


The Ultra Trace Analyzer
Are you confident you're getting the whole picture when confirming
compounds? Saturn routinely provides a full scan spectrum at low
picogram levels. In fact, through narrow mass range scans, Saturn
can determine compounds in sub-picogram levels; therefore out­
performing traditional quadrupoles in SIM mode. And, scan rates are
fast, without spectral distortion on capillary peaks.

Built by Varian
Now built and supported completely by Varian, the PC-controlled
Saturn provides powerful performance. The data system controls all
automations, even the in-board diagnostics. New generation ion trap
materials and enhanced temperature control of the trap guarantee
superb sensitivity even for labile or toxic compounds found in dirty
matrices like soil and sludge.

Let us show you how Saturn's superior sensitivity not only gives
you complete confidence in your analyses, but how it cuts down
analysis time and saves you money. For more information, call
1-800-926-3000. In Canada, call 416-457-4130.

Confirmation Compliance
There is no question Saturn meets absolute confirmation protocols.
It starts with the chromatographic excellence of the 3400 Gas
Chromatograph. Then, optimum trace analysis is achieved when the
8100 AutoSampler is combined with the SPI temperature
programmable inlet system for transfer of sample to the column
with complete chromatographic integrity.

Face it. If you don't start with expert chromatographic techniques,
how can you trust the final results? GC WITH A FUTURE varian@
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The Same Fate Awaits Anyone
Who Can't Detect Pesticides Quickly.
Pesticides can kill more than insects, weeds and fungi. They can kill your bottom line.

Particularly if your facility takes days or weeks to conduct pesticide tests. EnviroGard'·

immunoassay-based test kits provide results in just 7 minutes (1-2 hours for plate kits). Test

~~;~'?;::·;";::.~:;:I'O~:~~;;~::; :g:::i;:;: ;:;~ for aldicarb, benomyl, triazines and 6 other compounds. Results

10 compare favorably with gas chromatography (chart), mass
oe+-+--+-+-+--+-f--+-7IS-H
06 /' spectrometry and HPLC. But at $20 per test, there's no comparison

q3ZeE3=a~'"~~~,,:D: when it comes to price. Order these easy-to-use kits, or get a video
021=
000120'f/'j02±±0,±=oL

6
ti±J and brochure by calling Millipore at MILLI PORE

800-225-1380 (in MA: 617-275-9200).
Testing for alochlor shows EnviroGard kits

correlate strongly with traditional tests.

© 1991 Millipore Corporation

CIRCLE 1 ON READER SERVICE CARD



Fast, safe
priority
pollutant
satIlple prep
SFE extracts samples
fast for GC and HPLC
analysis

• Supercritical fluid extraction uses low­
cost, non-toxic C02 instead of expensive
and hazardous organic solvents.

• Process soils, ash, sediments, and other
samples in a fraction of the time re­
quired for Soxhlet methods.

BIOREMEDIATION
OZ/COZ Respirometer

The OzlCOz Respirometer optimizes the
bioremediation process by monitoring bacterial
growth through the measurement ofOzconsump­
tion & COz production, It can monitor up to 20
measuring chambers having volumes ranging from
50 ml to 20 liters. It is capable of 0.2 J.!LIh sensitivity
-- 10 times more sensitive than the Warburg ap­
paratus. It features 24-hour automatic operation
under PC computer control. Other applications are
in the food & medical fields.

~T- Columbus Instruments
~ Post Office Box 44049

Columbus, Ohio 43204 USA
PH: (614) 488-6176 Toll Free: 1-800-669-5011

Fax: 614 276-0529 TLX: 246514
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433 pages (1990) Clothbound
$89.95
433 pages (1990) Paperbound
$49.95

ISBN 0·8412·1781·5 LC 90·34564

This volume is the best and most
complete source of information
on oxidations of organic com·

pounds. It gives a comprehensive. up·
to-date. and well·organized review of
the SUbject. with emphasis on pre·
parative aspects and results.

An invaluable aide for the practicing
chemist. this volume offers amore
experimental rather than theoretical
scope with emphasis on the prepara·
tive aspects and synthetic usefulness
of individual reactions. Reactions
described in the text were chosen on the basis of simplicity. clarity of
description in the primary literature. availability of oxidents, and yield.

Topics within the volume describe oxidation and dehydrogenation
agents and OXidations of various functional groups. with descriptions of
the best reagents for a specific reation. The information is expertly orga·
nized and supported by examples. correlation tables. and thorough
referencing.
Milos Hudlicky
ACS Monograph No. 186
ISBN 0·8412·17BO·7 LC 90·34564

Oxidations in
Organic Chemistly

~
ISeQ

Isco, Inc.
P.O. Box 5347

Lincoln NE 68505
Tel, (402) 464-0231
Fax, (402) 464-4543
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Call (800)228-4250
now for details. Ask
about a test extraction of
your sample.

• Capture extractants off­
line and ready for
immediate analysis.
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RESEARCH

1381 A cometabolic biotransformation model for halo­
genated aliphatic compounds exhibiting product
toxicity. Lisa Alvarez-Cohen* and Perry L. Mc­
Carty

A model that incorporates product toxicity into
cometabolic biotransformation kinetics is pro­
posed and evaluated with experimental methan­
otrophic trichloroethylene transformation data.

1387 Two-stage dispersed-growth treatment ofhaloge­
nated aliphatic compounds by cometabolism.
Lisa Alvarez-Cohen* and Perry L. McCarty

A two-stage bioreactor that utilizes cometabol­
ic biotransformations for the treatment of haloge­
nated aliphatics is proposed and modeled.

1393 Survey of potable water supplies for
Cryptosporidium and Giardia. Joan B. Rose,*
Charles P. Gerba, and Walter Jakubowski

Cryptosporidium oocysts and Giardia cysts are
found in 55% and 16% of surface waters used for
potable supplies at concentrations averaging 43
oocysts and 3 cysts/l00 L.

1400 Influence of the environment on the patina of the
Statue of Liberty. Richard A. Livingston

Acid rain does not affect the Statue of Liberty's
copper skin, but sulfur dioxide and sea salt are
significant factors.

1408 Long-term processes in a stabilized coal-waste
block exposed to seawater. Daryl E. Hockley* and
Hans A. van der Sloot

Chemical and mineralogical profiling of a sta­
bilized waste block reveals processes active dur­
ing 8-years contact with seawater.

1414 Effect ofredox potential and pH on arsenic speci­
ation and solubility in a contaminated soil.
Patrick H. Masscheleyn,* Ronald D. Delaune, and
William H. Patrick, Jr.

This study examines the impact of soil redox
potential and pH on the speciation and solubility
of As in a contaminated soil.

1419 Aqueous-phase oxidation of polychlorinated bi­
phenyls by hydroxyl radicals. David L. Sedlak
and Anders W. Andren*

The degradation of PCBs through oxidation by
hydroxyl radicals is studied.

1427 Continuous multiligand distribution model used
to predict the stability constant of CullI) metal
complexation with humic material from fluores­
cence quenching data. David M. Grimm, Leo V.
Azarraga, Lionel A. Carreira,* and Wisnu Susetyo

By use of a pH-dependent continuous multili­
gand distribution model, the stability constant be­
tween CullI) and dissolved humic material is de­
termined.

1432 Extraction efficiencies of organochlorine com­
pounds from Niagara River water. Mark S.
Driscoll, John P. Hassett,* Caryl L. Fish, and Si­
mon Litten

Organochlorine compounds are extracted more
efficiently and precisely from water after chromic
acid digestion.

1439 Comparison of portable gas chromatographs and
passivated canisters for field sampling airborne
toxic organic vapors in the United States and the
USSR. Richard E. Berkley: Jerry L. Varns, and
Joachim Pleil

Field results suggest that a combination of can­
ister/TO-14 and portable gas chomatograph meth­
ods offers a synergistic approach to source assess­
ment measurements of trace volatile organic
compounds in air.

1445 Heuristic model for predicting the intrusion rate
of contaminant vapors into buildings. Paul C.
Johnson* and Robert A. Ettinger

This paper presents a heuristic model for
screening-level calculations incorporating both
convective and diffusive mechanisms, as well as
contaminant soil, and building foundation prop­
erties.

1453 Biodepuration of polynuclear aromatic hydro­
carbons from a bivalve mollusc, Mercenaria
mercenaria L. John T. Tanacredi* and Raul C.
Cardenas

An experiment utiliZing a bivalve mollusc is
designed to investigate the ability of naturally oc­
curring bivalves to cleanse themselves after expo­
sure to PAHs found in waste crankcase oil.

1461 Biodegradation of mixed-organic wastes by mi­
crobial consortia in continuous-recycle expand­
ed-bed bioreactors. Tommy J. Phelps: John J.
Niedzielski, Kenneth J. Malachowsky, Richard M.
Schram, Stephen E. Herbes, and David C. White*
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policy. author's guide, and peer review
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The potential for bioremediation of groundwa­
ter contamined with mixed-organic wastes is
demonstrated in laboratory reactors.

1466 Effects of a CO2 pressure process on the solubili­
ties of major and trace elements in oil shale solid
wastes. Katta J. Reddy: James 1. Drever, and Vic­
tor R. Hasfurther

Treatment of moist retorted oil shale with COz
reduces alkalinity and the mobility of F and Mo.

1470 Chemical characterization and source apportion­
ment of individual aerosol particles over the
North Sea and the English Channel using multi­
variate techniques. Chris Xhoffer: Paul Bernard,
Rene Van Grieken, and Ludo Van der Auwera

The characterization and source of aerosol par­
ticles over the North Sea and the English Channel
are determined.

1479 Diffusion of 2,3,7,8-tetrachlorodibenzo-p-dioxin
in soil containing organic solvents. Michael R.
Overcash,' Arnold L. McPeters, Erika J. Dougher­
ty, and Ruben G. Carbonell

The transport of 2,3,7 ,8-tetrachlorodibenzo-p­
dioxin in soil containing organic solvents is mea­
sured experimentally, and a model that yields ef­
fective diffusion coefficients is developed.

1485 Surface reactions ofbrominated arenes as a mod­
el for the formation of chlorinated dibenzodiox­
ins and -furans in incineration: Inhibition by eth­
anolamine. T. Lippert, A. Wokaun,' and D.
Lenoir

Aryl coupling of bromobenzene over Cui Al z0 3

catalysts, a model reaction for dioxin formation, is
inhibited by ethanolamine due to competitive ad­
sorption and catalyst deactivation.

1489 Role of plant biomass in the global environmen­
tal partitioning of chlorinated hydrocarbons. Da­
vide Calamari: Eros Bacci, Silvano Focardi, Car­
lo Gaggi, Marco Morosini, and Marco Vighi

Concentrations of chlorinated hydrocarbons in
plants from sampling areas worldwide are related
to air contamination, physicochemical properties,
and use patterns of the chemicals.

1496 Mutagenicity of indoor air containing environ­
mental tobacco smoke: Evaluation of a portable
PM-tO impactor sampler. Paris E. Georghiou:
Philip Blagden, David A. Snow, Linda Winsor,
and David T. Williams

The sampling characteristics of two PM-10
samplers are compared in coreplicate experi­
ments in indoor air containing ETS, and by muta­
genicity testing of the PM-10 extracts.

1501 Influence of sorbate structure on nonequilibrium
sorption of organic compounds. Mark L. Brus­
seau' and P. Suresh C. Rao

The relationship between sorbate structure and
nonequilibrium sorption is investigated by exam­
ining the rate-limited sorption of compounds rep­
resenting eight classes of organic chemicals.

RESEARCH COMMUNICATIONS
1507 Phenol oxidation in supercritical water: Forma·

tion of dibenzofuran, dibenzo-p-dioxin, and reo
lated compounds. Thomas D. Thornton, Douglas
E. LaDue, III, and Philip E. Savage'

Significant concentrations of higher molecular
weight prod ucts are reported from the oxidation
of phenol in supercritical water.

