartridges
were used. Just prior to sampling, two each of the three
PUF and XAD-2 cartridges were spiked with 100 I'L of a
methylene chloride solution containing 2.0 I'g of each of
the target PAH. The target PAH were FHs]naphthalene,
[2H IO]phenanthrene, [2H IO]pyrene, [2Hdchrysene,
[2Hdbenzo[a]pyrene, phenanthrene, anthracene, fluo
ranthene, pyrene, cyclopenta[cd]pyrene, benz[a]
anthracene, benzo[e]pyrene, and benzo[a]pyrene. The
spiking was performed by injecting the solution into the
center of the PUF plug or XAD-2 resin bed at about 1-in.
depth, followed by 5 min of air-drying. These experiments
were performed twice under the same conditions except
that during the first experiments the ambient temperature
ranged from 66 to 86 OF and during the second experi
ments it ranged from 17 to 27 OF.

(B) Sampling Module Storage Stability Study. In
the storage stability study, eight samplers in two sets of
four were used. Sampler location was similar to the com
parison study described above. In the first experiment,
PUF cartridges were used for all eight samplers, and in
the second experiment, XAD-2 cartridges were used for
all samplers. All PUF and XAD-2 cartridges were spiked
before sampling as described above but with only the
perdeuteriated PAH. After the sampling, the PUF and
XAD-2 cartridges were stored in the dark at room tem
perature for 0-, 10-, 20-, and 30-day intervals before ex
traction and were analyzed as replicate pairs. The eight
quartz-fiber filters obtained from the XAD-2 sampling
were similarly stored and extracted after the same time
intervals. The filters from the PUF sampling were not
used in this study.

Analytical Method. Quartz-fiber filters, PUF, and
XAD-2 samples were Soxhlet-extracted for 16 h with 10%
ether jhexane (PUF) or methylene chloride (filters and
XAD-2). The extracts were concentrated to 1 mL with
Kuderna-Danish (K-D) evaporation and analyzed by 70
eV electron impact (EI) gas chromatography j mass spec
trometry (GCjMS). A Finnigan 4500 quadrupole GCjMS
system and an INCOS 2300 data system were used. The
evaporator cavity GC injector at 300°C was used in the
splitless mode (55 s) for a 2.0-I'L injection. The GC column
was an Ultra No.2 fused silica capillary column (50-m
length, 0.31-mm Ld., 0.17 I'm film thickness, Hewlett
Packard Co.), and the column outlet was located in the MS
ion source. Following injection, the GC was held at 45°C
for 1.5 min and temperature programmed to 100 °C over
5 min and then to 320°C at 6 degjmin. The molecular
ion of each compound of interest was monitored in the
multiple ion detection mode (16). Identifications ofPAH
were based on the GC retention times of the individual
monitored molecular ion signals relative to that of the
internal standard 9-phenylanthracene. Quantifications of
PAH were based on comparisons of the respective inte
grated ion current responses for the monitored molecular
ions to that of the internal standard, with calibration re
sponse curves generated from four different concentrations
(0.1 ngjI'L, 2.0 ngjL, and 5.0 ngjL) of each target PAH.

Results and Discussion

PUF and XAD-2 Sampling Efficiency Comparison.
PAH recoveries from the PUF and XAD-2 resin were
determined by subtracting the levels of PAH in a non
spiked background sample from those in the corresponding
spiked samples and dividing by the spiked levels (2.0 I'g).
The PAH recovery data are summarized in Figures 1 and
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Table I. Background Concentrations of PAR in Air Collected on PUF and XAD-2 Resin'

summer experiment winter experiment

conen, ngjm3
ratio, coneD, ng/m3

ratio,
compound XAD-2 PUF XAD-2/PUF XAD-2 PUF XAD-2/PUF

naphthalene 182 7.7 24 68 5.5 12
phenanthrene 152 134 1.1 17 17 1.0
anthracene 3.0 3.8 0.8 0.8 0.9 0.9
fluoranthene 37 47 0.8 2.6 3.4 0.8
pyrene 11 13 0.8 1.7 2.1 0.8
cyclopenta[cd]pyrene NDb ND ND ND
benz[aJanthracene ND ND ND ND
benzoleIpyrene ND ND ND ND
benzo[a]pytene ND ND ND ND

, A total of 273 m' of air was sampled with a given sampler in a given run in both summer and winter experiments. bND = not detected.

2. The background PAH levels collected on the PDF and
XAD-2 resin are given in Table I. On the basis of our
previous studies with these sampling and analysis proce
dures, a variance of approximately 20% for identical
samples is to be expected. Thus, the PUF and XAD-2
results in Table I are similar for all compounds except
naphthalene, the most volatile PAH of the series. As
shown in Table I, levels of ambient naphthalene adsorbed
on XAD-2 resin are about 24 and 12 times higher than
those on PUF in the summer and winter experiments,
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respectively. The summer phenanthrene levels are slightly
higher for XAD-2 resin than for PUF, but identical levels
were observed for both adsorbents in the winter experi
ment. This finding suggests that XAD-2 resin has better
collection efficiency for volatile PAH than does PUF and
that the collection efficiency for volatile PAH on PUF
improves at lower ambient sampling temperatures. In
addition, only two- to four-ring PAH are found in both
adsorbents. As we expected, the nonvolatile, high mo
lecular weight PAH were predominantly present as ad-
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sorbed species on particulate matter and were thus re
tained on the filter.

As shown in Figures 1 and 2, generally good recoveries
are obtained for most spiked PAH from both adsorbents
after exposure to ambient air at a flow rate of 6.7 cfm for
24 h. Comparison of the FHslnaphthaiene recoveries
shows that the spiked XAD-2 resin give substantially
higher recoveries than the spiked PDF, in agreement with
the finding for native naphthalene noted above. Thus,
XAD-2 resin appears to be significantly more effective in
retaining two-ring PAH, since approximately 80% of
[2Jfs]naphthalene was recovered after ambient air exposure
even at the summer sampling temperature (66-86 OF).
Similarly, lower recoveries of the spiked FH IO]

phenanthrene and spiked native anthracene were obtained
from PDF than from XAD-2 resin in the summer exper
iment. As expected, these PDF recoveries improved sig
nificantly in the winter experiment, becoming comparable
to those from XAD-2 resin. In an apparent contradiction
to this observation with spiked deuteriated compounds,
the background levels of ambient phenanthrene and an
thracene (Table I) did not differ significantly between
XAD-2 and PDF. The discrepancy is explainable in terms
of more facile breakthrough of the spiked PAH than of
ambient native PAH vapor. The spike was added as a
liquid to the center of the adsorbent at approximately 1-in.
depth and, therefore, had achieved 20% of its break
through for PUF and 50% breakthrough for XAD-2 before
sampling began. In addition, the concentrated application
of the spiked compounds might have created a localized
adsorbent overload that could have increased the break
through tendency of these spike PAH. Nevertheless, the
results clearly show that temperature is an important
factor to be considered in ambient air sampling.

It was noted that the phenanthrene recovery data cannot
be accurately addressed in the swnmer experiment because
the ambient air background levels were about 19 times
higher than the spiked levels. Thus, due to the expected
variations in sampling and analytical procedures, negative

recoveries were sometimes observed for spiked phenan
threne after subtraction of these high ambient background
levels. For the same reason, a greater variance for fluo
ranthene recoveries was observed from both adsorbents
in the summer experiment. In the winter experiment, the
phenanthrene and fluoranthene background levels were
only about 2.5 and 0.5 times the spiked levels, respectively,
and good recoveries were obtained from both adsorbents.
Low recoveries of cyclopenta[cd]pyrene were obtained with
PDF in both the summer and the winter experiments, 40
and 23%, respectively. The recoveries of this compound
from spiked XAD-2 resin also showed a similar trend,
decreasing from 100% (swnmer) to 58% (winter). The loss
of spiked cyclopenta[cd]pyrene almost certainly results not
from volatilization but from decomposition, possibly ox·
idation; this is also indicated by the storage stability results
(see below). The recoveries of the remaining PAH were
good, and better retention of some PAH was observed at
lower sampling temperatures for both adsorbents.

Sampling Module Storage Stability Study. The
stability study was conducted to determine whether a
significant loss of PAH adsorbed on PDF, XAD-2, or
quartz-fiber prefilters occurs during the storage period
between collection and extraction. Since the experimental
design required duplicate samples for four storage times
and since only eight medium-volume samplers were
available, only perdeuteriated PAH were spiked onto the
adsorbents prior to sampling. Thus, comparisons of the
native PAH levels can be made without any background
level corrections. The results are summarized in Figure
3 and 4.

For XAD-2 resin, no loss of perdeuteriated PAH was
detected over the 30-day storage interval. For PDF, the
FHs]phenanthrene storage stability results are not
meaningful since only 1.2% of the spiked FHs]naphthaiene
was retained on the PDF at the end of the 24-h sampling.
The decrease in [2Hdbenzo[a]pyrene, however, does ap
parently indicate storage instability of this compound on
PDF, since about 50% recovery of this spiked analyte was
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also found for the sampling efficiency study (see Figure
2), However, this may not cause a serious problem in
ambient air sampling, because benzola]pyrene is usually
retained on the particulate filter and is not present in the
backup adsorbent.

Ai? shown in Figure 3, storage instability over the 3O-day
period is not indicated for any of the native PAH collected
on XAD-2 resin. Only trace amounts of cyclopenta[cd]
pyrene were found on XAD-2 resin, and the variability in
the data at these low levels prevents any firm stability
conclusion. However, the data are consistent with a de
creasing trend with storage time.

For PUF adsorbent, there appears to be a loss on storage
of both native naphthalene and native anthracene. Since
naphthalene evidently breaks through PDF during a 24-h
sampling, it is not surprising that it could be partially lost
by volatilization after storage for 30 days. Unfortunately,
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this hypothesis cannot be supported by the [2Hs]
naphthalene PUF results because only 1.2% of the spiked
material was present at the beginning of storage and the
recovery levels are too low to show any trend. The greater
loss from PUF of anthracene relative to its isomer phen
anthrene is more consistent with the lower chemical sta
bility of anthracene relative to phenanthrene than with
a selective loss through volatilization. The nondetection
of cyclopenta[cd]pyrene on PUF may be due to its deg
radation to below the detection limit (0.05 ng/m3) since
this compound was detected only at very low levels with
XAD-2 resin. An overall comparison of the XAD-2 vs.
PUF results of Figure 4 clearly suggests more reliable and
reproducible storage performance for XAD-2 resin.

With the exception of cyclopenta[cd]pyrene, storage
losses of particle-bound PAH collected on quartz-fiber
filters were insignificant. The calculated concentration of
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cyclopenta[cd)pyrene decreased from 1.3 ng/m3 (34.8
ng/mg of particles) to 0.8 ng/m3 (17.8 ng/mg of particles)
after storage for 30 days. The losses of particle-bound
cyclopenta[cd)pyrene during sample storage are probably
due to its chemical instability noted above in the discussion
of its low recovery in the sampling efficiency study (Figure
1). One research group (17) has identified a direct-acting
mutagen, pyrene-1,1O-dicarboxylic acid anhydride, as a
possible degradation product of cyclopenta[cd)pyrene in
diesel exhaust particles. This acid anhydride oxidation
product was also found in airborne particulate material
and other environmental samples by other research groups
(18-19).

Distributions of PAH between the filter and XAD-2
resin from the stability study were as follows (Figure 3):
two-ring PAH, 99% on XAD-2; three-ring PAH, 90% on
XAD-2; four-ring PAH, 80% on XAD-2 for pyrene and
fluoranthene and 15% on XAD-2 for benz[a)anthracene
and chrysene; five-ring PAH, <10% on XAD-2; six- to
seven-ring PAH, 100% on filter. These distributions
parallel, in general, the volatilities of the individual PAH
and indicate breakthrough of two- to four-ring PAH from
the prefilters. Other research groups (6-9) have also re
ported that most of the volatile PAH were not retained
on filters under high-volume sampling conditions. In our
study, medium-volume samplers were used, and the flow
rate (6.7 cfm) was lower than a typical high-volume sam-

piing flow rate. These relative recovery results clearly
demonstrate that the use of filters only to collect PAH
from air is not sufficient, and correct quantitative results,
even for species as large as chrysene, cannot be obtained
without the use of backup adsorbents.