1510 Sonochemical destruction of chlorinated hydro­
carbons in dilute aqueous solution. H. Michael
Cheung,' Ashish Bhatnagar, and Greg Jansen

Remediation of contaminated water through
ultrasonic irradiation is studied.
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ES6r EDITORIAL

Good science and the scientist
It is important for scientists and engineers to take
a strong stand on the use of good science in ad­
dressing environmental problems. It falls to us,
more than any other group, to insist that decision
makers understand the nature of the problem and
the alternative strategies that may be followed in
seeking a solution. We must emphasize the nature
and magnitude of the uncertainties involved in
each strategy. We must resist irrational, unscien­
tific decisions even if they are to our own benefit.
We must counsel politicians, managers, and the
general public and hope that they listen.

This is not to say that we have all of the an­
swers. Indeed, one of the strongest messages that
we should communicate is that we do not; that
there are immense uncertainties in many areas of
environmental science and engineering. We
should not be afraid to say that more data taking or
analysis is needed, even if it appears to be self
serving. The fact is, we are now addressing many
complex systems that we poorly understand.
When a decision could do more harm than good,
or when a remediation plan could be extremely
expensive and may not lower risk, more research
may be the best solution. When the political heat
is uncomfortable, no one likes this position, but
sometimes it is simply the best science can offer.

We must be humble in expressing opinions, giv­
en the nascent resentment against scientists as ef­
fete intellectuals, but we must come forward with
the best information available and ask that it be
taken into account when decisions are made. Too
often scientists and engineers have taken a view
that public debate is "not my problem"; we are of­
ten uncomfortable under adversarial circumstanc­
es and we would rather submit the facts, prefera­
bly in a written report, and leave. As the debate
continues, though, there is often no one to speak
for good science, and other arguments prevail.
When a solution is proposed, it should be clear to
everyone what science has to say about it.

0013-936X!91/0925-1341 $02.50/0 © 1991 American Chemical Society

There are innumerable examples that could be
cited to reinforce this argument. How many of our
readers live in communities where a debate has
raged on the locating of a hazardous waste con­
tainment or disposal center; and how many times
are these debates fraught with unfounded claims
of health or ecological effects of trace contami­
nants? Who speaks up for leaving a contaminant
in place when the science says that moving it
would be worse? Why do we still fail to recognize
uncertainties in analytical measurements and de­
tection limits? Why are we spending hard-to-get
public money cleaning up dirt to below natural
background levels?

There are two levels at which scientists and en­
gineers can make an impact. Locally, we can offer
expertise and counsel to the general public and
decision makers. This is particularly valuable be­
cause local funds to deal with environmental is­
sues are limited. In addition, we can counsel gov­
ernmental and, particularly, legislative bodies on
environmental issues. Public officials are prone to
make decisions on the basis of political consider­
ations, so we must offer the scientific argument.
based on the best information and analysis avail­
able. That position. if offered articulately again
and again with conviction, will have an impact on
public health and the environment, and will lead
to wiser use of public and private funds for envi­
ronmental protection.
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INTERNATIONAL
Eight countries whose territory
extends north of the Arctic Circle
have signed an agreement to co­
operate in monitoring pollution of
the Arctic environment and to
protect the region's plant and ani­
mal life. The United States was
one of the signatories of the non­
binding agreement, which was
initiated by Finland and signed in
Rovaniemi, Finland, in mid-June.
Provisions include responding to
oil spills and monitoring pollu­
tion from oil, radiation, heavy
metals, organic contaminants,
acidification, and noise. Other
signatories include Canada, Den­
mark, Finland, Iceland, Norway,
Sweden, and the Soviet Union.

FEDERAL
EPA proposed June 3 to reward
companies that voluntarily re­
duce their toxic air emissions by
90% (95% for particulates) by
Jan. I, 1994. EPA administrator
William Reilly offered such com­
panies a "carrot" in the form of a
six-year delay for meeting maxi­
mum achievable control technolo­
gy (MACT) provisions of the 1990
Clean Air Act. Any company that
wants to participate in this pro­
gram has until Nov. 15, 1991, to
declare its commitment to reduce
emissions. The "stick" is that a
company that commits to and
then fails to meet the Jan. I, 1994,
emissions reduction deadline be­
comes vulnerable to EPA enforce-

Reilly: Rewarding emission Gutters

ment actions. A company can
withdraw its commitment by
Dec. I, 1993, but it then loses the
six-year delay and becomes sub­
ject to MACT rules. For more in­
formation, contact David Beck,
Emission Standards Division,
EPA, Research Triangle Park, NC
27711; (919) 541-5421.

The National Oceanic and Atmo­
spheric Administration (NOAA)
has drafted guidelines for con­
trolling nonpoint source water
pollution. Virginia Tippie of
NOAA explained to a House sub­
committee that the guidelines aim
to help state and local govern­
ments control nonpoint pollution
from agriculture, dams and
levees, forestry, marinas, and ur­
ban development. In addition,
NOAA and EPA are drafting
guidelines for state coastal non­
point pollution control programs.
These guidelines may be used in
the consideration of Clean Water
Act reauthorization.

EPA proposed rules June 11 that
would require the use of reformu­
lated gasoline by 1995 in nine
metropolitan areas that have the
worst tropospheric ozone levels.
These areas account for almost
25% of U.S. gasoline consump­
tion. The rules would mandate a
fuel composition of at least 2%
oxygen, no more than 1% ben­
zene, and no heavy metals. Toxic
and volatile compounds in the
gasoline must be reduced by 15%
initially, and by 25% by 2000,
relative to 1990 "base gasoline."
Moreover, gasoline makers would
be forbidden from putting ben­
zene and other pollutants re­
moved from reformulated gaso­
line into conventional gasoline
sold in the rest of the country.
Alternative additives for oxygen­
ating gasoline include methanol,
ethanol, and methyl-tert-butyl
ether.

When will an Environment De­
partment (ED) be added to the
President's cabinet? That's still
anybody's guess, but in late May
the Senate Governmental Affairs

Committee approved creation of
an ED. The Committee's version
of an enabling act also would cre­
ate an independent Bureau of En­
vironmental Statistics (BES) with­
in the ED. President Bush wants
Congress to make EPA a cabinet
department, but he wants no oth­
er changes in EPA's operations
and opposes the idea of a BES.

STATES
Within 60 days ofreceipt by EPA,
states would learn whether their
state implementation plans (SIPs)
for controlling air pollution are
complete, EPA has proposed. EPA
would have to notify states within
six months of their filing dead­
lines (Fed. Regist. 1991, 56,
23826); if it does not do so, the
SIP would be considered com­
plete as submitted. For more in­
formation on streamlining SIP
submissions, contact Denise
Gerth, Office of Air Quality Plan­
ning and Standards, EPA, Re­
search Triangle Park, NC 27711;
(919) 541-5550.

Commercial businesses in New
York City must start recycling
high-grade office paper, corrugat­
ed cardboard, metal, and certain
types of construction debris. The
private trash haulers that pick up
this waste also must recycle and
offer post-collection separation
services. (All commercial trash is
taken by private collectors; the
city's Department of Sanitation
provides only residential trash
collection.) The rule went into
effect May 29, and enforcement
will begin Nov. 29. In May 1992,
recycling of newspapers, maga­
zines, and glass containers will be
required; by Nov. 1992, plastic
containers will be added to the
list; and by May 1993, plastic film
also will have to be recycled. For
more information, call the Depart­
ment of Sanitation at (212) 334­
8590.

A study by the New Jersey De­
partment of Environmental Pro­
tection (DEP) suggests that 50 lb
(22.75 kg) of chlorofluorocarbons
(CFCs) can be recovered for every
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100 discarded motor vehicles,
DEP Commissioner Scott Weiner
announced June 10. He described
a pilot project that ran from Janu­
ary to June 1990 and studied the
feasibility of recapturing CFCs at
commercial scrap yards. Normally
when vehicles are scrapped, large
amounts of CFCs escape. Several
private firms throughout the state
allowed scrapped vehicles to be
tested for CFCs. An average of 1.2
lb (544 g) of CFCs were recovered
from each vehicle. The DEP study
also found that workers took 15
min to remove CFCs from each
vehicle. A DEP spokesperson said
that to make a recovery program
feasible, less expensive CFC re­
capture equipment or a higher
market value for recaptured CFCs
would be needed.

Revised hazardous waste regula­
tions drafted by the New York
Department of Environmental
Conservation (DEC) define in
more detail than previous regula­
tions required a "significant
threat" posed by a site. This
means that DEC must document
the presence of hazardous waste
at a site and determine that the
waste has caused, or will cause,
environmental damage if no reme­
dial action is taken. This draft reg­
ulation (6 NYCRR Part 375) fol­
lows a 1989 decision by the state
Court of Appeals that struck
down previous regulations. Under
the old rules, the mere presence
of hazardous waste could be
deemed a significant threat. The
court ruled that the old regula­
tions were overly broad. Under
New York law, DEC must first de­
termine that a site poses a signifi­
cant threat before the department
can order someone to clean it up.

AWARDS
U.S. environmentalists now have
their own Presidential award. As
many as 12 Presidential Environ­
ment and Conservation Challenge
Awards and 30 citations will be
presented annually to deserving
U.S. residents, organizations,
businesses, or governmental agen­
cies. The awards will honor
achievements in four arenas: in­
corporating environmental think­
ing into sound management prac­
tices; fostering cooperative
approaches to environmental
needs; developing innovative

technologies, programs, or servic­
es; and promoting environmental
education and communication.
Winners receive their awards at a
White House ceremony and par­
ticipate in a national symposium.
The first awards will be presented
this fall. For more information
contact President's Environment
and Conservation Challenge
Awards, The White House, Coun­
cil on Environmental Quality, 722
Jackson Place, N.W., Washington,
DC 20503; (202) 395-1154.

The Burhennes: Sasakawa laureates

The $200,000 Sasakawa Interna­
tional Environment Prize was
awarded June 5 to Wolfgang
Burhenne and Fran~oise

Burhenne-Guilmin of Bonn, Ger­
many. They were honored for
having founded and developed
the International Union for the
Conservation of Nature's Environ­
mental Law Center in Bonn. Wolf­
gang Burhenne helped establish
the World Wide Fund for Nature
and the International Council of
Environmental Law. Burhenne­
Guilmin compiled, analyzed, and
indexed the world's most exten­
sive documentation on national
and international environmental
law. The prize is sponsored by the
Japanese Shipbuilding Industry
Foundation and administered by
the United Nations Environment
Programme.

SCIENCE
To identify candidate chemicals
for neurotoxicity testing, "EPA
should consider the intended use,
degree of toxicity, exposure, and
other scientific data in deciding
whether or not a substance pro­
duces an adverse effect on the
nervous system," said John
O'Donoghue of Eastman Kodak.
Addressing EPA June 12 on behalf

of the American Industrial Health
Council (Washington, DC),
O'Donoghue added that the ac­
ceptability of neurotoxicity data
"should be determined on the ba­
sis of scientific merit and not by
comparison to test guidelines."
He suggested that EPA's proposed
endpoint rule "would vastly over­
whelm the national capacity for
performing neurotoxicity tests."

The fourth European survey of
damage to forests has been com­
pleted. All countries participating
in the survey used uniform guide­
lines to determine the level of
damage over 114 million hectares
(281.5 million acres) of forest in
various parts of Europe. The num­
ber of countries that report dam­
age to more than 30% of their
trees has tripled since 1988, and
in seven of those countries, air
pollution is viewed as the princi­
pal factor. Another reason for the
increase in reports of forest de­
cline is that more countries sub­
mitted data, according to the In­
ternational Cooperation Program
for Recording and Monitoring the
Effects of Air Pollution on For­
ests. Data are evaluated at the
Federal Research Institute for For­
estry and Timber Industry (Ham­
burg, Germany). The principal
conclusion is that reduction in
levels of air pollution in Europe
has become urgent.

Health effects ofSOz can be eval­
uated with several uncertainty
factors taken out, according to the
Electric Power Research Institute
(EPRI, Palo Alto, CAl. An EPRI
project developed a method
whereby the distribution of SOz
concentrations over time and
space can be integrated with clini­
cally derived dose-response rela­
tionships and with information
on the likelihood that asthmatics
engaging in exercise will be ex­
posed. Using this method, re­
searchers carried out a risk analy­
sis of asthmatics who lived near
two power plants. They conclud­
ed that there is a "very low proba­
bility of increased pulmonary
symptoms due to SOz emissions."
For more detail, see Wyzga, R.
EPRIfournal1991, 16(3), 52-54.

TECHNOLOGY
Hopes for using a deep under­
ground salt chamber for storing
lethally radioactive wastes may
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Reverse osmosis plant, Tortola, British Virgin Islands

be dashed, according to mining
experts who testified before a
House Government Operations
subcommittee in early June. They
reported that rock falls have oc­
curred in a deep underground salt
chamber near Carlsbad, NM, the
site being considered for use be­
ginning this summer under the
Waste Isolation Pilot Project.
These chambers were carved by
rock salt miners almost 20 years
ago. Natural closure causes the
rock falls and eventually will
cause the chamber to collapse.
Collapsed salt chambers have
been considered ideal "prisons"
from which high-level wastes
could never escape to the envi­
ronment. Mining experts fear,
however, that the New Mexico
chamber will collapse so rapidly
that there will not be enough time
to evaluate salt chambers as re­
positories.

A long-standing water supply
problem in the British Virgin Is­
lands (BVI) has been solved by a
360,OOO-gal-per-day reverse osmo­
sis (RO) plant, according to Reli­
able Water (Billerica, MA). Locat­
ed on the island of Tortola, BVI,
the plant uses RO to convert sea­
water into drinking water and
brine. Operating costs are reduced
through energy recovery and re­
use and through a design for unat­
tended operation. The plant has
an automatic telephone dialer sys­
tem to alert company staff in case
of an emergency. It also features
an environmental control and de­
humidification system, with a
demineralized-water rinsing facil­
ity to reduce corrosion. The de­
sign allows doubling the plant's

Seawater
source
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capacity to more than 720,000 gal
per day in the future.

North Star Steel Company's
Beaumont, TX, plant will be the
first industrial user of a new
technology for recovering zinc
from the hazardous waste dust
that forms as a byproduct of elec­
tric arc furnace steel production.
The recovery plant is expected to
be in full operation by late 1992.
Zinc concentrations in the dust
run as high as 40%. Cadmium
and iron also are found in the ma­
terial. Nationwide, electric arc
steel plants produce 550,000 tons
of this dust annually. Currently,
EPA will allow landfill disposal
of dust containing less than 15%
zinc. The new technology, the
Gas-Fired Flame Reactor process,
recovers zinc and other metals on
site as metal oxides. It was devel­
oped for the Gas Research Insti­
tute (Chicago, IL) by Horsehead
Resource Development Co., Inc.,
which will run the Texas reactor.
Horsehead plans to sell the crude
zinc oxide to the zinc industry
and offer the remaining slag to the
cement and construction indus­
tries. Horsehead has petitioned
EPA to delist the slag as a hazard­
ous waste.

BUSINESS

All nonsmokers should be pro­
tected from involuntary exposure
to secondhand tobacco smoke in
the workplace, in indoor areas
open to the public, and in food
service establishments, according
to the American Industrial Hy­
giene Association (AIHA, Akron,
OH). Employers should provide

1----- Drinking
water

Salt brine
disposal

smoke-free work areas, forbid
smoking in meeting rooms and
other common rooms, and set
aside areas for smoking with
proper venting of air to the out­
side. AIHA also recommends the
establishment of smoking cessa­
tion programs with phased-in im­
plementation time, employee par­
ticipation, training and education,
and provisions for enforcement.

Industry, government, and aca­
demic groups have formed the
Model Evaluation Consortium for
Climate Change (MECCA), whose
mission will be to evaluate the
reliability of current global cli­
mate simulation models. These
models are used to evaluate possi­
ble future climate variations that
may arise from human activities
and natural events, such as green­
house gas emissions, deforesta­
tion, and volcanic eruptions. "We
want to provide policy makers
with the scientific information
necessary to optimize decisions,"
says Peter Mueller, MECCA poli­
cy chairman, who also is the at­
mospheric sciences program man­
ager at the Electric Power
Research Institute (Palo Alto, CAl.
MECCA hopes to have initial re­
search results available for the
Earth Summit, to be held in Rio
de Janeiro in June 1992.

Volvo has launched a road test of
five sedans with flexible fuel en­
gines and electrically heated cat­
alytic converters. The cars, to be
used in California's Flexible Fu­
eled Vehicle Demonstration Pro­
gram, run on unleaded gasoline or
alcohol-mixed fuels containing as
much as 85% methanol. An opti­
cal sensor measures methanol
concentrations so that fuel injec­
tion and ignition computers can
adjust flow rates and spark ad­
vance. Larger fuel injectors, meth­
anol-resistant fuel lines, and a
sensor to adjust air-fuel mixtures
have been built into the test cars
to handle diverse fuel mixtures.
The heated catalytic converter
dramatically lowers exhaust pol­
lutants, according to Volvo. To
power the converter's heater, a
second battery is in the trunk and
a larger-than-usual alternator re­
charges the regular and the con­
verter batteries. Volvo plans a
two-year test of the new technolo­
gy before deciding whether to in­
troduce these advances in produc­
tion line vehicles.



EARTH SUMMIT PRIORITY: SLOW DEFORESTATION

By Stanton Miller

The United States is ac­
tive in planning the
United Nations Confer­
ence on Environment
and Dev.elopment ~i:
(UNCED) III 1992 and Ii.
has urged that global cli- ' .
mate and forestry
agreements be com­
pleted, for signing
if possible, at that •
conference (1).•
But there are (,.'
some recent ob­
servations on
this topic from
representatives of
Brazil, the conference
host country, Brazil is leading at­
tempts to improve data on forest loss­
es and conservation. At a meeting in
February in Chantilly, VA, deforesta­
tion and energy efficiency were dis­
cussed by Brazilian spokesmen.

Professor Jose Goldemberg is the
Secretary for Science and Technolo­
gy of the Presidency of the Republic
of Brazil. He is a world-renowned
expert on energy strategies who par­
ticipated in the Second World Cli­
mate Conference in Geneva last No­
vember (2). At that conference he
highlighted the need for better com­
munication of the potential for en­
ergy efficiency measures in coun­
tries where a lot of fossil-fueled
electric generating capacity was be­
ing installed, but little was heard
about improving end use efficiency.

Luiz Gylvan Meira, Director of
Earth Observation at the National In­
stitute for Space Research in Sao Jose
dos Campos, Sao Paulo, Brazil, and
science adviser of the Brazilian dele­
gation at the Chantilly meeting,
spoke about the confused history of
attempts to quantify deforestation in
Amazonia and the Amazon Basin.
[Amazonia is defined by federal law
as an area that includes the entire
states of Acre, Amazonas, Para, Ron­
donia, Amapa, and Roraima, and
parts of Mato Grosso, Goias, and
Maranhao. The surface area of the
Brazilian Amazon (4,874,000 km2

)

accounts for 57.6% of Brazil's territo­
ry.) Meira said, "Brazilian studies
now being conducted with Landsat
imaging suggest that the annual rate
of deforestation in the legal Amazon
is about 20,000 km2 a year and has
been slowing since the mid- to late
1980s."

Brazil

Meira men­
tioned earlier
estimates of
40,000 km 2 by
Greenpeace,
50,000 km 2 by
Friends of the Earth,
and 60,000-80,000 km2

by the World Resources
Institute. "The most prob­
lematic of these esti­
mates had been the
counting of forest
fires with satellite
imaging; although the
fires could be counted
and produced visually spec­
tacular images, the assumptions
made about the forest that was being
lost turned out to create significant
overestimates. As a result of taking
these annual estimates and then sup­
posing that they held true over a de­
cade, estimated values of as much as
800,000 km2 had been produced for
the decade of the 80s."

The National Institute for Space
Research is now resurveying areas
studied in 1975 and 1978 (surveys
were conducted for assessing agricul­
ture and therefore had their own ar­
eas and assumptions). The Institut!J
is conducting a survey with 1985 im­
ages and is analyzing 1980 data.
When the survey data are put with
1988 and 1989 surveys in a comput­
er-based Geographical Information
System, it will be possible to display
the evolution of deforestation
through time and space and to better
understand its causes. Such data

from 1975 to 1990 from the
state of Rondonia are a good

example. In Rondonia, there
, was only cleared and uncleared

:.1 closed moist forest (Le., no old
clearance or savannah distorted

the data on current deforestation).
["Closed" forest refers to vegetation

so dense it is very difficult to walk
through.] The data indicated a con­
tinued slowing in deforestation and
the abolition of various tax breaks
which had favored deforestation, ac­
cording to Meira.

Meira says, "Thus, it appears that
some 300,000 km2 of Amazon forest
have been lost to other uses, such as
farming, roads, and towns, in recent
decades, together with 95,000­
97,000 km 2 of much older clear­
ance. It is now Brazilian policy to
reduce the rate of deforestation by
10% each year."
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Although the natural production of
organohalogens has been observed
in several studies, it is generally as­
sumed to be much smaller than the
industrial production of these com­
pounds (1, 2). Nevertheless, two im­
portant natural sources have been
known since the 1970s: red algae in
marine ecosystems produce large
amounts of brominated compounds
(3], and methyl halides of natural
origin are present in the atmosphere
(4, 5). During the past few years it
has been shown that organohalo­
gens are so widespread in ground­
water, surface water, and soil (6-10)
that all samples in the studies re­
ferred to contain measurable
amounts of adsorbable organohalo­
gens (AOX). In addition, the quanti­
ties found often exceed the amount
that can be explained by human ac­
tivities in surrounding areas.

We will document the wide­
spread occurrence of organohalo­
gens in "unpolluted" soil and water
and discuss possible sources of
these compounds. It has been sug­
gested that these organohalogens
originate from long-range atmos­
pheric transport of industrially pro­
duced compounds (11). We will
review existing evidence of enzy­
matically mediated halogenation of
organic matter in soil and show
that, most probably, natural haloge­
nation in the terrestrial environ­
ment is the largest source.

Occurrence in soil and water
To document the natural occur­

rence of organohalogens, we con­
ducted a survey of 135 lakes in
southern Sweden and found con­
centrations of AOX ranging from 11
to 185 /lg CIIL (Figure 1). This corre­
sponds well with the results of the
studies referred to above, which in­
dicate that all surface waters con­
tain organohalogens. The highest
concentrations in our survey were
found in humic-rich, oligotrophic
lakes in remote areas where the
AOX concentrations were shown to
be comparable with those in indus­
trially polluted waters, such as the
Rhine River; along a profile from
the source of this river to the Dutch
border, AOX concentrations varied
from 5 to 200 /lg CIIL (12).

To document further the global
occurrence of organohalogens in

terrestrial environments, we ana­
lyzed soils from different parts of
the world (Table 1). We found that
all samples contained organohalo­
gens and that the ratio of organo­
halogens to organic carbon was re­
markably stable (0.22-2.8 mg CI/g
C). Moreover, the data presented in
Table 1 show that the occurrence of
halogenated compounds in soil is
not a phenomenon peculiar to
Swedish soils; on the contrary, or­
ganohalogens seem to occur world­
wide. The variability of the organo­
halogen-to-organic-carbon ratio for
surface water samples (0.84-14.5
mg Cl/g C) was larger, and the medi­
an was almost 10 times higher than
for soil samples (Figure 2).

In our surveys of AOX in water
and soil, we analyzed the water
samples according to the German
standard procedure (13). For soil
samples, however, there is no stan-

dard method. Nevertheless, a spe­
cial study of the procedure used in
the present investigation gave satis­
factory results; the measured AOX
concentrations in soil are reproduc­
ible, and we found no evidence of
artifacts that could jeopardize our
conclusion about the widespread
occurrence of organically bound
halogens in soil.