Conclusions

In conclusion, for air sampling for gas-phase PAH,
XAD-2 resin seems to gave two performance advantages
compared to PDF: (1) two- and three-ring PAH clearly
break through standard PDF cartridges with a typical
sampling volume of 270 m3, and (2) PAH species that are
prone to degradation during sampling or during sample
storage prior to extraction exhibit greater losses from PDF
than from XAD-2 resin. The retention efficiency of volatile
PAH for both adsorbents, especially PDF, can be improved
by lowering the sampling temperature. Certainly, the
future use of quartz-fiber filter/PDF samplers should in
volve a minimum of sample handling and storage to reduce
the losses of volatile and reactive PAH. Little is known
about the degradation products of PAH due to sampling
and sample handling. The critical issue of whether a
significant part of the mutagenic activity in these types
of air samples is from sampling artifacts or is actually
present in the sampled air is still not clear, and further
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investigations need to be carried out in this area.
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Reaction Kinetics of Hydrogen Peroxide with Copper and Iron in Seawater

James W. Moffe"! and Rod G. Zlka"

Rosenstiel School of Marine and Atmospheric Science, University of Miami, Miami, Florida 33149

literature for its reactions with transition metals in aqueous
alkaline media such as seawater. Most of the earlier work
has been carried out in low-pH media or in the presence
of high concentrations of organic compounds such as
acetonitrile and pyridine, and extrapolation of these results
to natural water conditions is difficult.

In this work, the reactions of hydrogen peroxide with
copper and iron in seawater have been studied. Copper
and iron have been studied extensively in natural waters
because both are essential elements in biological systems
and Cu is toxic. Evidence suggests that bioavailability may
be related to their redox properties, particularly for iron
(6). Peroxide is important in Fe(III) jFe(II) and Cu(I) /
Cu(1I) interconversion in chemical and biological systems,
suggesting that it may also be important in natural waters.
In addition, catalysis of a variety of reactions in the
presence of Fe or Cu and H20 2is well documented. Such
processes may also be important in natural waters.

Hydrogen peroxide is an intermediate in the reduction
of oxygen to water and can act as an oxidant or a reductant
in its reactions with Fe and Cu. A generalized mechanism
for Cu(I) and Fe(ID oxidation has been proposed by earlier
workers (7-8):

slow (1)

• The oxidation of Fe(II) and Cu(I) and the reduction of
Fe(III) and Cu(II) by hydrogen peroxide in seawater have
been studied to understand their mechanisms and prob
able significance in the upper marine water column. At
10-7 M H20 2, a level commonly found in surface seawater,
reaction with HP2 is the dominant oxidation pathway for
Fe(II). Reduction of Fe(IID by peroxide was not observed
in the pH range 7-8. Reduction of Cu(II) and oxidation
of Cu(I) by H20 2 contrihute to a dynamic redox cycling
of that element in the upper water column. Calculations
based on these data indicate that Cu(I) oxidation and
Fe(II) oxidation by H20 2are at least as important as nitrite
photolysis as a source of OH radicals in the ocean.

Introduction
Hydrogen peroxide has been measured in a variety of

natural surface waters (1-5) at concentrations exceeding
10-7 M. There is considerable evidence that it is formed
photochemically through the photooxidation of dissolved
organic matter. These observations have led to a consid
erable interest in its influence on aquatic redox processes
involving minor elements such as transition metals. At the
present time, however, there is little kinetic data in the

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

Mn+ + H20 2 ...... M(n+l)+ + OH + OH

Mn+ + OH ...... M(nH)+ + OH- fast (2)
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For Cu(ll) and Fe(III) reduction, the following mechanism
has been proposed (8-9):

H20 2... H+ + H02- fast (3)

M(n+W + HOz- ---+ Mn+ + H02 slow (4)

H02 ... H+ + O2- fast (5)

M(n+1)+ + 02- ---+ Mn+ + O2 fast (6)

These mechanisms have been proposed for a variety of
aqueous biochemical and chemical systems and are prob
ably valid in seawater and other natural waters. At low
concentrations of metals, however, OH and O2- formed in
reactions 1 and 4 may react via other pathways than 2 and
6. Therefore in this work, bimolecular rate constants have
been calculated for reactions 1 and 4, from the overall rates
measured in this study. The influence of pH, chloride,
temperature, and chelators has been studied to understand
the mechanism and assess the importance of the reactions
in natural waters.

Experimental Section
The reactions were monitored by following the decay or

formation of Cu(l) and Fe(1I) during the course of the
reaction. Cu(l) was measured spectrophotometrically by
bathocuproinedisulfonic acid with ethylenediamine to
mask Cu(lI) interference. The technique is described in
detail elsewhere (10). Fe(lI) was measured with ferrozine
(11). At pH >6 there was no detectable interference from
Fe(III). Both techniques had limits of detection of 1 X 1~
M. Copper reactions were followed by withdrawing 3O-mL
aliquots of solution from the reaction vessel at selected
times after the addition of peroxide and adding them
directly to 1 mL of a 3 X 10-3 M stock solution of colori
metric reagent [plus 1.5 X 10-2 M ethylenediamine for
Cu(1) determination]. For iron, 30-mL aliquots were added
to 1 mL of a 10-2 M ferrozine solution. Full yields were
obtained without prior acidification.

Reactions were carried out in a 1-L stirred glass reaction
vessel immersed in a constant-temperature bath controlled
to %0.1 deg and purged continuously with N2. All reactions
were carried out at 25 °c unless noted otherwise. A
plunger inserted into the top of the reaction vessel enabled
the removal of 30-mL aliquots of solution during the reo
action. The pH was measured throughout each experi
ment. For seawater solutions, pH was controlled by
purging with a mixture of CO2 and N2. Gas flow was
controlled with Matheson Dyna-Blender flow controller
for precise pH control. For copper studies, carbonate-free
solutions were buffered with borate (10-3 M) at pH >7.5
and phosphate at pH <7.5. The concentration of phos
phate was varied so that the concentration of HPOl- did
not exceed 2 X 10-' M. However, even at these levels some
complexation occurs, which had to be taken into account.

All pH values were measured by an Orion Ross electrode
calibrated with tris(hydroxymethyl)aminoethane (Tris)
buffer prepared in seawater on the free proton scale de
scribed elsewhere (12). Spectrophotometric measurements
were made with an HP 8450 spectrophotometer.

Stock solutions of Cu(l) were prepared fresh daily by
dissolving cuprous bromide (Fluka) in a deoxygenated
acidified 1 M NaCI solution heated to 50 °c. Fe(lI) stock
solutions (10-2M) were prepared daily in distilled water
at pH 3 from FeSO•. A 10-2 M H20 2 stock solution was
prepared from 30% H20 2 and stored in the refrigerator
where it was stable for a number of weeks. Seawater was
collected from the Florida Straits 4 mi east of Miami and
filtered through a 0.2-l'm filter. Chloride dependence

" .-
~ ~/
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~/
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&5 7 7·5 &5
pH

figure 1. pH dependence of the reactions. T = 25 °C: k 1 lor Fe(l I)
oxidation In seawater (4). k 1 for Cu(I) oxidation In seawater (0), and
k. for Cu(II) reduction In 0.7 M NaCI (e).

studies were carried out in artificial seawater, substituting
perchlorate for chloride.

Results
Calculation of Second-Order Rate Constants. The

reaction rates varied widely with the parameters studied.
Initial concentrations were varied to enable accurate cal
culation of the second-order rate constants within the time
and analytical constraints imposed by our procedure and
so that backreactions were not significant. For very slow
reactions, the rate constant was calculated directly from
initial rates, usually with an excess of metal reactant so
that reaction of the product with H20 2would not be sig
nificant. Metal and H20 2concentrations for the slow re
actions were from 5 X 10~ to 5 X 10-5 M. For faster
reactions, where backreaction of the products did not affect
the rate, metal reactant and H20 2 were added at stoi
chiometric ratio, Le., [metal]o X 2[H20 2]O' and the rate
constants were calculated from

ko.dnt = (MoIM, -l)/[H20 2]O (7)

krednt = [(M~ - M,)IM, -1]/[H20 2lo (8)

These are the integrated solutions for the overall second
order reactions in eq 1-2 and 3-6, respectively. M, in this
instance is Cu(l) or Fe(lI) actually measured at time t.
ko•dn and k,e<in are the measured rate constants for the
oxidation and reduction reactions, respectively. Metal
concentrations were 2 X 1O~ M, and H20 2was 1 X 1~ M.

For the oxidation reactions studied over the range of
concentrations used in these experiments, plots using eq
7 were linear down to [metal] =10% [metal]o. Therefore,
two atoms of metal were oxidized per peroxide, indicating
that all the OH produced in reactions 2 and 4 reacted with
Fe(1I) or Cu(l), either directly or through intermediates.
Therefore, k, =1/2ko•dn• For Cu(lI) reduction, plots de
rived from eq 8 were also linear, indicating k. = 1/2kredn
by similar reasoning.

Results of the study are summarized in the figures and
are tabulated in detail in the supplementary material (see
paragraph at end of paper regarding supplementary ma
terial).

pH and Chloride Dependence of the Reactions. The
results of the pH dependence studies are shown in Figure
1. The oxidation of Fe(ll) by peroxide is strongly pH
dependent in seawater. A plot of log k, vs. pH is linear
with a slope of I, indicating the reaction is proportional
to [OH-]. The chloride dependence was not studied. Cu(l)
oxidation in seawater, by contrast, showed no pH depen
dence over the range 6.2-8.3. However, it was strongly
dependent on chloride concentration. The chloride de
pendence at pH 8.0 was studied in artificial seawater,
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figure 2. k 1 for Cu(I) oxidation vs. [er] in artificial seawater/ClO.:
T = 25 ·C. pH 8.00, and 1= 0.7 M.
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figure 3, k. for Cu(I1) reduction ys. [Cr]: pH 7.17, NaCI-CIO.; 1=
0.7 M; T= 25 ·C.

substituting perchlorate for chloride to maintsin a constant
ionic strength. The results. in Figure 2, show an increase
in rate with decreasing chloride concentration.

The pH dependence of Cu(II) reduction was studied in
0.7 M NaCI, to avoid carbonate chelation. A plot of log
k. plotted against pH gives a straight line with a slope of
2, indicating the reaction is proportional to [OH-F. The
chloride dependence of the reaction was also studied, at
pH 7.17. Unfortunately, the reaction could not be mea
sured below 0.35 M [CI-], as the oxidation of the product
Cu(1) was too rapid. However, the results indicate that
the reaction is proportional to [CI-] in this concentration
range (Figure 3).

No observable Fe(III) reduction by peroxide occurred
in the pH range 7-8, possibly because of the rapid reoxi
dation of Fe(II) or the formation of kinetically inert ferric
hydroxy colloids.

Ligand Infiuences. In seawater, Cu(II) speciation is
dominated by carbonate and organic ligands (13). Addition
of carbonate and model organic ligands nitrilotriacetic acid
(NTA) and salicylic acid led to a decrease in rate indi
cating that Cu(II) complexes with these ligands r~acted
slowly or not at all with H20 2. Cu(l) speciation is probably
not influe~cedby ligands other than chloride (14), so none
were exammed. Ligand influences on Fe(II) oxidation were
not examined though there is some evidence that they are
important in freshwater systems (15).

Temperature Dependence. Temperature (1') depen
dence in seawater at pH 8.00 was determined for all three
reactions over the range 5-25 ·C. The reduction of Cu(lI)
shows the greatest variability with temperature, due in part
to the variation of Kw and the K a of H20 2with tempera
ture. The change in Kw also contributes to Fe(II) T de
pendence. Results are shown in Figure 4.

Rate Constants for Individual Complexes. The data
can be interpreted in terms of the reactivity and abun
dance of individual complexes that contribute to the
overall rate. Millero (16) has derived rate equations from
which individual rate constants may be calculated for Cu(l)
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figure 4. Temperature dependence of each reaction at pH 8.00: log
k 1 for Fe(II) oxidation (e). Cu(I) oxidation (II), and log k. for Cu(I1)
reduction (0).