A nonindustrial source

The prevalence of AOX in remote
areas implies that local sources of
pollution are not the major explana­
tion for observed concentrations in
soil and water. A more substantial
contribution could be made by the
long-range atmospheric transport of
naturally or industrially produced
compounds. In Sweden, for exam­
ple, the average AOX concentration
in bulk precipitation has been esti­
mated to be 15 /lg CIIL (11); in Ger-

many, a survey of rainwater sam­
ples resulted in a mean value of 20
/lg CIIL (10).

The total annual deposition of or­
ganohalogens in Sweden (3700 met­
ric tons [tonnesl/year], measured as
bulk precipitation, approximately
equals the total annual riverine
loading (11). However, mass bal­
ance calculations for selected river
basins strongly indicate that
sources other than atmospheric
deposition dominate. Large local
variations exist between adjacent
streams and rivers, and the concen­
tration of AOX in runoff sometimes
is 10 times higher than in precipita­
tion (11, 14). Furthermore, as was
shown in a mass balance study of a
raised bog in Sweden, there must be
substantial amounts of naturally
produced AOX in soil and water (9);
local anthropogenic sources of AOX
in the study area were negligible,

and the total pool of AOX in the bog
(> 1200 tonnes) was found to be
more than 300 times larger than the
annual atmospheric deposition
« 3.8 tonnes).

To summarize. these observations
indicate that local pollution and at­
mospheric deposition are responsi­
ble for only part of the widespread
occurrence of AOX. Natural haloge­
nation processes in terrestrial or
limnic (lake and river) environ­
ments also must contribute substan­
tially to the AOX in soil and water.

Production in fresh water unlikely
Outflows from lakes seem to have

lower concentrations of organohalo­
gens than do the lakes' tributaries
(14). In addition, the highest con­
centrations in rivers most often are
found downstream from peat bogs
and in other areas having elevated
concentrations of organic matter.
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-Isolated from groundwater; box-and-whisker diagrams show medians. quartiles, and minimum and maximum
values.

This indicates that the halogenated
organic compounds are more likely
leached from surrounding soils
than produced in the water. Fur­
thermore, a large number of terres­
trial organisms such as fungi, li­
chens, bacteria, and higher plants
are known to produce halometabo­
lites (2), whereas very few limnic
species have been reported to have
this capacity.

Thus no evidence is available that
strengthens the hypothesis of a net
production of organohalogens in
fresh water. However, it cannot be
totally ruled out that biological pro­
duction, which is masked by sedi­
mentation, evaporation, or degrada­
tion, occurs in lakes.

Terrestrial production
According to Engvild (15), more

than 80 plants are known to pro­
duce halometabolites. It also has
been shown that the concentration
of organohalogens in rain falling
through spruce trees sometimes is
more than 10 times higher than lev­
els in free precipitation (14). These
compounds .may originate from dry
deposition, photochemical oxida­
tion on the needles, or biohalogena­
tion in the tree or on the needles.

Studies recently performed in cli­
mate chambers in our laboratory
show that organohalogens can be
continuously washed from spruce
trees. This indicates that such com­
pounds are produced by the tree or
possibly by biological or chemical
processes on the surface of the nee­
dles. Consequently, plants might
contribute to the organohalogens in
the environment, although further
investigations are needed to deter­
mine the extent of and the mecha­
nisms behind such production.

Several studies have shown that
many soil organisms are known to
produce halometabolites (2, 16). In
addition, as mentioned above, all
soils seem to contain organohalo­
gens. Thus, a natural production in
soil is another hypothesis that calls
for investigation.

Is enzyme action a mechanism?
Haloperoxidases constitute a

group of enzymes that catalyze the
halogenation of many organic sub­
stances in the presence of hydrogen
peroxide and halide ion (2). Chlo­
roperoxidases (CPO), which oxidize
chloride, bromide, and iodide, have
been thoroughly investigated main­
ly through studies of a specific en­
zyme (the enzyme EC 1.11.1.10,
CPO) from the fungus Caldariomy­
ces fumago (17).
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TABLE 1
Concentration of adsorbable organohalogens (AOX) in soil samples obtained worldwide

AOX(119 Standard AOXITOC
sampling site Vegetation Cl/g d.w."} deviation n L-o-Ib (mg CVg C)C

Mochudi, Botswana Steppe 5 a 2 0.4 2.4
Mochudi, Botswana Steppe 4 a 2 0.7 1.1
Manaos, Brazil Campinaranad 145 2.6 4 58 0.5
Marondera, Zimbabwe Savanna 8 2 2 4.6 0.35
N. E. Alberta, Canada Peat bog, 0-10 cm 254 1.3 2 73 0.7
N. E. Alberta, Canada Peat bog, 10-40 cm 70 1.9 2 61 0.23
N. E. Alberta, Canada Peat bog, 40-50 cm 72 4.2 4 65 0.22
Ayer Itam, Malaysia Deciduous forest 49 3.7 4 12 0.82
Penang Hill. Malaysia Deciduous forest 54 3.1 2 21 0.51
Penang Hill. Malaysia Deciduous forest 20 0.2 2 11 0.36
Mount Kintoki, Japan Bamboo forest 114 2.5 3 17 1.3
Cockle Park Farm, Meadow 62 4.9 4 14 0.89

Great Britain
Cockle Park Farm, Meadow 224 13 5 24 1.9

Great Britain
Klockrike. Sweden Garden 29 0.9 5 5.8 1.0
Vallmo, Sweden Pasture 30 1.6 2 4.4 1.4
Axsjon, Sweden Pine tree forest 360 2 86 0.84
SnogerupsAn. Sweden Creek bank 26 2 5.4 1.0
SnogerupsAn, Sweden Field 33 2 5.9 1.1
Horby, 'Sweden Beech forest, 5-10 cm 348 2 29 2.4
Horby, Sweden Beech forest, 35-40 cm 196 2 14 2.8
Dalir, Iceland Arctic heath 130 a 2 23 1.1
Dalir. Iceland Arctic heath 290 13 2 42 1.3
Dalir. Iceland Arctic heath, brook ravine 180 a 2 17 1.6
Antalya. Turkey Aleppo pine forest. 0-5 cm 68 5.5 3 72 0.18
Antalya. Turkey Aleppo pine forest, 5-10 cm 170 3.1 3 37 0.90
Antalya. Turkey Aleppo pine forest. 10-20 cm 24 1.5 3 7.1 0.68

"Dry weight.
oLoss on ignition.
CCalculated values of the ratio of AOX to total organic carbon (AOXlO.5 x L-o-i).
d Central Amazonian term for "forest."
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tiansen (19) showed that iodoperox­
idase catalyzes the incorporation of
radioactive iodide into humic acids.
Furthermore, fulvic acids isolated
from groundwater wells have been
shown to contain AOX (9).

In our survey of 135 lakes in
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tion of total organic carbon (TOC)
(11). In another study, Wigilius et
al. (7) showed, by size exclusion
chromatography, that halogenated
compounds in surface water are
present in the same fractions as
most of the humic material. Chris-

The role of humic substances

Studies of Swedish surface waters
previously have shown that the
concentration of AOX often is posi­
tively correlated to the concentra-

Recently, it has been shown that
CPO qm catalyze the chlorination
of humic substances and that a soil
extract obtained by a peroxidase ex­
traction procedure is able to chlori­
nate monochlorodimedone (1 B).
Further studies of the halogenating
capacity of soil extracts have indi­
cated that the catalyst is a chloro­
peroxidase-like enzyme. Its molecu­
lar weight is > 10,000 and it is active
only in the presence of hydrogen
peroxide. The activity is pH-depen­
dent with a pH-optimum close to
that of CPO which, under the labo­
ratory conditions of the study, was
3.5-4. In addition, the activity of the
soil extract and CPO is inhibited by
the addition of specific organic
compounds. This implies that enzy­
matically mediated halogenation of
organic matter could be the mecha­
nism that produces organohalogens
in soil.
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southern Sweden, a positive rela­
tionship can be seen between the
concentration of AOX and water
color (Figure 3). but the correlation
between the concentration of AOX
and that of Toe is less pronounced
(Figure 4). The lakes with a high
TOe and a low concentration of or­
ganohalogens are eutrophic, which
implies that only a minor part ofthe
organic matter in these lakes con­
sists of humic material. This sug­
gests that the organohalogens in
surface water are related to humic
matter, rather than to organic matter
in general.
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Criteria What type should
we be developing?

Peter M. Chapman
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195 Pemberton Avenue
North Vancouver, BC V7P 2R4

Canada

The development of environmental
quality criteria is a major global in­
dustry; it occupies the time and
pays the salaries of professionals in
a variety of fields. Scientists pro­
vide the data to support or oppose
these criteria; lawyers provide the
framework for or argue against their
promulgation; administrators try to
make criteria work or seek loop­
holes; politicians favor them (or say
they do); environmentalists alter­
nately promote and denounce them;
and members of the general public
hope the criteria will protect the en­
vironment but not adversely affect
their own jobs or lifestyles.

Is all this activity achieving its ob­
jective of improving environmental
quality? Are we sure what that ob­
jective is? I believe that the answer
to both questions is a clear "no."
The purpose of this article is to ex­
plain this position, to suggest possi­
ble remedies, and to urge their im­
mediate implementation.

Criteria vs. guidelines

With respect to environmental
quality, the words "criteria" and its
singular, "criterion," are inappro­
priate. A criterion is a narrowly and
rigidly defined performance stand­
ard. The connotation of this defini­
tion in environmental science is
that an exceedance of criteria will
result in adverse effects such as eco­
logical damage or health impair­
ment. Although this rigidity, which
provides a standard on which a de-

cision or judgment may be based, is
useful in a court of law, it does not
fit the real environment, which is
naturally variable and difficult, if
not impossible, to define by a series
of numbers. For instance, we cannot
precisely predict the local daily air
temperature in our cities; instead,
we use a range of values. This ac­
ceptance of reality, which has cre­
dence on the television weather
forecast, does not seem to carryover
into environmental science.

Aquatic toxicologists use labora­
tory toxicity tests to define ranges of
tolerance of organisms to specific
chemicals, mixtures of chemicals,
or environmental matrices such as
effluents, waters, and sediments.
Government bodies then accept re­
sults of these tests as the basis of en­
vironmental quality criteria (in the
United States, the EPA Water Quali­
ty Criteria; in Canada, the Canadian
Council of Environment Ministers
[CCEM) Water Quality Criteria).
The concept is admirable, but its ap­
plication is seriously flawed, and
not just because such criteria are
based on the most sensitive tests
and measures with an additional
safety factor included. Like weather
information, toxicity tests provide
only a range of values (1, 2). Thus
using them to provide single, inflex­
ible numbers is at best foolish and at
worst capricious.

Reporting on the intralaboratory
precision of saltwater short-term
toxicity tests, Morrison et al. (3) not­
ed: "Coefficients of variation ...
ranged from 1.8 to 46.4%. The pre­
cision obtained is comparable to
other toxicity tests, but it is uncer­
tain whether the precision of such
tests in general is acceptable." The
acceptability of such large but real

variation is discussed in greater de­
tail later in this article.

In view of the reality that environ­
mental analyses such as bioassays,
chemistry, and community struc­
ture provide a range of values rather
than a definitive single number, we
should not be developing inflexible
criteria. Rather, we should be devel­
oping guidelines. This is not a mi­
nor issue in semantics; it is a major
issue in attitude and use of data.
The term "guidelines," defined as
broad performance standards that
are applied on the basis of best pro­
fessional judgment, describes a lev­
el of flexibility and a recognition of
environmental realities that are not
possible with the term "criteria."

The reasons for developing guide­
lines rather than criteria are best
summarized by the following state­
ment attributed to Aristotle: "It is
the mark of an instructed mind to
rest easy with the degree of preci­
sion which the nature of the subject
permits and not to seek an exact­
ness where only an approximation
of the truth is possible." Clearly,
there is a general need for "instruct­
ed minds" among professionals and
nonprofessionals alike.

Endpoints
To an instructed mind, however,

the correct words and attitudes are
not sufficient unless we also are
measuring the right endpoints.
Moreover, we cannot think of end­
points solely in terms of measure­
ments of human inputs and effects.
This type of thinking is dangerous;
it encourages assumptions that
measurements are an end in them­
selves and that a change in any end­
point has environmental signifi­
cance. If this change is relative to a
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numerical criterion, we tend to give
it great weight. Yet all too often
such a number is inappropriate and
should be replaced by a range ofval­
ues that might well encompass that
endpoint change.

For instance, in North America.
discharge permits commonly re­
quire that a certain level of success
be attained in bioassays (toxicity
testing) of fish or other standard or­
ganisms. If success (e.g., survival) is
less than a specified level, say 49%
versus a specified 50%, then reme­
dial action is required. Despite its
incorrectness, this clearly arbitrary
approach is acceptable even if it is
based on a single number. provided
that definitive decisions are not
made on the basis of one test. De­
pending on the level of change ob­
served, an appropriate response
could include. in increasing level of
severity: determining if the next
scheduled test follows the same pat­
tern, immediately running addi­
tional tests to confirm the results,
and conducting further tests to de­
termine the significance of these re­
sults. Unless the change approaches
the catastrophic (e.g., 100% mortal­
ity in a test that previously showed
100% survival) and clearly reflects
actual conditions tested, inappro­
priate responses would include im­
mediately revoking the permit,
levying fines. taking legal action, or
calling a press conference.

Measurements of endpoints are
only a means to the end of assess­
ing, maintaining, and enhancing
ecosystem health. As such, end­
points may include measures of that
health, of anthropogenic effects.
and of "natural" effects. Ecosystem
function is the trajectory that gets us
to the target of ecosystem health.
Endpoints provide measurements
that allow us to determine that tra­
jectory; multiple, never single. end­
points also may comprise the target.

Clearly, endpoints need to be ef­
fects-based because if there is no ef­
fect. there is no problem. In this re­
gard, measures of bioaccumulation
may be desirable endpoints to pro­
tect human health, but not neces­
sarily to protect ecosystem health. A
certain few contaminants. such as
mercury, DDT, and PCBs, are of
concern because they can biomagni­
fy up the food chain. Hence. mea­
surements of these compounds in
tissues of organisms that are eaten
by other organisms, including hu­
mans, are important. Similarly, the
measurement of contaminants such
as arsenic in hair and fingernails of
humans provides an indication of
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direct exposure to a toxicant with
known adverse effects. But bioaccu­
mulation per se is a phenomenon.
not an effect, for a variety of rea­
sons. For instance, some contami­
nants such as polycyclic aromatic
hydrocarbons must be metabolized
to have an effect, and not all organ­
isms can metabolize all com­
pounds. Also, exposure to low lev­
els of contaminants resulting in
relatively high tissue levels of con­
taminants may not have an effect
because of gradual acclimation,
whereas exposure to high levels of
contaminants may have an effect
even though contaminants reach
only relatively low levels in tissues.

In addition, the definition of end­
points ideally should be based on
what we, as human beings, want to
protect. There is nothing wrong
with using surrogates, including
"laboratory white rats," as indica­
tors. For instance. in the field of
aquatic toxicity testing, rainbow
trout and waterfleas (Daphnia, Ceri·
odaphnia) typically fill this role for
evaluating the acute endpoints of
survival and partial lifecycle test­
ing, respectively. But data on re­
sponses of particular species are not
necessarily. or always likely to be.
applicable to different species, even
within the same genus (4). Thus
data from these standardized spe­
cies do not predict the responses of
all other species. Moreover, the
greater the taxonomic difference,
the greater the possible difference
in response. If, for example, we are
concerned with salmon populations
in rivers, we should be conducting
tests and assessments with salmon,
not with surrogates.

We need to be clear why we are
conducting particular tests and us­
ing particular organisms in these
tests. Surrogates are useful for a va­
riety of purposes, including charac­
terizing relative effects in an area or
a discharge plume, deciding on a
mode of action, and comparing re­
sponses. Surrogates are not useful
for absolute determinations of eco­
system health. In fact, they can be
misleading if they are used for this
purpose. Toxicity tests provide a
range of responses. Arguably, this
range encompasses a twofold differ­
ence under even optimum condi­
tions with standardized, well-estab­
lished tests on the same species and
measurement of short-term lethali­
ty. For example. when 10% of fish
tested in a bioassay with a particu­
lar effluent die in the first test and
20% die in the next test, these re­
sults are within the range of varia-

tion of the test itself, irrespective of
any effluent toxicity. Moreover, dif­
ferent species will show even more
different responses to the same
chemical.

Recommended measures
or endpoints of

ecosystem health
Chapman (5) recommends that
measures or endpoints of ecosys­
tem health include the following:

the presence, absence, or condi­
tion of multiple species, but never
a single, or large number of spe­
cies;
persistence of habitat; and
continuance of normal succession
as we know it; change is a normal
part of community and ecosystem
development.

Ecosystem health

That ecosystem health is the ob­
jective of environmental quality
guidelines is neither controversial
nor arguable. "Ecosystem health,"
however, is a relative concept estab­
lished by the user and not subject to
an absolute definition (5, 6).

Some definitions of terms, how­
ever, are required. if only to deter­
mine endpoints. Kelly and Harwell
(7) state: " ... an ecosystem can be
perceived and defined only in an
operational context." According to
this description, appropriate end­
points would be measures of change
in selected indicators relative to a
baseline condition, provided that
an acceptable and realistic baseline
condition can be defined. The Inter­
national Union for the Conservation
of Nature, the United Nations Envi­
ronment Programme, and the World
Wildlife Fund (8) define a healthy
ecosystem as one having a high lev­
el of biodiversity, productivity, and
habitability, which lead naturally to
the endpoints of diversity, produc­
tivity, and habitat preservation. Al­
though he does not define ecosys­
tem health, Rapport (6) defines
symptoms of ecosystem breakdown
(ecosystem "unhealth") as reduced
primary productivity. loss of nutri­
ents, loss of sensitive species, in­
creased instability of component
parts and populations, increased
disease prevalence. changes in biot­
ic size-spectrum to favor smaller
life forms. and increased circulation
of contaminants. These symptoms
all form possible measurement end­
points for assessing ecosystem
health.

Potential changes to ecosystems
and communities are illustrated in



Source: References 8 and 23.

FIGURE 1

Classification of ecosystem conditions·

-Arrows indicate possible directions 01 change; all conditions are considered to be reversible except for a
retum to "natural" conditions.
trrhe human impact since 1750 is equal to or less than the impact of any other species and has not affected
structure.
'The human impact since 1750 is greater than the impact of any other species. but the structure is not
cultivated.
dModified and structurally cultivated.
"Dominated by physical, human-buil1 structures such as cities. dams, docks, mines, and roads.
'An ecosystem that suffered reductions in diversity and productivity and that is unlikely to be restored 10 its
natural condition. .
ULow diversity. habitability, and productivity: the ecosystem is generally polluted.

Human­
regUlated
biodiversity

ing to the SAB, relatively high-risk
environmental problems include
habitat alteration and destruction,
species extinction and loss of diver­
sity, stratospheric ozone depletion,
and global climate change. Environ­
mental problems that greatly con­
cern the general public are regarded
by the SAB as generally low risk.
These include oil spills, groundwa­
ter contamination, and radionu­
clides (14).

Clearly, those with the least
knowledge of the subject control the
focus of environmental legislation
and funding. This situation is illus­
trated in Figure 2 as an inverse pyr­
amid, in which perception has more
importance than reality. Possible
solutions are suggested later in this
article.

Kimbrough (15) notes: "In spite of
our best intentions, public pressure
and lack of adequate coordination
can lead to attention and resources
being devoted to minor problems
while important issues are left unat­
tended." An excellent example of
this is EPA's National Priorities List
(NPL) for hazardous waste sites.
Many if not most of the NPL sites
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ception, as determined by the cur­
rent state of anxiety. Roberts does
not assign priorities to these con­
cerns, but in terms of degree of eco­
logical risk Roberts' list includes
global climate change, ozone deple­
tion, habitat alteration, species ex­
tinction, and loss of biodiversity.

EPA's list of concerns related to
human health includes outdoor and
indoor air pollution (smog, toxic
chemicals), radon, drinking water
contamination, occupational chem­
ical exposures, pesticide applica­
tion, and ozone depletion. In con­
trast, four of the public's seven
highest ranked environmental con­
cerns do not appear on EPA's list:
active hazardous waste sites (#1),
abandoned hazardous waste sites
(#2), oil spills (#5), and nuclear
power accidents (#7). Maksylewich
provides a more detailed compari­
son (13).

EPA's Science Advisory Board
(SAB) (14) recently noted that the
U.S. Congress pays the most atten­
tion to environmental problems be­
lieved by the general public to pose
the greatest risks and that EPA fol­
lows the will of Congress. Accord-

Figure 1. Increasing human regula­
tion of biodiversity is, in itself, nei­
ther good nor bad despite a tenden­
cy among many members of the
public to view "natural" as good
and desirable and anthropogenic as
bad and undesirable. Natural condi­
tions that are not modified to some
extent by human beings and their
activity are not common. It is note­
worthy but not necessarily alarming
that the only nonreversible changes
shown in Figure 1 are a return to
natural conditions after modifica­
tion or cultivation; remedial action
after a disturbance results in a new
state, not a return to predisturbance
conditions. This new state comes
into existence not only because of
the application of science and tech­
nology, but also because of social
needs and wants, political consider­
ations, available monies, and avail­
able scientific and technological ex­
pertise.

Particular endpoints used to mea­
sure ecosystem health also are sub­
ject to scientific and nonscientific
modifying factors. These affect the
choice of endpoints and the deter­
mination of scale for chosen end­
points. For example, the level of ac­
ceptable increase in circulation of
contaminants is a function of what
is measurable (such as laboratory
detection limits) and what society
finds acceptable. Societal levels of
acceptability often are at odds with
scientific acceptability. For in­
stance, dioxins are of such general
public concern that environmental
groups such as Greenpeace have de­
clared: " ... the only acceptable
standard for dioxin is zero" (9). This
goal is unrealistic and unattainable
for many reasons, not the least of
which is that dioxins also are pro­
duced from nonanthropogenic
sources such as forest fires. State­
ments calling for zero levels of
chemicals that show a dose­
response relationship ignore Para­
celsus' (1493-1541) proven state­
ment: "All substances are poisons;
there is none which is not a poison.
The right dose differentiates a poi­
son and a remedy" (10). Further,
nonanthropogenic as well as an­
thropogenic compounds cause ef­
fects such as mutagenicity (11),
which many members of the public
appear to consider "unnatural."

Reality vs. perception

In describing EPA's list of envi­
ronmental concerns, Roberts (12)
has aptly shown the difference be­
tween reality, as determined by the
current state of knowledge, and per-
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FIGURE 2

Current societal decision-making emphasisB

Decision makers:

Source: Reference 5.
"This inverse pyramid is highly unstable; an upright pyramid would be highly stable.

Low

Relative impact
on decision­
making (via
politicians)

thereby implying that conditions
are dynamic rather than static, both
measures are needed to assess and
maintain ecosystem health ade­
quately. Reductionist and holistic
measures are also needed to define
environmental problems because
we do not have a clear demarcation
between "good" and "bad."

What do we want to protect?

We are losing sight of what we
want to protect. As human beings
we find it easier and much more
comfortable to look at a small part of
the environment and try to fit it into
our artificial schemes (reductionist
thinking) than to try to take in the
whole picture and adapt our think­
ing to that reality (holistic thinking).