-18'" .
(} C}1 (}2 tH ~t) (}4 (}5 06

figure 5. Data analysis for Cu(I) oxidation in art~lclal seawater:
k ,lao.,. vs. [er].

and Fe(II) oxidation by 02' from chloride and pH depen
dence data. Similar equations have been developed here.
. Cu(l) oxidation is independent of pH, so only chlo

ride-dependent species contribute to the rate and pH
dependent species are ignored. However, because the rate
increases with decreasing Cl-, the free ion CU+c must also
be included in the rate equation:

rate = kl [Cu(I)][H20 2] = (kcu.,[Cu+cJ + kcucl[CuCI] +
kCucl,,[CuCI2-] + kCucl,2-[CuCll-])[H202] (9)

k l =kcu·,acu·, + kCuClacuCI +
kcucl,-acucl,- + kCuC1,>-acuCI,2- (l0)

kt
-a = kcu·, + kCucJtlcucl[CI-] + kcucl,-~cucl,-[CI-F +

CU+t

kcuCI,'-~CuCI3,,[CI-]3 (H)

where aCuCI = [CuCI]/[Cu(I)]tolab ~cuCI = [CuCI]/
([C,!+c](CI-]), etc. The left-himd side of eq H was plotted
agamst [CI-] and produced a curve, to which a quadratic
was fitted (Figure 5). Attempts to fit a cubic to the data
with all nonnegative coefficients were unsuccessful. This
indicates that CuCI2- is reactive but CuCll- is not. Rate
constants calculated from the quadratic equation coeffi
cients are shown in Table 1. Stability constant data were
taken from ref 14.

For Fe(lI) oxidation, the strong pH dependence indi
cates that pH-dependent species dominate in the rate
equation. Neglecting non pH dependent species (FeCI+,
FeSO., etc.), the rate equation can be written

rate = k l [Fe(II)][H20 2] = (kFeX[FeX] +
kFe(ow[Fe(OH)+] + kFe(oHl,[Fe(OHh])[H20 2] (12)

k l = kFeXaFeX + kFe(OH).aFe(OH). + kFe(OH),aFe(OHl, (13)



Reduction: M'+ + HOi - MI.-t)+ + HO,

Table I. Second-Order Rate Constants Calculated for
Reaction of Individual Cu and Fe Complexes with H,O, in
Seawater at 25 DC

Oxidation: M'+ + H,O, - M(·+t)+ + OH + OH-

M

Fe(OH)+
Fe2'+
Cu+
CuClo
CuCI,
CuCl,'-

M

CuClOHo
Cu2+

k, rna!"' L sol

(1.9 ± 0.1) x 10"
a
4 X 1000b
(1.6 + 0.3) X 10-'
(1.3 ± 0.2) X 10'
a

(3.3 ± 0.1) X 10"
a

Table II. Standard Potentials for Complexes Examined in
This Work'

couple EJ, V couple EJ, V

Fe(OH),.IFe(OH), -0.04 Cu2+/Cu+ 0.153
Fe(OH)2+IFe(OH)+ 0.304 CuCl+ICuClo 0.330
Fe'+ IFe2+ 0.771 CuCIOHoICuCIOU- 0.423
FeCI2+IFeCl+ 0.773 CuCl,°1CuCli 0.567

'Calculated from data in Zuehlke and Kester (J2), Moffett and
Zika (14), Turner et al. (J 7) and Milazzo and Caroli (25).

8

'No reaction or the reaction was too slow to be calculated. •0 <
k < 2 X 10" mol-' L S-l, intercept value shown above.

where FeX =all non pH dependent Fe(II) species. To
express k l as a function of [OH-l, eq 10 is divided by "'Fe2+~

where "'Fe2+, =Fez+(..e/Fe(II),.taI:
k l-- = kFeXfJFeX + kFeIOH)+fJFeIOH)+[OH-1 +

a'Fe2+f

kFetOH),{JFeIOH),[OH-F (14)

Plotting the left-hand side of eq 14 against [OH-l gave a
straight line with negligible intercept. Graphs of this and
other linear plots in this section are included in the sup
plementary material. From the equation, the slope =
kFeIOH)+fJFe(OH)+, and the intercept = kFeXfJFeX' Therefore,
from the plot, the fllSt and third terms of the equation are
unimportant, indicating that only Fe(OH)+ contributes
significantly to the overall rate. From these values, a rate
constant for Fe(OH)+ was calculated (Table I) with sta
bility constant data from ref 17. The high rate observed
for Fe(OH)+ accounts for the [OH-l dependence. The
concentration of OH- used in these calculations was cal
culated with pKw = 13.65 for seawater at T = 25 ·C (18).
Cu(II) reduction shows an [OH-F dependence oli pH, in
dicating that hydroxy complexes are reactive. However,
in the generally accepted mechanism for this reaction (eq
3-6), HOz- is the reactive species in the rate-determining
step, as indicated in systems studied by earlier workers
(19-21). Participation of this species in the rate-deter
mining step will contribute to the pH dependence.
Therefore, rate constants based on HOz- and k/ were
calculated, where k/ =k4[HzOzl/ [HOz-J, with a pK. of
HzOz =12.13 (22).

The pH dependence of k4' is only a function of changes
in Cu(II) speciation and can be expressed as a function of
[OH-l with an equation analogous to eq 11 and 14:

k 4'
-- =(kCuOHfJcuOH + kCuCIOHfJcuCIOH)[OH-1 +
aCu2+r

(kCuIOH),{JCuIOHl,)[OH-F (15)

[OH-l was calculated with pKw = 13.71 calculated for this
medium (23). Plotting this equation yields a straight line
with a small intercept, indicating that only Cu(OH)+
and/or CuOHCl is reactive. To distinguish these two
complexes, chloride dependence was studied at pH 7.17,
where only the pH-dependent species are significant. The
data were fitted by modifying the above equation:

k 4'
-- =kCuOHfJcuOH + kCucloHfJcuclOH[Cn (16)
aCu2+(

OZ E'~ 06

Figure 6. EO vs. log k for the oxidation of Cu(l) and Fe(ll) complexes.
Note the constant for Fe2+ was from ref 27. • No lower estimate for
log k could be made from the data.

Thermodynamic data used to calculate the constants were
taken from ref 13, except for CuOHCl, which was calcu
lated from data for Cu(OH), and CuClz from ref 13, with
an approximation described in ref 24, giving a value of 3.0
x loa. Complexation with phosphate was also included
with data from ref 22. The intercept is close to zero,
indicating negligible reactivity for CuOH+. CuClOH is the
most reactive species. The bimolecular rate constant is
shown in Table I. Individual rate constants for the non
pH dependent species could not be determined from these
data because of their small contribution to the total rate.

Discussion

Mechanistic Considerations. The standard potentials
for couples of the various complexes were calculated with
data from ref 13,17, and 25 and are shown in Table II.
There is a general correlation between potential and re
action rate for Cu(I) and Fe(II) oxidation (Figure 6) as is
to be expected from Marcus theory considerations, if the
rate-determining step is a charge-transfer process (26). It
is noteworthy that the rate constant for Fez+(,ee from ref
27 fits well on the plot. Similar trends have been observed
for the oxidation of a series of copper(I)-l,10
phenanthroline complexes with HzOz (28). A similar
correlation has been observed for the autoxidation of a
series of Ru amines and interpreted in terms of a
charge-transfer rate-determining step (29). The apparent
lack of reaction of Fe(OH)z is anomalous as this complex
should react extremely rapidly with HzOz given its low
standard potential. However, steady-state concentrations
of Fe(OH)z are 3 orders of magnitude lower than those of
Fe(OH)+ at pH 8, so the reaction would have to be almost
diffusion controlled to be detectable from this data set.
Other factors such as the formation rates of Fe(OH), may
act to limit its contribution.

Cu(II) reduction by peroxide deviates from this trend.
CuClz has a larger standard potential than CuClOH but
shows little or no reactivity toward HO,-. Yet studies of
the reduction of Cu(II) in chloride media by ferro
cytochrome c, which probably occurs by an outer sphere
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and

In the other limiting case, Oz, OH, and HzOz react rapidly

(24)

referencerate constant

Fe(II) + H,O, - Fe(III) + OH + OH'
k = 5 X 10'3 S'l this work

Fe(II) + 0, - Fe(III) + 0,-
k = 2.2 X 10.3 S'l Millero et al. (18)
k = 6.7 X 10-' S'l Waite and Morel (32)
k = 5.8 X 10" S·l Murray and Gill (34)
k = 7.6 X 10" S'l Kester et al. (35)

Cu(1) + 0, - Cu(II) + 0,-
k = 7.8 X 10-' S'l Moffett and Zika (14)

Cu(l) + H,O, - Cu(1I) + OH + OH'
k = 1 X 10-5 S'l this work

'[0,1 = 2.1 X 10" M, [H,O,J = 1 X 10.7 M, T = 25 ·C, pH 8.0.

Applying a steady-state approximation for the interme
diates Oz', HzOz, and OH enables a simplified rate equation
to be calculated that yields eq 24, shown in the Appendix.

At the high concentrations of Fez+ used by workers who
have studied Fe(lI) oxidation in seawater, the second lim
iting case is observed because of the high reactivity of Oz'
with Fe(lI) shown elsewhere (38) and of HzOz and OH
(probably via Brz') with Fe(II) demonstrated in this work.
No other constituents present in the seawater are likely
to compete. However, at natural levels in seawater «1
nM) a variety of other minor constituents are competitive
with Fe(II). Under these conditions, if there is no ambient
Oz', HzOz, or OH, Fe(I!) is oxidized only by reaction 17.
These conditions probably exist in regions such as the deep
sea sediment-water interface or hydrothermal vent regions.

The situation is different for Cut!). During studies of
Cu(I) oxidation by 0z, accumulation of HzOz at stoichio
metric concentrations was measured, consistent with this
work, which shows that peroxide reacts much more slowly
with Cu(I) than with Fe(II). Therefore, only 2 mol of Cu(I)
is oxidized per mol of 0z, and the rate constant for the
bimolecular reaction with Oz is equal to half the rate
constant measured in that study.

The pseudo·first-order rate constants for the reactions
in seawater at pH 8.0, T = 25°C, [Ozl = 2.1 X 10-4 M, and
[HzOz] = 1 X 10.7 M are shown in Table III. Constants
for the oxidation of Fe(II) and Cu(I) by Oz are also shown,
which were calculated from literature values with the
considerations described above. Comparison indicates that
oxidation by HzOz is the dominant oxidation pathway for
Fe(I!) under these conditions. Consequently, estimates
of the lifetime of Fe(lI) in the upper water column should
be based on this reaction. Fe(I!) oxidation by Oz is pro
portional to [OH'P and decreases more sharply with pH
than Fe(I!) oxidation by HzOz, which is proportional to
[OH']. Consequently, the reaction with peroxide will be
even more dominant in lower pH systems such as fresh
waters. For Cu(I), oxidation by Oz is the dominant
pathway.

Cu(lI) reduction is more difficult to assess because the
speciation in seawater is controlled by poorly characterized

Table III. Pseudo-First-Order Rate Constants for Cu(I)
and Fe(II) Oxidation by 0, and H,O, in Seawater"

and

with Fe(lI) only. Steady-state levels of these three species
are low under these conditions, so mass balance consid
erations indicate that 4 mol of Fe(II) reacts for every 1 mol
of Oz. Therefore

-d[Fe(lI)]/dt = -4d[Oz]/dt =4hdFe(lI)][Ozl (23)

(22)

(20)

(17)

(18)

fast

fast

slow

Fe(II) + OH - Fe(III) + OH'

Fe(II) + Oz - Fe(III) + Oz'

Fe(II) + Oz' + 2H+ - Fe(III) + HzOz

Relating the measured rate constant derived from d[Fe
(II)]/dt to hl7 depends on the reaction pathways of OH,
Oz', and HzOz. In the limiting case where all these species
are scavenged by other pathways, Fe(lI) oxidation occurs
only through reaction 17:

-d[Fe(II)]/dt = -d[Oz]/dt = hdFe(II)j[0z] (21)

Fe(I!) + HzOz - Fe(III) + OH + OH' fast (19)

charge-transfer mechanism, indicate that CuClz is very
reactive (30). Since equilibrium concentrations of CuClz
are similar to those of CuCIOH, comparable reaction rates
would be detectable. Therefore, a more complex mecha
nism is probably involved, perhaps involving the formation
of a Cu(II) complex with HOz' as suggested by earlier
workers (19-21). Nevertheless, stable Cu(II) complexes
such as carbonate and model ligand complexes examined
here were unreactive. Work on the reduction in a series
of pyridine complexes (19) indicates that the minor, less
stable complexes are the most reactive and make the
greatest contribution to the overall rate, as observed here.

Comparison with Earlier Work. Cu(I) and Fe(lI)
oxidation by HzOz has been studied in acidic chloride
media. For Cu(I), results are similar to this work (31). For
Fe(II), the data indicate that the reaction with free Fez+
is slow, in agreement with earlier work (8). Cut!) and
Fe(lI) oxidation in seawater by oxygen has been studied
(13,18,32-35). The overall rate constants are 2-3 orders
of magnitude greater for HzOz. Furthermore, the pH, [Cn,
and temperature dependences of these reactions are dif
ferent for Oz and HzOz. These differences arise because
of differing relative reactivities of the individual complexes.
CuClz' is reactive with peroxide but not Oz. Fe(OH}z is
the most important species for Oz oxidation of Fe(I!), but
Fe(OH)+ is the most important for HzOz oxidation. The
differences may be due to the greater reactivity and
stronger oxidizing properties of HzOz but may also be due
to mechanistic differences, particularly if coordination of
HzOz or Oz to the complex is important in the rate-de
termining step. Studies of Cu2+ reduction confirm that
the free ion is relatively unreactive with HzOz (8, 36).

Implications for Upper Marine Water Column.
These reactions are likely to be important in the upper
water column, where peroxide has been measured, in two
general ways: (I) altering the prevailing equilibria between
the two redox states of each metal; (2) acting as a source
of Oz' and OH radicals, which are far more reactive with
a variety of organic and inorganic substrates than HzOz.

In recent years numerous processes have been proposed
leading to Fe(lI) and Cu(I) formation in the upper marine
water column. To evaluate the influence of peroxide on
these processes, rates were compared with known rates for
the oxidation by Oz. In order to compare our data with
the literature data for Oz oxidation, the bimolecular rate
constant for the reaction with Oz must be determined.
Consider Fe(II) oxidation by Oz that proceeds through the
following sequence first proposed by Weiss (37):
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organic chelators. Recent evidence indicates that in surface
oligotrophic seawater Cu2+free/CU2+ tota1 "" 1 X 10-3(39, 40).
Using this to obtain a pseudo-first-order rate for Cu(ll)
reduction indicates 1-2% of total Cu present asCu(l) at
10-7 M H20 2(40). Recent measurements of Cu(l) produced
by sunlight irradiation of seawater are 6-10 times higher
than this, indicating other reduction processes are more
important (40).

It is generally recognized that redox couples involving
biologically mediated, multielectron transfers are not
controlled by a universal pE in natural waters (24). The
results of this study indicate that couples involving labile
one-electron transfers are also not controlled by a unique
pE because of differing reactivities with O2and oxygen
intermediates such as H20 2.

In general, hydrogen peroxide is fairly unreactive with
organic compounds, but this reactivity is enhanced in the
presence of transition metals because of the formation of
free radical intermediates such as O2" and OH. The rate
of formation of OH from the Cu(l) /H20 2 reaction, with
[Cu(I») =10-10 M (40) and [H20 2) = 10-7 M (13), is 5 X

10-12 M h-I. When integrated over 1 year in the top 20 m
of the water column, the production is comparable to the
production from nitrite photolysis (41). The formation of
OH by the Fe(II) /H20 2 reaction would be equally im:
portant at steady-state concentrations of Fe(1I) as low as
10-13 M. While thermodynamic and kinetic arguments
indicate even these concentrations are unlikely in bulk
seawater, mechanisms have been proposed for Fe(I1)
production on microenvironments such as cell surfaces
(42), so that a mean concentration of 10-13 M is not un
reasonable. Furthermore, the formation of OH radicals
in such microenvironments would have important chemical
and biochemical implications.

There is considerable evidence that OH is not produced
in reaction 1 for a variety of iron-organic complexes. In
stead, the intermediate oxidant is the ferryl radical Fe02+,
which is a weaker, more selective oxidant than OH (43).
However, other work (27) indicates that reactions involving
free Fe2+ do produce OH, which may also be the case for
Fe(OH)+. Should the ferryl ion be produced, it is still a
strong oxidant with a reduction potential of 1 V or greater
(cf. 2 V for OH) (44). Consequently, in seawater this
distinction is probably not important as both species
should react rapidly with Br-, eventually forming Br2"'
which will be the principal oxidant in subsequent reactions.
For copper, OH formation in reaction 1 has also been
questioned (45), and similar considerations probably apply.

The Cu(l) /02and Cu(II) /H20 2reactions were investi
gated as sources of O2-, At natural levels of copper the
rates of O2" formation are negligible compared to measured
photochemical production rates from the photooxidation
of organic matter (46), though they are potentially sig
nificant at night in polluted waters (Le., [Cu) > 10-7 M),
where formation rates of (5-10) X 10-9 M h-I were calcu
lated.

These results indicate that metal-catalyzed oxidation of
organic substrates by peroxide may be important under
certain conditions. Zepp and co-workers have observed
that Fe enhances the light-induced oxidation of several
organic compounds by peroxide (47), which may be in
terpreted in terms of a hydroxyl or ferryl radical inter
mediate.

Many important reactions involving transition metal
redox reactions may occur in microenvironments within
the water column such as the surfaces of living cells and
detritus and the surface microlayer. Nevertheless, these
results provide a useful starting point from which studies

in more complex systems can be made.
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Appendix
For the reaction sequence 17-20

-d[Fe(II»)
dt =kdFe(II)][02) + kls[Fe(II)][02-) +

kI9[Fe(II)][H20 2) + k2o[Fe(II)][OH) (25)

Making the steady-state approximation for the reactive
intermediates °2-, H20 2, and OH

d[02-)
---;It =0 kdFe(II)][02) =kIS[Fe(II))[02-)

d[H20 2)
-d-t- = 0 kIS[Fe(II)][02-) = kI9[Fe(II)][H20 2)

d[OH)
~ =0 kI9[Fe(II))[H20 21=k20[Fe(ll)][OH)

Therefore, all terms in eq 25 are equivalent and

-d[Fe(II»)
dt = 4kdFe(II)][02)

Therefore
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Quantitation of the Losses of Gaseous Sulfur Compounds to Enclosure Walls

William C, Kusler and Paul D. Goldan"

Aeronomy Laboratory, National Oceanic and Atmospheric Administration Environmental Research Laboratories,
Boulder, Colorado 80303

• Wall loss rates for HzS, COS, SO" CS" CHaSH, Cz
HsSH, CHaSCHa (DMS), and CHaSSCHa (DMDS) are
reported in the form of enclosure throughput coefficients.
Although COS and CSz exhibit negligible losses in all en
closures, significant wall losses were observed for all other
species on some enclosure materials. These wall losses
were strongly influenced by water vapor. At relative hu
midities between 40 and 70%, the FEP Teflon enclosure
exhibited the smallest losses for all the species tested with
only SOz and CHaSH showing large wall losses on this
material. For all species except COS and CSz, wall losses
in Pyrex, polycarbonate, and TFE Teflon enclosures are
severe enough to affect significantly the interpretation of
sulfur flux measurements made with enclosures of these
materials.

Introduction

The use of emission flux chambers is an attractive al
ternative to the more difficult vertical gradient and eddy
correlation techniques for the measurement of fluxes of
volatile compounds into the atmosphere from natural
biogenic sources. This technique involves placing an
open-bottomed enclosure over an area of soil, mud, or
water, including or excluding vegetation as the experi
menter desires, and passing through the enclosure a sweep

gas that is usually, but not necessarily, free of the species
of interest. The effluent from or gas within the enclosure
is then sampled and analyzed for the concentration of the
species of interest. This concentration is related to the
surface and biomass fluxes.

This method has been helpful in the measurement of
the flux of sulfur gases to the atmosphere, not only because
of its ease of use but also because of the extremely low
atmospheric mixing ratios expected (less than 1 part per
billion by volume, ppbv) and the predicted slow atmos
pheric loss processes for these species. The low concen
tration makes detection difficult, requiring 8ample con
centration for even the best of the sulfur-specific detectors,
the flame photometric detector, and precludes the eddy
correlation approach to flux measurement because of the
consequent lack of adequate time resolution. Small ver
tical gradients resulting from relatively slow loss processes
make the accurate determination of fluxes from vertical
gradient measurements equally unlikely. For these rea
sons, sulfur flux measurements have relied almost exclu
sively on the use of flux chambers made of various mate
rials. Ingvorsen and Jorgensen (1) and Hansen et al. (2)
used a Plexiglas chamber to measure HzS flux. Delmas
et al. (3) used an unspecified "plastic" chamber to measure
HzS flux. Adams et al. (4) and Carroll (5) used poly
carbonate plastic enclosures, whereas Hill et al. (6) and
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Figure 1. Schematic diagram of enclosure evaluation system.

Steudler and Peterson (7) used enclosures lined with some
form of Teflon film.

Certainly, great care must be exercised in the use of such
a technique since the very presence of the enclosure can
disturb the flux of volatile sulfur compounds by altering
parameters such as air mass movement, CO2concentration,
and air temperature. Quite apart from these, however,
which are beyond the scope of this study, the relationship
between the concentration of a particular species in such
an enclosure, the source area and/or biomass enclosed, the
flush gas flow rate, and the flux of that species requires
a knowledge of its loss rate on the enclosure walls. In all
of the above studies, such losses have been asssumed to
be negligible. Considering the reactive and labile nature
of some of the species of interest, a closer look at the
magnitude of wall losses is certainly desirable. Although
Adams et al. (8) make mention of some testing of the
relative merits of Teflon and polycarbonate plastic en
closures for a number of sulfur compounds, (Table 3-2 in
ref 8), those tests were of a relative nature only, and no
absolute wall or throughput loss rates were determined.
Since we had planned to undertake a field measurement
program to measure sulfur fluxes from natural biogenic
sources, we felt it was essential that prospective enclosure
materials be examined for possible significant wall losses
for the species of interest in advance of actual field mea
surements. This paper presents the results of that study.
These results should augment those published in the in
tervening time by Grosjean (9), who studied loss rates of
many gaseous pollutants including the one sulfur com
pound S02, in FEP Teflon "smog chambers", although at
much higher concentrations.

Materials Tested and Testing Procedure

The wall loss characteristics of enclosures constructed
of four different materials were studied for the following
sulfur compounds: H2S, COS, S02, CS2, CHaSH, C2HsSH,
CHaSCHa (DMS), and CHaSSCHa (DMDS). Of these,
H2S, COS, CS2, DMS, and DMDS have been implicated
by previous studies as being of importance in natural
emissions, S02 has large known anthropogenic sources, and
CHaSH and C2HsSH have been observed in bacterial

culture studies. Figure 1 shows a schematic representation
of the test apparatus used. A calibration gas stream con
sisting of a synthetic mixture of O2 (21 %), N2 (79%), and
CO2(~300 ppmv) and containing one of the above com
pounds was generated by a dynamic dilution system de
scribed earlier (10). To this was added controlled amounts
of water vapor to generate a synthetic "zero air" gas stream
of approximately 0.25 standard liter per minute (SLPM)
containing 0.5-1.5 ppbv of the species of interest, no sig
nificant levels of any other reactive species, and with
relative humidity variable up to about 70%. This gas
stream, or a similar flush gas stream of identical flow rate
but without the trace sulfur species, was passed through
the enclosure under test, which was sealed except for an
inlet and outlet port. Selection between the two streams
was made by a four-port Teflon valve with the unused
stream being shunted to a "dump". A Teflon valve plum
bed in a five-port configuration and two flow restrictors
allowed samples to be taken from either upstream or
downstream of the enclosure while maintaining the flow
through the enclosure constant irrespective of the sample
source. This provision was found to be especially impor
tant for accurate measurements in the testing of thin-film
Teflon enclosures. These would change volume by
"breathing" if the throughput was allowed to vary. All
flows were monitored with calibrated rotameters, although
only one is shown in Figure 1 for simplicity.

Enclosures tested were made of polycarbonate plastic,
Pyrex glass, rigid TFE Teflon, and FEP Teflon Film. The
polycarbonate enclosure was that actually used by Carroll
(5), and its joints were sealed with a low vapor pressure
silicone adhesive. The seams of the FEP Teflon enclosure
were heat sealed. The Pyrex and TFE enclosures were
standard commercially available vessels. Inflow into each
enclosure was near one of the walls. Outflow was drawn
from near the center of each enclosure, although several
tests indicated that the results were independent of the
placement of the outflow tube.

The analytical system, which has been described in some
detail elsewhere (11), uses "cryogenic enrichment" of ap
proximately 1-L samples STP A sample stream of 100 cma

min-1is passed through Teflon lines to a Teflon capillary
submerged in liquid N2and then into a previously evac
uated vessel. Subambient pressure in the capillary ("dOO
Torr) prevents the accumulation of liquid 02' The thus
acquired sample is then flash heated and injected onto a
60-m capillary column with a bonded methyl silicone
stationary phase, which is temperature programmed from
-50 to 200°C at 16 deg/min. Detection takes place in an
SF6-doped flame photometric detector (FPD). The whole
system, consisting of sample acquisition, gas chromato
graphic separation, and detection, has a detection limit of
approximately 2 X 10-12 g of S per sample with negligible
acquisition losses for all species tested at mixing ratios
down to at least 10-11 (10 pptv), Le., ~ 1% of the mixing
ratios used for these tests.