We have grown used to changing
our environment to suit ourselves.
This always seemed to work in the
past and did not appear to require
the consideration of long-term im­
plications. Now that we are more
enlightened and want to stop dam­
age, most of it caused by ourselves,
we have trouble with long-term im­
plications. More importantly, we
have trouble grasping the differen­
ces between visually apparent prob­
lems that have only short-term, lo­
calized implications (e.g., oil spills)
and complex problems that have in­
credibly long-term, global implica­
tions (e.g., climate change).

The first step in halting changes
that we do not want involves defin­
ing the uses to which we as human
beings wish to put our environment
for our benefit. By defining these,
we also define what we want to per­
sist through time. Potential benefits
range from the strictly utilitarian to

Public

Regulators

High

Access to
primary

information

based on widespread deaths or dis­
eases in a local population, such as
massive fish kills or birth defects in
seals, come too late; if we could pre­
dict that these events would occur
by measuring some enzyme system,
for example, perhaps we could act
before rather than after the fact.

Although the philosophy of pre­
diction rather than reaction is laud­
able, it can become dangerous if it is
embraced wholly and without ques­
tion, which is what generally hap­
pens when science becomes regula­
tion. Specifically, the more
sensitive our early warning systems
are, the more likely they will be trig­
gered by non-events such as false
positives. An example of such "cry­
ing wolf" appears to be the use of
animals to test possible carcino­
gens; a surprisingly large number of
false positives may arise from the
way the tests are done (11,17,18).

Prediction is generally attempted
using reductionist or bottom-up ap­
proaches, which are based on sim­
plistic laboratory data. Although
these can be diagnostic and predic­
tive, they do not describe the real
world. At the other extreme are ho­
listic or top-down approaches,
based on field data. Holistic ap­
proaches describe the real world by
evaluating impacts directly, but
they are not diagnostic or predic­
tive. As illustrated in Figure 4, re­
ductionist approaches (e.g., the bio­
markers concept currently gaining
widespread scientific interest) em­
body the most reversible measures,
whereas holistic measures embody
the least reversible. However, be­
cause ecosystem stability arises
from resilience and resistance,

Low

A line between good and bad?
The question of whether there is a

sharp demarcation between good
and bad ethical behavior, in the
context of human activities, will
elicit different answers from differ­
ent people. Members of a self­
righteous minority, who consider
themselves to be "totally hones!,"
probably would answer, "yes."
Most people, however, probably
would answer "no" and, if asked to
explain, would say that there is a
"gray zone" between good and bad
where subjective judgment applies.

A similar situation exists in the
field of environmental protection.
Although criteria ai\e promulgated
on the basis of a line between good
(acceptable) and bad (unacceptable)
conditions, a sharply definable dis­
tinction exists only in legislation.
The reality is illustrated in Figure 3.
Uncertainty is high unless we
choose to be either over- or under­
protective. Although it is uncertain
whether industrialists would really
choose the latter, regulators wiIl
choose the former. Current regula­
tory philosophy involves use of the
most sensitive measures, "worst
case" laboratory tests, and "most
sensitive" species. The intent is to
ensure that change does not occur
and that the question, "How clean is
clean?" is answered by "totally
clean." Unfortunately, an approach
that tries to avoid change does not
recognize the following:
• Contamination (the presence of a

chemical or substance) does not
necessarily result in pollution (an
adverse environmental effect re­
lated to contamination).

• Change occurs in nature; biologi­
cal evolution is a clear example
of change. "Natural pollution,"
such as that caused by volcanic
action and forest fires, can also
result in change-possibly even
evolutionary change. In any case,
humans have no control over ei­
ther of these categories of change.

Prediction vs. reaction
Clearly, it is best to develop meth­

ods that allow prediction of envi­
ronmental problems before they be­
come acute and when they are most
reversible. Determinations of effects

pose relatively little or no risk to hu­
man health or the environment, yet
they are remediated. It is likely that
sites that do pose high risks (e.g.,
highly contaminated sites in poor
rural areas) are not on the list and
hence are not being remediated
(16).
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inevitability of a certain level of anthropogenic input related to the industrialization necessary for the present
level of human civilization. That level normally is determined by human needs and wants.

FIGURE 3

Distinguishing "good" from "bad" environmental conditions·

Underprotective criteria Bad

"False positives denotes an effect that is incorrectly detected.
OSiomarkers at the subcellular and cellular levels would be ideal for environmental protection
because they can give an early warning of adverse effects.
CCommunity and ecosystem are grouped together because these two levelS of ecological
organization are not readily separable (5).
CiStability at the "top" organization level is defined as resilience and resistance; nevertheless,
a wide range of variability is not inconsistent with stability.
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the aesthetic-from those ecosys­
tem components that provide suste­
nance to the body to those that are
essentially useless for physical
needs but that are aesthetically
pleasing, such as flowers, or that
may be useful in medicine. (It is ar­
gued, for instance, that preserving
the maximum biodiversity will
make possible discoveries in medi­
cine or other fields that will ulti­
mately benefit human beings.) In
any case, such benefits, once de­
fined, become endpoints for the
evaluation of ecosystem health.

Once these endpoints are defined,
we need to structure research, mon­
itoring, regulations, and manage­
ment accordingly. Further, we want
to follow Aristotle's dictum and
have "instructed minds." For exam­
ple, as noted previously, aquatic
toxicity tests have a low level of pre­
cision because coefficients of varia­
tion can approach 50%. Morrison et
al. (3) acknowledge this, but then
state: " ... if variability [for toxicity
tests is1 in the same range of vari­
ability associated with chemical
analyses, then, since precision of
analytical procedures is generally
considered acceptable, precision of
toxicological methods must like­
wise be judged acceptable."

This statement, which, inciden­
tally, is not unique to Morrison et al.
(3), is surprising and alarming. In
my opinion, it is useful logic only if
one agrees with the common posi­
tion reiterated, but not supported,
by Kimbrough (1990): " ... that pre­
cision and accuracy in chemical
analysis are of minor importance
because the uncertainties in a risk
assessment are usually several or­
ders of magnitude. Thus imprecise
and inaccurate chemical analytical
data do not have much of an im­
pact" (15).

Kimbrough (15) points out the fal­
lacy of this position: "... because of
the action/no action significance at­
tached to numerical standards
[such as maximum concentration
limits], 'minor' inaccuracies are
very important and very costly in
practice."

Moreover, numerical criteria tend
to be generic. And, although generic
criteria may be appealing in theory,
all-encompassing numerical limits
may be just as ephemeral in practice
as the Saprobien concept of indica­
tor species, which European aquatic
scientists once looked upon as the
ultimate measure of environmental
conditions. For instance, Parkerton
et al. (19) are correct: "Natural crite­
ria used in formulating enforceable
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Safeguarding environmental quality-5ome recommendations
We need to avoid "criteria" and to develop methods and measures that work.
Following are several generic and specific recommendations:

water quality standards may be in­
appropriate when applied generi­
cally to all receiving systems due to
site-specific interactions that may
alter bioavailability."

Numbers do not ensure quality

Developing effective environmen­
tal quality guidelines, which allow
for both definition of present prob­
lems and early warning of potential
problems, is not easy. What is easy
is developing numerical criteria
that do not work and that, even
more distressingly, become ends
rather than means to improve envi­
ronmental health. We are deluding
ourselves if we think that attaining
and maintaining numerical goals
will ensure environmental quality.
As stated by the EPA's Science Ad­
visory Board (14): " ... subjective
values always will-and should­
influence the ranking of relative en­
vironmental risks, no matter how
sophisticated the technical and ana­
lytical tools become." In this regard,
a flexible framework (guidelines) is
much more usable than a rigid
structure (criteria).

Attaining a clean environment
will not be cheap; it has been pro­
jected that the cost of complying
with environmental regulations
will reduce the United States' gross
national product by 2.59% over the
long term and that by the year 2000,
federal, state, and local govern­
ments in the United States will be
spending $61 billion annually for
environmental protection (22). Ac­
cordingly, we clearly need to stop
spending "... vast sums of money
... to reduce the levels of chemicals
in the environment to levels that
cannot be adequately measured and
that professional judgment would
regard as presenting an acceptable
risk" (15).

Guidelines that work must be
based on a definition of those uses
of the environment that we want to
protect, which inevitably leads us
to specific, rational endpoints for
measurement and assessment. We
must structure research, monitor­
ing, regulations, and management
so that a "level playing field" exists
for human beings and for the envi­
ronment. Within human society,
this "level playing field" must exist
for the industrial base that provides
the things we require for acceptable
human living standards as well as
for the environment in which we
choose to live.

Ultimately it is a matter of
choices. We make choices whether
or not we make conscious deci-
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Generic
• Avoid using "criterion" and "crite­

ria"; instead, use "guideline" and
"guidelines."

• Develop a framework, not a num­
ber, to determine environmental
quality (health) and avoid the ac­
tion/no action alternative, which
usually is presented as the only
choice. ThiS is not to imply that
we should never take action, but
rather that simplistic yes/no an­
swers and decisions do not com­
monly fit the complicated reality of
the global environment.
Obtain broad-scale consensus
from scientists, managers, law­
yers, politicians, and the general
public on a strategy or rationale
for synthesizing and interpreting
information. This would apply to
toxicological, bioaccumulation,
and other data related to environ­
mental quality.
Recognize that human existence
implies environmental alteration
but does not necessarily imply or
require destruction; in other
words, we change our current
mea culpa outlook and accept
that we are part of the environ­
ment, and neither gods nor devils.

• Ensure that we always make "bio­
logical sense" by emphasizing
high-priority issues such as global
climate chan\le and stratospheric
ozone reduction and stop wasting
precious time, resources, and tal­
ent on low-priority issues such as
oil spills and "trendy" chemicals.

Specific
• Ensure that the endpoints we are

measuring in our tests and moni­
toring in the environment are as
close as possible to what we want
to protect and are useful mea­
sures of ecosystem health. One of

sions. Informed, rational choices
are essential for defining and main­
taining the environmental milieu in
which we and our descendants will
live. We need to return to common
sense and basics (i.e., a recognition
of complexity rather than further ef­
forts to oversimplify) in order to
avoid the increasing use of bad sci­
ence as a basis for regulation and
management. The responsibility is
ours; we may not be the best
equipped or informed to make the
necessary choices and we will un­
doubtedly make many mistakes,
some of them serious, but we must
choose what we want and work to

the major uncertainties in risk as­
sessments arises from extrapola­
tion from measured endpoints to
what is to be protected. Measure­
ment endpoints and assessment
endpoints should be the same.
At the level of the individual or­
ganism, standardize and, where
necessary, develop measures of
survival, growth, and reproduc­
tion. The latter two measures inte­
grate energetic processes; if an
organism can complete all three
activities, and a population is at
least maintaining its size, the or­
ganism is considered healthy.
These measures should be ap­
plied to key species we want to
protect; use of surrogates should
be avoided wherever possible.

• Determine community and eco­
system level-specific measures of
health; i.e., endpoints for commu­
nities and ecosystems we want to
protect. These should be based
on structure and function and in­
volve generic and specific ele­
ments (20). For example, for mac­
rophytes, Painter (21) defines
healthy communities as those that
have three generic characteristics
that could apply to most other
communities-diversity, maxi­
mized productivity, and complex
habitat-and one specific charac­
teristic, a good mix of cover (i.e.,
coverage of substrate with con­
comitant exposure to light).
Determine the appropriateness of
current procedures, InclUding dif­
ferent endpoints of different toxic­
ity tests, selected chemical
contaminants ("trendy" or "conve­
nient" versus those that pose real
threats), selected measures of
community structure, and other
potential measures of in situ bio­
logical alteration.

attain this. If we do so, then I am
convinced that we will persist and
prosper. Can any biological organ­
ism ask more than that?
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esUf PRECIS

ASSESSING HUMAN EXPOSURE
TO AIRBORNE POLLUTANTS

Protecting the general public and
sensitive subgroups from the harm­
ful effects of air pollution has
proved a difficult task for all levels
of government and the regulated
community. Passage of the recent
Clean Air Act amendments pro­
vides new options and responsibili­
ties, but improved scientific tech­
niques need to be employed to
better understand and to properly
reduce the risks from exposure to
unhealthful air. Major outdoor air
concerns are photochemical smog,
acid aerosols, and air toxics.

A committee I chaired, which was
convened by the National Research
Council, recently completed an
analysis of new methods and tech­
nologies for assessing exposure to
air pollutants. It included members
with expertise in chemistry, mathe­
matical modeling, engineering,
physics, air pollution, exposure as­
sessment, medicine, biology, social
science, statistics, and environmen­
tal policy. The study was sponsored
by the Agency for Toxic Substances
and Disease Registry of the U.S.
Public Health Service.

We realized that the issues associ­
ated with human exposure are com­
plex and require a framework for as­
sessing and analyzing total personal
exposure of an individual to con­
taminants. The framework should
allow consideration of all the prin­
cipal ways in which individuals

Precis articles are reports of meet­
ings of unusual significance, inter­
national or national developments
of environmental importance, sig­
nificant public policy develop­
ments, and related items.

By Paul J. Lioy

could come into contact with such
pollutants. We felt that operating
within this framework would help
set priorities for reducing risk from
actual exposures or provide accu­
rate estimates of exposure to enable
management to make decisions
about control of potentially harmful
pollutants.

Exposure to airborne pollutants is
only part of a person's total expo­
sure to a specific pollutant, which
includes any inhalation, ingestion,
or skin absorption of the pollutant
from air, water, food, or soil. Thus,
exposure assessments for airborne
constituents must take into account
the potential contributions from
other media, and all routes of expo­
sure must be at least preliminarily
assessed for the relative magnitude
of their contributions. Such an ap­
proach is necessary to define the ex­
posures of concern, to effectively
assess risk and make management
decisions, to complete environmen­
tal epidemiological investigations,
and to improve disease diagnosis
and intervention.

Even if air is the only route of con­
tact considered, we believe an expo­
sure assessment should account for
the locations that might lead to con­
tact with high concentrations of the
pollutant studied. It was with this
understanding of total human expo­
sure that the committee limited its
study to air contaminant exposures.

The carcinogen benzene is an ex­
ample of how application of a prop­
er exposure assessment might lead
to more effective strategies to re­
duce the health risk from common

airborne chemicals. The Clean Air
Act provided the basis for EPA in
1989 to establish regulations for in­
dustrial emission of benzene into
outdoor air. However, as the Act ap­
plies only to outdoor air, no other
sources of benzene exposure are in­
cluded in the subsequent regula­
tion-even though household prod­
ucts, automobile exhaust, and paint
may be sources of more than 80% of
national benzene exposure. Prioriti­
zation of the significance of ben­
zene exposures will help regulators
select mitigation measures for out­
door air sources and will truly assist
in reducing a population's exposure
to benzene. Indoor sources, includ­
ing tobacco smoke and evaporation
from gasoline stored in attached ga­
rages, currently require other ap­
proaches (e.g., education and prod­
uct replacement).

The committee identified three
major ways of determining human
exposure to airborne pollutants.
Monitoring the air around an indi­
vidual with a portable personal air
sampler is, of course, the most com­
prehensive and most accurate. It is
also the costliest and most time con­
suming.

The second method is more indi­
rect and involves techniques such
as measuring the amount of a con­
taminant with a stationary monitor
and extrapolating exposure by
means of personal activity records
or mathematical models. Exposure
to carbon monoxide inside a car, for
example, might be roughly calculat­
ed from the amount oftime spent in
the car and the quantity of carbon
monoxide in the car under typical
operating conditions.

The third method involves bio-
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In order to develop useful models
for exposure assessment, research­
ers also must develop a better un­
derstanding of pollutant dynamics.
Such fundamental parameters as
how, where, when, and at what
strength pollutants are dispersed of­
ten are lacking. Moreover, many of
the methods currently in use for
estimating exposure to airborne
pollutants have never been verified
using independent field measure­
ments. Research should be under­
taken to validate these methods.

Using advanced measurement
techniques in exposure studies does
not in itself ensure better data.
Quality assurance programs are crit­
ical components of exposure stud­
ies; researchers should expect to
spend at least 15% of the total study
budget on making sure that the data
are accurate and precise.

Awareness is increasing of basic
principles that place exposure with­
in a continuum, starting with a pol­
lutant emission and continuing
through possible cell-level changes
and finally being expressed as im­
paired health. This awareness will
make exposure assessment even
more important in the future as it
leads to the implementation of prac­
tical methods for reducing the risk
from airborne contaminants and to
efforts to mitigate exposure.

A final and major point made in
the report is the need to have accu­
rate and realistic assessments to en­
sure optimal reduction of human
exposure. To accomplish this, expo­
sure assessment research should be
supported by government pro­
grams. Although not stated, such re­
search should also be supported by
other sectors, including the regulat­
ed community.

The committee's report, Human
Exposure Assessment for Airborne
Pollutants: Advances and Opportu­
nities, is available from the National
Academy Press by calling (800) 624­
6242 or (202) 334-3313.

in particular, has been under-used,
especially to provide data to sup­
port regulatory decision making.

Improved personal air monitors
are needed for many potentially
harmful contaminants, including
certain metals, and various organic
chemicals, such as semivolatile
compounds and radon and its prog­
eny. Better fixed-site monitors also
are needed for many contaminants.
Improved instruments-gas chro­
matographs, mass spectrometers,
and electrochemical sensors­
should be developed for measuring
the concentrations of pollutants in
collected air samples. Miniaturiza­
tion of many instruments is essen­
tial if we are concerned with an in­
dividual rather than an outdoor site.

Analytical techniques with im­
proved specificity and sensitivity
for biological markers are needed,
especially ways to test for several
markers at the same time and to in­
terrelate measurements of the sig­
nificant routes of exposure. Re­
searchers who study airborne
pollutants should adhere to sound
statistical methodology in collect­
ing personal activity data. Basic sta­
tistical principles often are ignored
in questionnaires and surveys used
by exposure analysts.
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logical markers as a measure of the
integrated dose within the body and
of past contact with pollutants. For
example, a marker for airborne lead
exposure can be elevated lead levels
in the blood. However, this must be
weighed against contributions from
other media. Other biological mark­
ers have been developed or are be­
ing studied that can detect cellular
level changes in the body long be­
fore they produce health effects;
however, most require validation.

To properly apply these tech­
niques, the committee recommended
that researchers use consistent defi­
nitions of exposure. The report calls
for the scientific and regulatory com­
munities, including journal editors
and reviewers of scientific articles, to .
adhere to standard terms. The com­
mittee recommended a set of defini­
tions and defined exposure as con­
tact at a boundary between a human
and the environment at a specific en­
vironmental contaminant concentra­
tion for a specified interval of time.
The time interval should, of necessi­
ty, be relevant to the biological effect
of concern.

Many advances in exposure as­
sessment methods and technology
have occurred in recent years. New
personal air sampling equipment,
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ANALYTICAL TECHNIQUES
By Alan Newman

Some new techniques are
creeping into EPA's venerable
list of analytical methods for
organic compounds in the en­
vironment. Speakers at the re­
cent EPA Conference on Anal­
ysis of Pollutants in the
Environment, in Norfolk, VA,
described experiments with
liquid chromatography/mass
spectrometry (LC/MS), super­
critical fluid extraction (SFE),
and robotic systems. These
state-of-the-art techniques offer
ways to measure nonvolatile
pollutants, improve laboratory
efficiency, and reduce costs.

Compared to the number of
procedures involving gas chro­
matography, few EPA methods
cUITently rely on liquid chroma­
tography. However, says
William Budde of EPA's Envi­
ronmental Monitoring Systems
Laboratory in Cincinnati, "I pre-
dict more growth for LC." Bud-
de lists a host of environmental-
ly important compounds that
are too temperature sensitive to
survive GC conditions (1-3), for
instance, pesticides such as car­
bamates (e.g., carbaryl and ali-
carb sulfone), thioureas (e.g., di­
uron and linuron), and rotenone
with five temperature-sensitive
ether linkages.

What makes liquid chroma­
tography particularly attractive
is that it is now possible to in­
terface high performance liq-
uid chromatography (HPLCj
instruments with mass spec­
trometers. Mass spectrometry
offers sensitive and generally un­
equivocal identification of analytes.
A number of different designs are
currently available for LC/MS inter­
faces (4, 5).

At the EPA meeting Budde de­
scribed experiments with one con­
figuration, labeled a particle beam
interface. As the mobile phase
elutes off the HPLC column, the so­
lution is sprayed into a heated de-

Higltligltls
froll EPA's
Norfolk,VA,
cOlferelce
solvation chamber. Aerosol parti­
cles containing the dissolved
nonvolatile solute are forced
through the chamber and exit via a
nozzle or beam colliminator. The
resulting particle beam travels
through two more chambers in
which vacuum pumps strip off sol­
vent vapor and reduce the pressure.
Particles and solvent vapor that dif­
fuse out of the beam are removed by

momentum separator skim­
mers. Those particles with the
greatest momentum stay fo­
cused in the beam and thus
pass into the mass spectrome­
ter. "Momentum carries the
particles through the interface
to the mass spectrometer," ex­
plains Budde.

Using LC/MS, Budde and his
colleagues have developed
EPA Method 553 for the identi­
fication and quantitative analy­
sis of temperature-sensitive
benzidines, which are known
human carcinogens. Ben­
zidines may be forming in the
environment as a result of
anaerobic reduction of azo
dyes. "There are millions of
pounds of azo dyes being pro-
duced, and the waste has to go
somewhere. It is out there per­
colating and we don't know if
or when it will be a serious
problem."

To identify benzidines, sam­
ples are run on a reverse-phase
liquid chromatography col­
umn and eluted with a water­
acetonitrile gradient solution
containing ammonium acetate
to improve separations. Low­
bleed HPLC columns are em­
ployed in order to minimize
the introduction of contami­
nants that might interfere with
the mass spectrum.

The solvent and ammonium
acetate that pass through the
particle beam inter.face obscure
only the low mass region of the
spectrum (63 mle and lower).
The higher mass region reveals
patterns similar to standard

electron impact spectra for each
benzidine congener.

To further evaluate this method,
EPA conducted a study with 13labo­
ratories that used particle beam inter­
faces. These laboratories employed
five different combinations of com­
mercially available mass spectrome­
ters and HPLCs. With benzidine sam­
ples that ranged from 5 to 100 ng/J.lL,
Budde reported that the mean accu-
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racy was approximately 97% and,
with the 100-ng/~L sample, the mean
precision was < 10%.

To insure the quality of the LCI
MS spectra, Budde's group has eval­
uated decafluorotri phenyIphos­
phine oxide (DFTPPO) as a
performance test compound. This
compound features a number of
strong peaks in the mass spectrum,
ranging from an mle of 77 to the mo­
lecular ion at 458. The spectrum of
DFTPPO varies with different spec­
trometer conditions and thus could
indicate system problems that
would affect the analysis.

Another new technique offers an
easier method for collecting sam­
ples for analysis, SFE, explains
Merlin Bicking from Twin City
Testing Corporation of S1. Paul,
MN, requires less material and time
than traditional solvent extractions,
(Supercritical fluids form when ma­
terials are raised to temperatures
and pressures at which the liquid
and gas phases are indistinguish­
able,) Furthermore, by varying the
pressure and temperature, analysts
can "fine-tune" the properties of a
supercritical solvent for a particular
pollutant.