The testing procedure for each enclosure and each sulfur
species was the same. The enclosure was flushed with the
undoped gas stream until the mixing ratio of all sulfur
species in the effluent stream was below the detection limit.
This required from 0.5 to 2 h, depending on the enclosure
material and its previous use history. Prior to and during
this time, the sulfur-doped source stream was allowed to
equilibrate and was sampled for stability. The enclosure
input stream was then switched from the undoped stream
to the doped stream, and samples were drawn alternately
every 20 min from the enclosure input and output streams
to monitor the growth of the sulfur species concentration
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Fig... 2. CH,SH fractional throughput vs. time normalized to the
residence time In a TFE Teflon enclosure for two different relative
humidities.

tiT

Fig... 3. COS fractional throughput vs. time normalized to the res
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Figur. 4. CS. fractional throughput vs. time normalized to the resi
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time for COS and CS2follows the ideal growth curve in
all four tested enclosures. For S02' which has a high water
solubility, high enclosure throughput losses are experi
enced. Figure 5 shows S02 throughput of only 3-10% for

issuing from the enclosure and to assure constancy of the
input mixing ratio. If one assumes that the gas in the
enclosure is well mixed, an assumption that the data for
COS and CS2substantiate, the growth in mixing ratio of
an input species, x, would be expected to follow

M.(t) =M ••(l - e-'Fly) =M ••(l - e-'I') (1)

where M•• is the constant mixing ratio of x in the incoming
stream, t is the time since the doped stream was introduced
into the enclosure, V is the enclosure volume, F is the gas
flow rate expressed as volume per unit time, and T =VIF.
All the test results are compared to this ideal growth rate
with the fractional throughput M.(t)1M•• plotted against
tiT. Testing periods varied from 2 to 24 h depending on
the enclosure volume and the actual growth rate observed.
The long-period tests approaching 24 h were performed
only for those species that appeared to be transmitted
poorly or not at all under a given set of test conditions.

Test Results
Figure 2 shows the test results of CHgSH in the TFE

Teflon enclosure for two different relative humidities: 46%
and less than 0.5% when no moisture was added. The
solid line in this and all subsequent figures is the ideal
growth curve derived from eq 1. The fractional trans
mission appears to follow the ideal growth curve with no
added moisture, but a dramatic reduction in transmission
occurs at a higher relative humidity. For this reason, all
subsequent data were taken with relative humidities in the
40-70% range to simulate actual field sampling conditions,
where considerable moisture is encountered.

Some sulfur species are relatively unreactive and have
low water solubilities. Such species are expected to be
well-behaved in all enclosures, even at high moisture levels.
Figures 3 and 4 show that the fractional throughput vs.
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tained with the enclosure materials tested under arbitrary
field measurement conditions. Synergistic effects between
trace species present, many of them probably not sulfur
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Figure 7. CH,SH fractional throughput vs. time normalized to the
residence time in four different encl.osures.

Pyrex, polycarbonate, and TFE Teflon enclo8ures with
realistic relative hwnidities. Although the FEP Teflon film
appears much better, it too requires equilibration times
exceeding 10 flushing times to achieve a fractional
throughput exceeding 80%.

H2S, a fairly reactive species, shows the mixed results
displayed in Figure 6. FractionaLthroughput through the
Pyrex enclosure was quite low, p;QI;ablYas a result of
efficient chemisorption at metal ion sites in the glass.
Polycarbonate and TFE Teflon showed lesser, though still
significant, losses with the polycarbonate displaying an
apparently constant 40% throughput loss under the test
conditions used. Only FEP Teflon permitted an H2S
growth rate predicted by eq 1. The size of the error bars
in Figure 6 shows the sample acquisition period by their
horizontal extent and the accuracy of the gas chromato
graphically determined fractional throughput by their
vertical extent. Although presented only in this figure,
similar error bars apply to all the data shown in Figures
2-10.

Figures 7-10 show the test results for CH3SH, C2HsSH,
DMS, and DMDS, respectively. No CH3SH was observed
to survive transit through the Pyrex enclosure at a relative
humidity of 46%, although measurements were made for
24 h or out to tiT - 100. Significant loss of this species
was observed foi all the materials tested, although the FEP
Teflon and polycarbonate appeared to be approaching
equilibrium for tiT - 20. For C2HsSH, only the FEP
Teflon film appears to be a usable enclosure material. For
both DMS and DMDS, only the polycarbonate enclosure
appears to cause significant throughput losses, and these
are only moderate.

Conclusions
The data presented in Figures 2-10 are not intended to

be universal curves predicting the results that will be ob-
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Figure 8. C2H,SH fractional throughput vs. time normalized to the
residence time in lour different enclosures.

measuring sulfur fluxes and as a caution in the interpre
tation of data that are already in the literature. Some gases
such as C08 and C82are easy to handle, and all the ma
terials tested will suffice as enclosure walls. It is equally
clear that the FEP Teflon film is far superior to the other
materials tested for the handling of 802, H28, and C2Hs8H
and marginally superior in the handling of CH38H. Very
significant losses of 802can be experienced even in TFE
Teflon tubing and fittings under moist conditions, a fact
that must be taken into account even in the measurement
of 802 mixing ratios in ambient air without the use of
enclosures.

The use of enclosures for the measurement of gaseous
fluxes from natural systems requires care in assuring that
the enclosure itself does not influence naturally occurring
source strengths, areas that have not been addressed by
this study. Additionally, the enclosure material must be
chosen so that the observed mixing ratios can be sensibly
related to the source strengths present. FEP Teflon film
appears to be the best material for the measurement of
sulfur fluxes, although care must be exercised in the in
terpretation of 802and CH38H flux data when this ma
terial is used for enclosure walls. Fortunately, neither of
these species appears, at the present time, to be an im
portant contributor to natural emissions.
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Figure 9. CH.SCH. fractional throughput vs. time normalized to the
residence time in lour different enclosures.

bearing, and other surface contaminants are expected to
playa role. The data are presented, rather, as a guide to
the most appropriate materials to use for enclosures when
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CL2150 (l5300-24)

CL2ie
(3191Q-2-15300)

CLI406

• With the Ames Salmonella-mammalian microsome test,
significant mutagenic activity was detected in cooling tower
water shortly (same day) after treatment with a biocide
(CL2150) containing 5-chloro-2-methyl-4-isothiazolin-3-one
(5-chloro-IT). Dose-related mutagenic responses with
TA97 (-89) and TAloo (-89) were produced with the acid
fraction (extracted at pH <2 with methylene chloride) of
this cooling water sample (specific mutagenic activities of
281000 and 118000 net revertants/L equiv of water, re
spectively). This mutagenic activity detected in cooling
water sampled in mid-summer did not persist beyond the
first day of CL2150 treatment. The mutagenic activity
displayed by the cooling waters with TA97 (-89) exceeded
that associated with the extractable 5-chloro-IT concen
tration (determined by capillary gas chromatography-mass
spectrometry).

Introduction

Cooling towers are efficient, closed-cycle, evaporative
systems used to dissipate heat during power generation and
other processes (1). Although cooling towers protect our
aquatic environment from thermal stress, these systems
can also adversely impact surface waters through the
discharge of blowdown (2). Blowdown is the water peri
odically drained from cooling towers in order to prevent
excess accumulation of solids within the system. A variety
of chemical agents are added to cooling waters in order to
protect system components, including biocides, corrosion
inhibitors, dispersants, and chelating agents (3). Biocides,
such as chlorine, are added to cooling waters to control
biological fouling (4) and microbial human pathogens, such
as LegioneUa pneumophila, which proliferate in cooling

'This paper was presented at the 17th Annual Meeting of the
Environmental Mutagen Society, April 1986, Baltimore, MD.

I Department of Environmental Health.
I Environmental Health Science Program.
'Department of Health Sciences.
i Department of Pharmacology.

Table I. Biocidea and Other Compounds Added to the
Hospital Cooling Tower Waters

active compound(s) 'Yo'

5·chloro-2-methyl-4-isothiszolin-3-one 1.15
(biocide)

2-methyl-4-isothiszolin-3-one (biocide) 0.35
sodium dimethyldithiocsrbsmate 15.0

(biocide)
neutralized orgsnophosphonate

(sequestrsnt)
polyacrylate polymer (dispersant)
tolyltriszole (corrosion inhibitor)

•Manufactured by Chemtreat, Inc., Ashland, VA; within par
entheses sre the U.S. Environmental Protection Agency's registra·
tion numbers. 'A dash denotes that the percentage of active
compound in the product was not available from the manufacturer.

towers and pose significant public health risks (5). How
ever, chlorination of power plant cooling waters has been
shown to generate organohalogens (4), which are produced
following the reaction of chlorine with fulvic and humic
acids present in natural waters (6). Chlorination has been
found responsible for increased mutagenic activity in
cooling waters from a production nilclear reactor (7), as
well as in treated drinking waters (8, 9), groundwater (8),
surface waters (10, 11), swimming pool water (12), and
waste water effluents (13, 14). It appears that aqueous
chlorination of humic acids results in the formation of
compounds with direct-acting (i.e., not requiring metabolic
activation) mutagenic activity, such as 2-chloropropenal
(15-17).

Because disinfection of cooling waters may generate
mutagens that are discharged in the blowdown, there is
a I1eed for additional research on the mutagenic activity
of these waters. Herein, we report the results of a study
focusing on the mutagenic potential, as determined by the
Ames Salmonella-mammalian microsome test, of waters
from a hospital cooling tower treated with an organic bi
ocide containing the active ingredients 5-chloro-2
methyl-4-isothiazolin-3-one (hereinafter designated 5-
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chloro-IT) and 2-methyl-4-isothiawlin-3-one (2-methyl-IT).

Experimental Section
Cooling Water Sampling Protocol. Circulating

cooling water samples were obtained from a hospital
cooling tower located in Johnson City, TN. This tower
utilized Johnson City municipal water as makeup water
following the discharge of blowdown into the city sewer
system. As shown in Table I, several biocides and other
active compounds were added to the cooling water in the
tower. Additives CL2150 and CL216 were alternated on
a regular schedule, while CLI406 was on a continuous feed.
Circulating cooling water grab samples were obtained from
the tower during the period of May 31-August 5, 1985, in
I-gal amber-glass bottles. All glassware was soaked in 50%
HN03 (Fisher Scientific), triple rinsed with distilled
deionized water, and rinsed twice with acetone (Fisher
Scientific). Unless otherwise specified, the organic solvents
were glass distilled.

Cooling Water Extraction. All cooling water samples
were stored at 4 °C for no more than 72 h before they were
extracted by U.S. Environmental Protection Agency Me
thod 625 (18). This method consists of the extraction of
l-L water samples with methylene chloride (Fisher Sci
entific) at pH >11 (for base/neutral-extractable organics)
and at pH <2 (for acid-extractable organics). The acidic
and basic/neutral extracts were separately concentrated
to approximately 5 mL in a rotary evaporator (Haake
Buchler). Each concentrated extract was then transferred
to a ceramic evaporating dish with two 5-mL acetone
washes of the evaporator vessel and then evaporated to
dryness in a vacuum desiccator at 25 oC. The resulting
residues were each dissolved in 4 mL of dimethyl sulfoxide
(Me~O, spectrophotometric grade, Aldrich Chemical Co.)
and stored at -20°C until assayed for mutagenic activity.

Extraction of CL2150. In order to evaluate the mu
tagenic potency of 5-chloro-IT, a l.15-ppm solution of this
compound was prepared in ultrapure water from the
CL2150 product (100 ppm of CL2150 and assuming 1.15%
of 5-chloro-IT in CL2150, Table I). A I-L sample of this
l.15-ppm 5-chloro-IT solution was then extracted in the
same manner as the cooling tower water samples described
in the previous paragraph. As a negative control, a 1-L
sample of the ultrapure water (obtained by passage of
distilled-deionized water through a Barnstead ultrapure
mixed-bed cartridge) was also similarly extracted. Both
of these final extracts in Me2S0 were stored at -20°C until
assayed for mutagenic activity. As an additional control,
the CL2150 product was directly diluted in Me2S0 and
assayed for mutagenic activity.

Mutagenicity Assay. The Ames Salmonella-mam
malian microsome assay was used to determine the mu
tagenicity of the samples described above. The protocol
followed was that of Maron and Ames (19), with the
modifications recommended by Batzinger et al. (20).
These modifications consisted of adding biotin and trace
amounts of histidine to the bottom agar, rather than top
agar, and replacing the NaCI in the top agar with Vogel
Bonner minimal E medium.

Three to four doses of each water extract (and also of
the CL2150 product), prepared by serial dilutions in
Me2S0, were plated in triplicate at a constant volume of
100 ILL. These doses represented between 0.25 and 25 mL
of the original water sample per plate. Cooling water
extracts were tested with the Salmonella strains recom
mended by Maron and Ames (19) as the standard tester
set (TA97, TA98, TAlOO, and TAI02) and with TA1535,
or with only TA97, TA98, and TAlOO. Extracts were
tested in the absence (-S9) or the presence (+S9) of the
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microsomal activation mix containing the Aroclor 1254
induced rat liver homogenate fraction S9 at 50 ILL of S9
per plate (prepared in KCI, Litton Bionetics). The spon
taneous reversion rate, both in the presence (when ap
propriate) and absence of S9 activation, was determined
for each tester strain in triplicate with Me2S0 as the
solvent control. With each assay performed, the tester
strains were checked for appropriate responses to known
mutagens in Me2S0. A positive mutagenic response was
defined as a dose-related response with one or more doses
producing at least a 2-fold increase in revertant colonies
per plate as compared to the concurrent spontaneous count
per plate (19,21). The specific mutagenic activities of the
water extracts were each expressed as net revertants per
liter equivalent of original water and were based on the
slope (determined by least-squares regression analysis) of
the initial linear portion of the dose-response curve (19).
The statistical significance (probabilities) of the resulting
slope and correlation coefficient (r) for the dose-response
curve of each extract was determined (21).

GC-MS Analysis. Gas chromatography-mass spec
trometry (GC-MS) was used to determine the concentra
tion of 5-chloro-IT in the CL2150 product and in the acidic
water extracts. One milliliter each of the CL2150 product
(diluted in Me2S0), the extract (Me2S0) of the U5-ppm
5-chloro-IT solution in ultrapure water, and the extract
(M~SO) of cooling water sampled shortly after treatment
with CL2150 was taken to dryness on a Sybron/Brinkman
SC-248 sample conc\)ntrator and was then dissolved in 40
ILL of methanol (Fisher Scientific). These samples were
then analyzed on a Finnigan Model 4000 GC-MS, with a
15 m long by 0.25 mm i.d. DB-5 bonded-phase fused silica
capillary column with a l.O-lLm film. A lO-ILL volume,
containing 9.0 ILL of sample and 1.0 ILL of meperidine (1.0
ILg/ILL) as an internal standard, was applied by splitless
injection with sweep at 0.8 s. The injector and separator
temperatures were maintained at 200 and 250°C, re
spectively. The oven temperature was programmed to hold
at 100 °C for 30 s and was then ramped at 10 deg/rnin to
250°C, where it was held for 30 min. Helium was used
as the carrier gas at 20 psi column pressure.

Results
Mutagenic Activity of Cooling Water Extracts. The

data pertaining to the mutagenic activity of organic ex
tracts of hospital cooling tower water samples are sum
marized in Table II. The first cooling water sample (31
May), taken 3 days after the treatment of the tower with
the CL2150 biocide, displayed no detectable mutagenic
activity in the base/neutral fraction (Table II). Moreover,
the acid fraction produced a dose-related mutagenic re
sponse only with 'TA98 in the absence of S9 (Figure 1).
When first assayed with TA98 (-S9) (l4-day assay), this
fraction produced a dose-response curve with a statistically
significant slope (p < 0.01) of 2.74 revertants/mL equiv
of water (specific mutagenic activity of 2740 net rever
tants/L equiv). This mutagenic response was reproducible
after storage of the acid extract at -20°C for 57 days. In
the 57-day assay, however, there was a reduction in the
revertants per plate induced by the highest water equiv
alent dose (Figure I). The acid fraction also produced a
statistically significant (p < 0.01) linear dose-response,
short of 2-fold over the spontaneous rate, with TA 100
(-S9) (Figure I). On the basis of our criteria described
under Experimental Section, however, this response cannot
be considered positive for mutagenesis. After the muta
genicity results of this first cooling water sample were
reviewed, it was decided to employ only tester strains
TA97, TA98, and TAlOO, in the absence of S9, for



Table II. Mutagenicity of Organic Extracts of Hospital Cooling Tower Water Samples

net revertants per liter equivalent of water

water TA97 TA98 TA100 TA102 TA1535

treatmenta fraction -S9 +89 -89 +89 -89 +89 -89 +89 -89 +89

sample date (1985)
31 May CL2150 acid T' T 2740d T NDd" T ND ND ND ND

(3 days prior) base/neutral ND' ND ND ND ND ND ND ND ND ND
8 June CL216 add ND ND ND

(3 days prior) base/neutral ND ND ND
2 Aug CL216 add ND ND ND

(l day prior) base/neutral ND ND ND
3 Aug CL2150 add 2810()()f ND H8000'

(same day) base/neutral ND ND ND
4 Aug acid ND'J ND ND'~

base/neutral ND ND ND
5 Aug CL216 acid ND ND ND

(same day) base/neutral ND ND ND
controls

U5·ppm acid 30m ND 36100'
5·chloro·IT base/neutral ND _h ND ND

ultrapure acid ND ND ND
water base/neutral ND ND ND

'In addition to the biocides listed, the cooling water was treated continuously with CL1406 (Table I); in parentheses, the day of treatment
relative to the day of sampling is indicated. 'T = toxic responses. 'ND = no detectable (i.e., all sample doses produced less than 2·fold
increase in revertants as compared to the concurrent spontaneous plates). d Figure 1. e These samples produced a statistically significant
linear dose-response short of 2·fold over spontaneous, fFigure 2, 'Figure 3. hDashes denote that the test was not performed.
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in the absence of 89. Consistent with this finding, De Flora
et al. (22) demonstrated sodium diethyldithiocarbamate
to be negative for mutagenesis with Ames tester strains
TA98, TAloo, TA1535, TA1537, and TA1538. In contrast,
significant mutagenic activity, with TA97 and TAloo, was
detected in the acid fraction of a cooling water sample (3
August) taken shortly (same day) after treatment with the
CL2150 biocide (Table Ill. This fraction produced dose·
related mutagenic responses with slopes of 281 and 118
revertants/mL equiv of water (specific mutagenic activities
of 281 000 and 118000 net revertants/L equiv, respectively)
with TA97 (-89) (Figure 2) and TAlOO (-89) (Figure 3),
respectively. Although both of these dose-response curves
displayed excellent correlation coefficients (r) of 0.99, the
statistical significance of the slopes could only be set at
p < 0.1 because of the low degrees of freedom (1). A
cooling water sample (4 August) was subsequently taken
from the tower 1 day after treatment with the CL2150
biocide (Table II). The acid fraction of this sample pro·
duced statistically significant (p < 0.05) linear dose-re
sponses, short of 2·fold over the spontaneous rate, with
TA97 (-89) (Figure 2) and TAlOO (-89) (Figure 3). On
the basis of our criteria described under Experimental

Figur. 2. Dose-related mutagenic responses with TA97 (-59) of acid
Iractions 01 cooling waters sampled 2-4 August and 01 1.15-ppm
5-chloro-lT control. 5ee Figure 1 legend lor definitions 01 regression
analysis terms.
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Q)
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screening all subsequent cooling water samples.
Cooling water samples were taken from the tower on 8

June, 2 August, and 5 August, which were 3, 1, and 0 days,
respectively, after treatment with the CL216 biocide con
taining sodium dimethyldithiocarbamate. As shown in
Table II, neither the acid nor base/neutral fractions of
these samples were mutagenic with TA97, TA98, or TAloo,

o 5 10 15 20 25
Water EqUivalent (mLlfplale

Fig.... 1. Dose-related mutagenic response 01 acid fraction 01 cooling
water sampled 31 May. The extract was assayed with TA98 (-59)
alter 14 and 57 days 01 storage at -20°C and with TA100 (-59) alter
14 days 01 storage. Linear regression analysis data are shown [lor
mean revertants per plate vs. water eqUivalent (millil"er) per plate],
which include slope, correlation coefficient (r), and probabnny 01 sig
nilicance (P). The point in parentheses was not included in the reo
gression analysis.
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Section, however, this response cannot be considered
positive fpr mutagenesis. Moreover, both acid and
base/neutral fractions of the 3 and 4 August samples were
not mutagenic with TA98 and TA97, TA98, and TA100,
respectively (Table 11). It appears that the mutagenic
activity initially detected in cooling water did not persist
beyond the first day of CL2150 treatment.

Mutagenic Activity of CL2150. On the basis of the
mutagenic responses, in TA97 (-S9) and TAloo (-S9), of
cooling waters treated with the CL2150 biocide, it appears
¢at this biocide contains one or more potent, direct-acting,
frameshift mutagens (19, 23). Unfortunately, we were
unable to commercially procure pure preparations of the
two active compounds in this biocide, namely, 5-chloro-IT
and 2-methyl-IT. Consequently, we were unable to de
termine the mutagenic activity of these compounds indi
vidually. Instead, the commercial CL2150product diluted
directly in MezSO was assayed for mutagenic activity.
While a CL2150 dose representing 1.15 ",g of 5-chloro-IT
(major active ingredient) per milliliter displayed notable
mutagenic activity with TA97 (-89) and TAloo (-S9) (i.e.,
numbers of revertants were at least 2-fold greater than the
spontaneous rates), higher CL2150 doses representing
11.5-115 ",g of 5-chloro-IT/mL were toxic to the tester
strains (data not shown). Further testing was undertaken
with a solution of CL2150 in ultrapure water containing
1.15 ppm of 5-chloro-IT (i.e., concentration of 5-chloro-IT
recommendeq by the manufacturer for use in hospital
towers). This solution of 5-chloro-IT and ultrapure water
used a8 the diluent were extracted in the same 'manner as
the cooling water samples and then assayed for mutagen
icity. As shown in Table II, neither the acid nor the
base/neutral fraction of the ultrapure water control was
mutagenic with TA97, TA98, or TA1oo, in the absence of
S9. The pattern of mutagenicity produced by the 1.15
ppm 5-chloro-IT solution was very similar to that of the
3 August cooling water sample that had been treated with
CL2150 that same day (Table 11). Positive mutagenicity
(i.e., dose-related mutagenic response) was observed only
in the acid fractiol! with TA97 (-89) (Figure 2) and TA100
(-S9) (Figure 3). .

GC-MS Analysis of CL2150. The total ion chroma
togram (not shown) from GC-MS analysis of the CL2150
mixed residue dissolved in methanol displayed one major
peak at scan 225 s. The mass spectrum of this major peak
is shown in Figure 4. The NBS library of mass spectra

818 Environ. Sci. Technol .• Vol. 21, No.8, 1987

O,l,TA:0829CL2150 .... 259
BASE ... ,E; 115

CH.
~»(H

o H

2~Melhyl-- 4- 1501",3:01 In -J-One

mw 115.10

80 100 160

Fig... 5. Mass spectrum of 2-melhyl-4-isolhiazolin-3-one.

did not include the mass spectra of the isothiazolinones.
However, the mass spectrum in Figure 4 is that of 5
chloro-IT. This conclusion is based on the fact, among
others, that the base ion at m/e 149 corresponds to the
molecular weight of 5-chloro-IT. The mass spectrum of
the other active ingredient in CL2150, namely, 2
methyl-IT, is shown in Figure 5.

Mutagenic Activity of Cooling Waters As Related
to 5-Chloro-IT Concentration. The concentration of
5-chloro-IT in the acid fraction of cooling waters and
control (1.15-ppm 5-chloro-IT) was determined with GC
MS by comparison of the peak height of the m/e 149 base
ion in the mass spectrum of the sample to that of a
standard of known 5-chloro-IT concentration (i.e., peak
height is directly proportional to the concentration of
5-chloro-IT). The commercial formulation of CL2150
served as the standard solution of 5-chloro-IT with the
reported 1.15% 5-chloro-IT concentration in this product
(Table I). The acid-extractable, 5-chloro-IT concentratiol!
in most cooling water samples was low. As expected, the
highest concentrations of 5-chloro-IT were detected in the
3 August cooling water sample, which had been treated
that same day with CL2150, and in the 1.15-ppm 5
chloro-IT control. Shown in Table III are the extractable
5-chloro-IT concentrations in these two samples, expressed
as micrograms per milliliter of acid extract and micrograms
per liter equivalent of water. On the basis of the 1.15%
content of 5-chloro-IT in the CL2150 product added to



Table Ill. Specific Mutagenic Activities of Acid Fractions of Cooling Water Sample and Control As Related to Extractable
Concentrations of 5-Chloro-IT

extractable 5-chloro-IT
concentrationO

TA97 (-89)
net revertants

TA100 (-89)
net revertants

468
410

per !'g of
5-chloro-IT

118000
36100

per liter
equiv

1115
341

281000
30000

per liter per !'g of
equiv 5-chloro-IT

water equiv,
!'g/L

252
88'

acid extract,
!,g/mL

63
22

sample

3 Aug, cooling waterb

U5-ppm 5-chloro-IT
(CL2150 in ultrapure water)

'Extracted 1-L samples using methylene chloride at pH <2; the resulting extract (4 mL) was analyzed via GC-M8. bTreated on the same
day with CL2150 product containing 5-chloro-IT. 'This value represents the extraction of 7.65% of 5-chloro-lT added to the ultrapure water
(I.e.• based on 1.15% content of 5-chloro-IT in the CL2150 product as stated in the product label).

FIgure 8. Mutsgenic responses with TA97, TA98, and TA100 (all-59)
of cooling water extracts as a function of extractable 5-chloro-IT
concentration measured via GC-MS. See Figure 1 legend for defi
nitions of regression analysis terms.

as determined by two collaborating laboratories, ranging
from 1.40 to 2.69 TAlOO (-89) revertants/ng of active
ingredients (i.e., the two active compounds in the biocide).
The TAloo (-89) specific mutagenic activities for CL2l50
measured in this study are within 1 order of magnitude
of the values reported by Wright et aJ. (24). Moreover,
these investigators emphasized that significant variation
in the mutagenic activity of this biocide was not uncom
mon between laboratories. As demonstrated in this study,
Wright et aJ. (24) also found that this biocide is not mu
tagenic with TA98. Furthermore, they reported that the
presence of 89 diminished but did not eliminate the mu
tagenicity of Kathon 886 MW. It should be noted that the
mutagenic activity of CL2l50 observed in our study cannot
be attributed to the acidic water extraction procedure used.
We base this conclusion on the research of Wright et al.
(24), which demonstrated that Kathon 886 MW, containing
the same active ingredients as CL2l50, was mutagenic with
TAloo (-89) without requiring any type of extraction or
treatment. Moreover, we also demonstrated notable mu
tagenic activity in CL2l50 directly diluted in Mez80.

With TA97 (-89), a tester strain not used by Wright et
aJ. (24), we measured 5-chloro-IT-specific mutagenic ac-
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ultrapure water, the acid-methylene chloride extraction
procedure employed was capable of extracting only 7.65%
of the 5-chloro-IT in the water (Table III) (since the
base/neutral extracts of cooling waters and l.15-ppm 5
chloro-IT control were not mutagenic, no attempt was
made to measure the 5-chloro-IT concentrations in these
samples). Using the extractable 5-chloro-IT concentrations
in these two water samples, we converted the specific
mutagenic activities (i.e., with TA97 and TAlOO, both in
the absence of 89) from net revertants per liter equivalent
of water to net revertants per microgram of 5-chloro-IT.
As shown in Table III, similar 5-chloro-IT-specific muta
genic activities were measured in the 3 August cooling
water and U5-ppm 5-chloro-IT control with TAloo (-89)
(i.e., 468 and 410 net revertants per microgram of 5
chloro-IT, respectively). In contrast, there were substan
tially more TA97(-89) net revertants induced per micro
gram of 5-chloro-IT by the 3 August cooling water as
compared to the l.15-ppm 5-chloro-IT control (i.e., 1115
vs. 341, respectively, Table III). The mutagenic responses
with TA97, TA98, and TAloo (all-89) of all cooling water
samples, as a function of extractable 5-chloro-IT concen
tration, are shown in Figure 6. While there was no mu
tagenic response of 5-chloro-IT in TA98, there were
dose-related mutagenic responses with statistically sig
nificant (P < 0.001) slopes of 1.17 and 0.44 revertants/ng
of 5-chloro-IT (specific mutagenic activities of 1170 and
440 net revertants/ /Lg of 5-chloro-IT, respectively) in TA97
and TAlOO, respectively (Figure 6). The 5-chloro-IT
specific mutagenic activities for the cooling waters and the
U5-ppm 5-chloro-IT control were comparable with TAloo
(i.e., 440 and 410 net revertants/ /Lg of 5-chloro-IT, re
spectively) (Figure 6 and Table III). In the case of
TA97(-89), however, the 5-chloro-IT-specific mutagenic
acitivity for the cooling waters was 3-fold greater than that
of the l.15-ppm 5-chloro-ITcontrol (i.e., 1170 and 341 net
revertants/ /Lg of 5-chloro-IT, respectively).

Discussion
The specific mutagenic activities of the cooling water

treated with the CL2l50 biocide (281000 and 118000 net
revertants/L equiv of water for TA97 and TAlOO, re
spectively, without 89) greatly exceeded those reported
recently for chlorinated drinking waters (8) and chlorinated
secondary waste water effluents (14). With the tester
strain TAlOO (-89), the mutagenic activity in cooling
waters appeared to be directly related to the extractable
concentration of 5-chloro-IT, as evidenced by the compa
rable 5-chloro-IT-specific mutagenic activities of cooling
waters and the l.15-ppm 5-chloro-IT control (i.e., 440 and
410 net revertants/ /Lg of 5-chloro-IT, respectively).
Working with the biocide Kathon 886 MW, which contains
10% 5-chloro-IT and 3.4% 2-methyl-IT, Wright et al. (24)
similarly found positive mutagenesis with TAlOO (-89).
These investigators reported specific mutagenic activities,
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tivities for the cooling waters 3-fold greater than that of
the l.15-ppm 5-chloro-IT control (i.e., 1170 and 341 net
revertantsfJLg of 5-chloro-IT, respectively). This phe
nomenon may be attributed to the synergistic effect of
other chemical constituents or additives (e.g., CL216 or
CL1406, Table I) in the cooling water on the mutagenic
activity of 5-chloro-IT (or 2-methyl-IT). Alternatively, this
may indicate that there is (are) another (other) potent
TA97 (-89) mutagen(s) in the cooling waters in addition
to 5-chloro-IT (or 2-methyl-IT). This (these) mutagen(s)
may be breakdown products of 5-chloro-IT, breakdown
products of 2-methyl-IT, or new compounds generated
within the cooling tower. The latter hypothesis is sup
ported by the positive mutagenicity with TA98 (-89)
displayed by the flfSt cooling water sample (31 May) taken
3 days after CL2150 treatment (Figure 1). As the active
compounds in CL2150 are not mutagenic with TA98, the
logical conclusion is that other substances mutagenic with
TA98 (-89) were present in the cooling water. But why
then were these TA98 (-89) mutagens not detected in the
cooling water sampled in August? The operation of the
cooling tower during different times of the year may be
responsible for the episodic nature of this mutagenic re
sponse. In May, when the demand on the cooling tower
was low and the detention time of water and additives was
relatively long, TA98 (-89) mutagens were generated and
accumulated to detectable levels in the cooling water. In
contrast, the detention time of cooling water in the tower
was very short in August. In the summer months, more
makeup water must be added to the tower to compensate
for that which evaporates as a result of the greater thermal
load. This leads to more rapid accumulation of solids in
the cooling water, which requires more frequent discharge
of blowdown (3). Consequently, new TA98 (-89) mutagens
generated over time in the cooling water could not accu
mulate. 8imilarly, the mutagenic activity in the August
cooling waters associated with CL2150 treatment did not
persist beyond the first day of treatment (Table II).

The results presented here indicate that the blowdown
from cooling towers treated with CL2150 could contribute
significant mutagenic activity to surface waters or to mu
nicipal waste water. As this biocide is used in the manu
facture of paper and in other manufacturing processes (24),
it follows that the waste waters from these operations could
also be mutagenic. Moreover, the use of this biocide in
swimming pools (24) could pose a significant mutagenic
burden to swimmers. Further research is called for aimed
at determining the individual mutagenic activities of 5
chloro-IT and 2-methyl-IT and establishing the mechanism
for increased TA97 (-89) specific mutagenic activity in
CL2150-treated cooling waters.
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Correlation of Octanol/Water Partition Coefficients and Total Molecular Surface Area for
Highly Hydrophobic Aromatic Compounds

WIlliam J. Doucette' and Anders W. Andren

Water Chemistry Program, University of Wisconsin, Madison, Wisconsin 53706

• The relationship between the calculated total molecular
surface area (TSA) and the octanol/water partition coef
ficient (K",,) is examined for a set of 32 highly hydrophobic
aromatic compounds including several polychlorinated
biphenyls (PCBs), polybrominated biphenyls (PBBs),
polychlorinated dioxins (PCDDs), and polychlorinated
furans (PCDFs). A generator column technique was used
to experimentally measure log K ow for each compound in
order to provide an accurate, self-consistent set of values.
A correlative method is presented that can be used to
estimate log K ow values from TSA within 14% for halo
genated biphenyls, furans, and dioxins ranging from 3.89
to 8.58 in log Kow•

Introduction
Mathematical models have been developed to predict

the fate and transport of organic contaminants in the en
vironment. Most of these models require as input data
information about the physical and chemical properties
of the compound(s) of interest. One of the most widely
used properties in fate assessment modeling is the octa
nol/water partition coefficient (K",,). As a measure of the
hydrophobic character of a compound, K"" has been used
for predicting sorption and mobility in soils and sediments
(J-4), bioconcentration in fish (5), and aquatic toxicity (6).

Values for K ow are obtained by direct experimental
measurement or are estimated by one of several tech
niques. Direct experimental measurement of Kow with
traditional shake-flask methods is extremely difficult for
highly hydrophobic compounds (Jog Kow > 5). Conse
quently, experimental values for many important classes
of environmental contaminants, including polychlorinated
biphenyls (PCBs), polybrominated biphenyls (PBBs),
polychlorinated dibenzo-p-dioxins (PCDDs), and poly
chlorinated dibenzofurans (PCDFs), are lacking. Esti
mated values, calculated with group contribution tech·
niques (7,8) or from correlations with reverse-phase HPLC
retention times (9, 10), are often used as alternatives to
experimental data. However, because of the lack of reliable
experimental data, the accuracy of estimation techniques
has been difficult to evaluate for highly hydrophobic
compounds.

In a previous study (J Il, a generator column technique
was used to measure log K ow values for 15 polychlorinated
biphenyls (PCBs). This technique permitted the accurate
experimental measurement of log K ow values as large as
8.2, well beyond the range of traditional shake-flask
methods. With these experimental values it was shown
that group contribution techniques and a correlative

• Address correspondence to this author at his present address:
Utah Water Research Laboratory, Utah State University, Logan, UT
84322.

technique using RP·HPLC retention times, widely used
for estimating log Kow values, did not accurately predict
values for PCBs having log K ow values greater than 5.

Since the size of a solute molecule is considered a major
factor in determining its solubility and partitioning be
havior (12-15), investigators have examined the correlation
between molecular size, as described by the calculated total
molecular surface area (TSA), and aqueous solubility
(J6-18) and log K ow (J9). While good correlations have
been found for some types of compounds, the paucity of
accurate experimental values has prevented previous
correlations to be extended to compounds having log K ow
values greater than 5 or 6.

The main objective of this study was to examine the
relationship between the calculated total molecular surface
area and log Kow for highly hydrophobic aromatic com
pounds (Jog Kow greater than 5). A generator column
technique was used to accurately measure log K ow values
for a set of highly hydrophobic aromatic compounds, in
cluding polychlorinated biphenyls (PCBs), polybrominated
biphenyls (PBBs), polychlorinated dioxins (PCDDs), and
polychlorinated furans (PCDFs). This data set was then
used to develop an empirical correlation that can be used
to estimate log K"" from calculated TSA, for compounds
ranging from 3.89 to 8.58 in log Kow•

Materials and Methods

Reagents. All polychlorinated dibenzo-p-dioxin and
dibenzofuran congeners and polybrominated biphenyls
were obtained from Ultra Scientific Inc. (Hope, RI; 99.9%
purity) and were used without further purification. The
l-octanol was purchased from Fisher Chemical (certified
grade). Pesticide-grade isooctane was used for gas chro
matography.

Equipment. The generator column used in this work
has been described in detail previously (II, 20), and only
a hrief description is presented here. The 24-cm column
segment was hand-packed with silanized Chromosorb W
(3 g, 60/80 mesh) retained by a coarse, ground glass frit
at the bottom and a plug of silanized glass wool at the top.
The column was thermostated at 25 °C by pumping water
from a constant-temperature bath through a jacket en
closing the column. A CIS Sep-Pak (Water Associates,
Milford, MA) was used to extract the compound from the
column effluent. A Hewlett-Packard gas chromatograph
(5840A), equipped with an electron capture detector (Ni63),

was used for quantitation.
Procedure. Approximately 10 mg of the congener of

interest was dissolved in 100 mL of l-octano!. Fifteen
milliliters of this solution was stirred with 120 mL of or
ganic-free water for 14-18 h. After the phases were allowed
to separate, an aliquot of the octanol phase was diluted
with isooctane, and the concentration of the compound was
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Figure 1. log K ow vs. total molecular surlace area (TSA) lor 32
aromatic hydrocarbons.

measured in this study are listed in Table I. The values
range from 4.31 to 8.58. At least five replicate determi
nations were done for each compound in the study. The
confidence limits on measured log K ow values are within
5% of the average values for all compounds except for
4,4'-dibromobiphenyl (10%). The log Kow value of 8.58 for
decabromobiphenyl is believed to be the highest measured
value ever reported. A shake-flask determination of this
magnitude would be impossible. The log K ow values
measured previously for 15 PCB congeners are also listed.

TSA-K ow Correlations. Regression analysis showed
that the relationship between TSA and log K ow (Figure 1)
can be expressed as a linear function

log K ow = 0.0238(TSA) - 0.142

n = 32 R2 =0.924

or as a quadratic function

log K ow =-3.60 + 0.05(TSA) - (4.71 X 1O-5)(TSA)

n =32 R2 =0.939

The linear correlation expression appropriate at 25 °C was
used to calculate the predicted log K ow values presented
in the last column of Table I. The absolute average error
for 32 compounds was 4.6% with the errors ranging from
oto 14%. It should be noted that the success in predicting
log K ow values is partially due to the fact that the com
pounds used in developing the correlation equations were
also used in evaluating the method.

For comparison, log Kow values calculated with a com
puterized group contribution method (22) are also pres
ented. The average absolute error for 32 compounds was
11.5% with e;rors ranging from 1 to 47%. For the group
contribution method, errors seem to increase positively
with increasing log K ow• For example, while the error in
estimating the log K ow values for biphenyl is less than 4%,
the error in estimating log K ow for decachlorobiphenyl is
about 36%.

The calculation of TSA requires a more detailed
knowledge of solute structural features, including van der
Waals radii, bond lengths, and bond angles. The TSA of
a specific portion of a molecule can also be calculated,
which enables the effect of different functional groups to
be examind (12). In addition, the effects of conformation
and solvent radius can be investigated.

It is important to remember that all correlation methods
require a set of compounds with "known" log K ow values
and that the accuracy of the method depends on the ac
curacy of these "known" values. When a correlation me-

determined by gas chromatography. The remaining oc
tanol phase was then applied to the generator column and
pulled through the dry support with gentle suction until
the solid support was saturated, as evidenced by the ap
pearance of the 1-octanol at the column base.

The aqueous phase was generated by pumping octa
nol-saturated water through the octanol-coated generator
column. The liquid leaving the generator column was
pumped through a C's extraction column (Sep-Pak) and
was collected in a tared weighing flask. When an amount
of compound sufficient for analysis was collected on the
Sep-Pak, it was removed from the generator column and
eluted with 10 mL of hexane. Prior to elution, excess water
was removed by purging with a gentle stream of nitrogen.
The column efficiently extracted the compounds from the
aqueous solution (total recovery efficiency greater than
90%). The amount of compound in the extract was then
determined by gas chromatography. The K ow was calcu
lated by dividing the compound concentration in the oc
tanol phase by that in the aqueous phase. The aqueous
solute concentration exiting the generator column was
found to be independent of flow rate (0.5-2.0 mL/min),
of the volume of water passed through the column, and
of the concentration of solute in octanol.

Results and Discussion
Experimental Results. The log Kow values for the 15

methylbiphenyl, PBB, PCDF, and PCDD congeners

Calculation of TSA
Total molecular surface area values were calculated with

a computer program developed by Robert Pearlman and
obtained from the Quantum Chemistry Program Ex
change, Chemistry Department, Indiana University,
Bloomington, IN. A detailed description of the molecular
surface area calculation method is provided by Pearlman
(21).

In this program, each atom of a molecule is represented
by a sphere centered at the equilibrium position of the
nucleus. The radius of the sphere is equal to that of the
van der Waals radius. Planes of intersection between
spheres are used to estimate the contribution to surface
area from individual atoms or groups. The program com
putes the surface area of individual atoms or groups by
numerical integration, and the overlap due to intersecting
spheres is excluded from the calculation. Total surface
area is calculated by the summation of individual group
contributions. Standard geometry, standard interatomic
bond lengths and bond angles, supplemented with X-ray
diffraction data, was used in constructing the molecules.
The following values for interatomic distances between
atoms or groups of atoms in a molecule were used: ali
phatic C-e, 1.54 A; aromatic C-H, 1.08 A, aromatic C-el,
1.7 A; aromatic C-O, 1.4 A; aromatic C-Br, 1.8 A. The van
der Waals radii used were as foollows: aromatic C, 1.20
A; aromatic H, 1.08 A; aromatic CI, 1.7 A; aromatic Br, 1.9
A; aromatic Br, 1.9 A; oxygen, 1.4 A; methyl group, 2.0 A.

The substituted dibenzo-p-dioxins and dibenzofurans
were assumed to have a planar conformation. For the
biphenyls, a nonplanar conformation was used that gave
a maximum calculated TSA. The methyl groups were
approximated as a single sphere of radium 2.0 A as sug
gested by Valvani et al. (16).

The program also allows the TSA of the solute molecule
to be calculated after the addition of a suitable solvent
radius. Calculation showed, however, that the addition of
a solvent radius for water did not improve the correlation
between TSA and log K ow• Thus, TSA values reported in
this study (Table I) do not include the solvent radius.
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Table I. log K •• and TSA Values for PCB, PBB, PCDF, and PCDD Congeners

estimated log K~ estimated log Ko•
compound log K~o TSAb (group contribution method!' (TSA-log Ko• correlation)d

PBBs
2-bromobiphenyl 4.59 ± 0.02 (12) 214.5 4.89 4.95
3-bromobiphenyl 4.85 ± 0.03 (12) 216.6 4.89 5.00
4-bromobiphenyl 4.96 ± 0.04 (10) 216.6 4.89 5.00
4,4'-dibromobiphenyl 5.72 ± 0.04 (10) 240.8 5.75 5.57
2,2',4,5,5'-pentabromobiphenyl 7.10 ± 0.06 (5) 306.1 8.06 7.13
decabromobiphenyl 8.58 ± 0.06 (7) 399.9 12.63 9.36

dioxins
dibenzo·p-dioxin 4.37 ± 0.01 (6) 185.6 4.65 4.26
2'chlorodibenzo-p-dioxin 4.94 ± 0.80 (10) 203.6 5.47 4.69
1,2,3,4-tetrachlorodibenzo-p-dioxin 6.20 ± 0.24 (9) 250.3 7.70 5.80
octachlorodibenzo-p-dioxin 7.59 ± 0.16 (14) 314.9 10.56 7.33

furans
dibenzofuran 4.31 ± 0.05 (6) 176.3 4.12 4.04
2,8-dichlorodibenzofuran 5.44 ± 0.03 (12) 212.8 5.65 4.91
octachlorodibenzofuran 7.97 ± 0.08 (7) 298.0 9.96 6.94

methylbiphenyls
4-methylbiphenyl 4.63 ± 0.08 (7) 212.9 4.68 4.91
4,4'-dimethylbiphenyl 5.09 ± 0.30 (8) 233.4 5.33 5.40

PCBs
biphenyl 3.89 ± 0,01 (12) 192.3 4.03 4.42
2-chlorobiphenyl 4.38 ± 0.02 (9) 208.3 4.74 4.80
3-chlorobiphenyl 4.58 ± 0.03 (6) 209.9 4.74 4.84
4-chlorobiphenyl 4.49 ± 0.01 (10) 209.9 4.74 4.84
4,4'-dichlorobiphenyl 5.33 ± 0.01 (5) 227.4 5.46 5.25
3,4-dichlorobiphenyl 5.29 ± 0.01 (6) 225.4 5.46 5.22
2,2'-dichlorobiphenyl 4.90 ± 0,01 (3) 224.3 5.46 5.18
2,4'-dichlorobiphenyl 5.14 ± 0.01 (4) 225.9 5.46 5.22
2,2',5-trichlorobiphenyl 5.60 ± 0,01 (3) 241.8 6.16 5.60
2,4,5-trichlorobiphenyl 5.81 ± 0.00 (2) 241.4 6.17 5.59
2,4',5-trichlorobiphenyl 5.79 ± 0.00 (2) 243.4 6.17 5.63
2,4,6-trichlorobiphenyl 5.57 ± 0.09 (12) 241.8 6.17 5.60
2,2',4,5,5'-pentachlorobiphenyl 6.50 ± 0.13 (6) 275.0 7.60 6.39
2,2',3,3',6,6'-hexachlorobiphenyl 6.81 ± 0.03 (6) 287.4 8.31 6.68
2,2',4,4',5,5'-hexachlorobiphenyl 6.90 ± 0.14 (8) 290.5 8.31 6.75
2,2',3,3',5,5',6,6'-octachlorobiphenyl 7.12 ± 0.31 (9) 318.5 9.73 7.42
decachlorobiphenyl 8.20 ± 0.27 (18) 345.6 11.16 8.06

o Mean experimental log K~ ± standard deviation (number of determinations). Generator column method used for all determinations.
bCalculated total surface area (A'). 'Calculated with a program developed by Leo (19). dCalculated from regression equation: log K o• =
0.0238(TSA) - 0.142.

thod is used, it is important to consider the range of log
Kow values employed in developing the correlation. Cor
relative methods are best applied to cmpounds having Kow
values within the range of standards used to develop the
correlation.

The data set used here to develop and evaluate the
correlation between TSA and log K ow consisted only of
compounds having experimental log Kow values (measured
by a generator column technique). This data set contained
compounds having log K ow values ranging from approxi
mately 4 to 8.5 and is believed to be the most accurate and
self-consistent set of experimental log Kow values available
for these aromatic compounds. The correlative method
presented here can be used to predict log Kow values for
halogenated biphenyls, furans, and dioxins. The correla
tion appears to be capable of predicting log K ow values
within 14% for these classes of compounds. Future work
will investigate the applicability of this correlation to other
classes of hydrophobic compounds.

Conclusions
With a set of experimental log K ow values measured by

a generator column technique, the relationship between
TSA and log Kow was examined. A linear relationship
between TSA and log K ow was found for 32 highly hy
drophobic aromatic compounds ranging from 3.89 to 8.58
in log K ow• The resulting correlation provides an accurate
method for predicting log K ow values for halogenattd bi
phenyls, furans, and dioxins from the compound's chemical

structure. This approach is also expected to be applicable
to many other compound types.
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Get rid of the
overtime in your

waste treatment facility.

The faster you move treated effluent
out of your plant, the more waste you
can process. The rapid biodegradability
of Neodoll!l surfactants makes quick work
of waste treatment.

Many commonly used industrial processing prod
ucts contain surfactants. Some surfactants, such
as nonylphenol ethoxylates (NPEOs), biodegrade
slowly. Their lengthy effluent processing time can
limit a facility's treatment capacity and increase utility
costs.

In contrast, processing products containing
Neodol ethoxyl~tes from Shell Chemical biodegrade
much faster than those containing NPEOs, essen
tially increasing effluent treatment capacity without
capital expenditures. And at a total processing cost

that can be lower than NPEO based
processing chemical systems.

Neodol ethoxylates normally biodegrade into non
foaming, non-toxic, non-polluting effluent that is safe
to enter waterways. What's more, Neodol ethoxyl
ates and their biodegradation by-products do not
contain aromatic residues which react with chlorine
in municipal treatment facilities to produce toxic,
bioresistant compounds that can be harmful to
aquatic life.

In waste treatment, time is more than money. It's
also valuable treatment capacity. To find out more
about time-saving, environmentally safe Neodol
surfactants, write to: Shell Chemical Company,
Manager Neodol Communications, P.O. Box 2463,
One Shell Plaza, Houston, Texas 77252.

Shell Chemical Company
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