To handle all the variations, Bick­
ing's group employed a statistical ap­
proach to determine the best temper­
ature and pressure for extracting a
particular pollutant. This approach,
labeled a "star-square" or central
composite design, determines the
percent recovery under nine differ­
ent extraction conditions. The data
lead to a three-dimensional plot of
recovery versus temperature and
pressure that pinpoints the best ex­
traction conditions,

As an example, Bicking and his
colleagues demonstrated the versatil­
ity of this approach by adapting it for
EPA Method 413,2, which involves
the extraction of oil and grease. To
simulate this analysis, hexadecane
and chiorobenzene were extracted
from diatomaceous earth,

The current method calls for the
soxhlet extraction of a 20-40-g sam­
ple with 300 mL of freon, After 48 h,
the solution is concentrated and ex­
amined by FT-IR in a 100-mm path
length cell. Recovery was deter­
mined to be 97%,

The equivalent SFE approach
used just 2-5 g of sample and 6 mL
of freon-eliminating 98% of the
chlorofluorocarbon solvent. After
only an hour the extract was diluted
to 10 mL and examined by FT-IR us­
ing a 10-mm cell. Recovery was
about 91%.

Bicking calculated that the cost of

the analysis dropped from $12.50
for the standard soxhlet extraction
to $1.65 for SFE; "For an analysis
that you charge $30 for, that is a sig­
nificant cost reduction," He also re­
ported that about six SFE analyses
could be performed daily, com­
pared to eight by soxhlet. Automat­
ing the supercritical extractions
would improve that rate, and thus
the efficiency of this new approach.

Bicking has also looked at intro­
ducing SFE for the recovery of diox­
ins and dibenzofurans (EPA Method
8290). The standard SFE fluid, super­
critical CO"~ failed to adequately re­
cover these organics even after long
extractions, However, Bicking finds
that the extraction improves with
methanol mixed in with the COz­
another indication of the many varia­
tions available with SFE.

As Bicking mentioned, automation
is one way to improve the efficiency
of a test. W. A. Michalik described
the experience of Shell Oil's analyti­
cal laboratory in Roxanna, IL, with
robotic systems for performing bio­
chemical oxygen demand (BOD)
analyses on waste water,

At the heart of the system is a Zy­
mark robotic arm, Arranged in a cir­
cle around the arm are various auto­
mated stations that transfer the
analyte; add the biochemical seed,
phosphate buffers, and water; insert
and remove the glass stopper; take
pH and oxygen measurements; and
even wash the bottle for the next
analysis, To prepare 30 samples the
robot takes 60-90 min, says Micha­
lik, The precision and accuracy of
the automated system match the re­
sults of human operators,

A technician is needed only to
move prepared samples in and out
of the incubator and to daily cali­
brate the peristaltic pumps that
transfer solutions. As a result, hu­
man involvement in the BOD analy­
ses at Shell has decreased by ap­
proximately 75%, yielding another
significant savings,
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dence level of 95% was specified,
the desired assurance value was
never stated explicitly. We just
knew that 57% was not an accept­
able result.

By stating the desired assurance
level in data quality objective state­
ments and then employing Kupper
and Hafner's sample size formula,
much better control over the out­
come of a data collection effort is
obtained. It should therefore be­
come the method of choice in data
quality planning.
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taining the desired precision with a
sample size of 10 are little better
than 50-50. This would not be an
acceptable assurance level for most
data quality planners. If a sample
size of eight had been used, less
than one-third of the confidence in­
terval results would have met the
desired precision criteria.

The poor assurance results are
due to the failure of the sample size
formulas to take into account the
random nature of the sample vari­
ances. To control the assurance lev­
el of the calculated sample size, it is
necessary to account for this vari­
ability. Kupper and Hafner (3) give
sample size formulas that include a
value from a chi-square distribu­
tion, which is the distribution of the
sample variance. The appropriate
chi-square is based on the desired
assurance level or what they refer to
as the "tolerance probability."

Kupper and Hafner's formulas are
more complicated than those used
in the example. However, they also
give tables in which the correct
sample size value can be obtained
based simply on knowing the re­
sults from the first formula above.
Applying their methods to the ex­
ample, with a desired tolerance
probability of 0.95 (Le., we want a
sample size that will give a proba­
bility of 0.95 of obtaining a 95%
confidence interval width of 10
ppm or less), the required sample
size is 17. This is a 70% increase
over the largest value specified by
the standard formulas.

Employing these new sample size
formulas has implications for stat­
ing data quality objectives. In par­
ticular, the desired assurance level
must be stated explicitly. In the
above example, although a confi-

cr2

n = (tal2 n-l)2_- = 10,
. d2

cr2

n = (zal2)2 -- = 8
d2

where z and t are critical values
from the normal and t distributions,
respectively.

A simple simulation exercise
shows that the sample size values
given by these formulas have little
assurance of producing the desired
level of precision. From a normal
distribution with a mean of 100
(chosen arbitrarily; the results are
the same for any mean value) and a
variance of 50, generate 1000 sam­
ples of the recommended size, n =
10. For each simulated data set, cal­
culate the 95% confidence interval
for the mean. Any data set with a
confidence interval width of 10 or
less meets the established precision
criteria. The assurance level, or
probability that a sample size of 10
will produce the desired precision
results, is obtained simply by calcu­
lating the proportion of data sets
with confidence interval widths
that are less than 10 as desired.

The results obtained from one
such set of simulations are present­
ed in histogram form in the accom­
panying figure. The data indicate
that 43% of the time the confidence
interval width is greater than the de­
sired value. That is, the odds of ob-

or

not achieved the desired precision.
In the example, the calculated 95%
confidence interval may actually be
wider than 10 ppm. Therefore the
planning process should also involve
consideration of the probability that
the 95% confidence interval will be
of the desired width. This probability
is called the assurance level.

Standard sample size formulas al­
low specification of the desired
confidence level and the confidence
interval width, but do not allow di­
rect control of the assurance level.
This can be illustrated by a simple
example. Suppose, as above, we de­
sire to estimate the mean contami­
nant level in a particular area to
within 5 ppm of the actual value
with 95% confidence. Also, assume
the best estimate of the variance of
the data is cr 2 = 50. Then, for
0./2 =cr2 (1 - 0.95)/2 =0.025, d =5,
and assuming independent normal­
ly distributed data, two commonly
recommended formulas (1, 2) give
minimum required sample size val­
ues of
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Nonpoint source pollution

AlvinL. Aim

In many respects, the Clean Water
Act has been the most successful of
environmental statutes. Most indus­
trial firms and municipalities have
installed treatment facilities. The
Act's technology-based standards
and permit programs have been
much more workable than the Clean
Air Act; the Resource Conservation
and Recovery Act; or the Compre­
hensive Environmental Response,
Compensation, and Liability Act.
The amount of public funds spent
on water treatment facilities dwarfs
that spent on treating other media.
However, although examples
abound of successful cleanups­
Lake Erie and the Cuyahoga and Po­
tomac rivers-many water bodies
are not meeting quality standards,
and national progress is stymied.

There are many reasons success is
so elusive. Many water bodies have
so little flow that very high levels of
waste treatment are required. Toxic
air pollutants rain down on some
water bodies, notably the Great
Lakes.

The most serious problem by far,
however, is nonpoint source dis­
charges from agriculture, silvicul­
ture, and urban sites. Of the three
sources, agricultural runoff is the
largest contributor to most water
bodies. It deposits massive amounts
of sediment into rivers and lakes
and carries pesticides and fertilizers
into surface water and groundwater.
Clearcutting and road building lead
to serious sedimentation problems
in forests. Runoff from urban con­
struction can result in soil runoff in
fast-growing areas.

Historically, Congress has relied
on the states to take action to meet
the water quality standards. Such

actions have not been particularly
effective because states lack explicit
regulatory authority. Attempts to re­
quire or cajole better management
practices have been spotty at best.

As part of the 1987 reauthoriza­
tion of the Clean Water Act, Con­
gress authorized a $50 million per
year grant program to states to pre­
pare assessments and plans to con­
trol nonpoint source runoff. It is too
early to determine its success, but
the sums are so modest that even if
individual grants are meeting objec­
tives, the program cannot be consid­
ered an adequate response.

Congress is considering tougher
medicine in the process of reautho­
rizing the Clean Water Act. Because
of committee jurisdiction, however,
the measures probably will cover
only activities that EPA and state
environmental agencies can con­
duct.

Agricultural runoff cannot be
controlled without either dramatic
changes in the information and in­
centives that are provided to farm­
ers or new regulatory programs.

Over many decades, the Depart­
ment of Agriculture and the land
grant colleges have transformed
U.S. agriculture into the world's
most productive system. The tre­
mendous information flow from the
land grant colleges to farmers
through the Extension Service is
probably the best example of tech­
nology transfer from the public to
the private sector. As a result, soil
erosion has been substantially re­
duced. However, use of pesticides
and fertilizers has increased, and
runoff has become a more toxic and
thereby a more serious water pollu­
tion problem.

The Department of Agriculture
has not seriously tried to prevent
off-farm damage from nonpoint run­
off into water bodies until recently.
President Bush's Water Quality Ini­
tiative, a repackaging of research
and outreach activities, is aimed at
reducing off-farm damage, but its
scope is insufficient.

There are several ways to attack
the agricultural nonpoint pollution
problem. One is to consider large

farms as point sources and regulate
them accordingly. Another option
is to create new watershed entities
to help manage nonpoint sources,
similar to the irrigation districts in
the western United States. Such en­
tities could receive federal funds to
assist in planning, but an ultimate
driver would need to be some form
of federal enforcement.

The most realistic option now is a
strong congressional mandate to the
Department of Agriculture. Al­
though in recent years the Depart­
ment has been conscientiously pro­
moting control of nonpoint sources,
that effort has not resulted in ade­
quate improvement. If Congress
fashioned a strong bill that linked
subsidies and information programs
in an all-out assault on nonpoint
sources, the chances for success
would be much greater.

Control of urban sediment is more
difficult because regulatory control
is normally at the county level. Nev­
ertheless, if infrastructure depart­
ments [such as HUD and Transpor­
tation) had a strong mandate to curb
urban runoff, they could provide
many incentives. For example,
transportation projects contribute
heavily to urban runoff and receive
major federal funding; thus they are
prime candidates for creating incen­
tives to reduce runoff.

The highly touted SAB report, Re­
ducing Risk, recommended the inte­
gration of environmental concerns
with other national policies. In a
sense, energy and environmental
policies are becoming integrated at
the national, and even internation­
al, level. But the relationship be­
tween water quality, transportation,
and urban and agricultural policies
is much weaker. Until better inte­
gration occurs, nonpoint pollution
will remain the largest residual wa­
ter pollution problem.

Alvin L. AIm is director and senior
vice-president for energy and the envi­
ronment for Science Applications In­
ternational Corp., a supplier of high­
technology products and services
related to the environment, energy,
health, and national security.
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... To keep up the pace
with current changes.
Today, trade publications available to in·
dustrial chemists concentrate on either
chemistry-or chemical engineering-not
both. Even though these fields are inter­
related. And even though your work
depends on your success in knowing what
the guy next door is doing. Of course,
everyone who wants to keep pace with his
own field needs to read the single­
discipline journals. But who's got the time
to read much more than that?

That's where CHEMTECH comes in.

CHEMTECH is published especially for

the busy professional who wants to come
up to speed on key developments in the
chemical world-up and down the line
from where he or she is. CHEMTECH
helps you solve problems before they
become red ink at the bottom of the
balance sheet.

How does CHEMTECH do it?
• By bringing you topics vital to your

work. Not just chemical science, but
data correlation, economics ... energy,
engineering ... management, materials,
regulations, and more!

• By bringing concepts to you straight
from the experts-articles and abstracts
written by R&D directors, CEO's,
distinguished professors, high-level
government officials, and by shirt­
sleeves lab and plant people who know

what's happening-because they're at
the forefront making it happen!

• And by bringing this timely informa·
tion to you in a dynamic style that's
as entertaining as it is informative.
CHEMTECH's scope of coverage will
truly stimulate your thinking ..
you'll see.

Keep informed with CHEMTECH
CALL TOLL FREE 800/227-5558
Outside U.S. 202/872-4363
Telex: 440159 ACSP VI 89 2582
ACSPUBS

E:HEmTEE:H
American Chemical Society
1155 16th St., NW., Washington, D.C. 2OOl6



ES6rBOOKS

Human Exposure Assessment for
Airborne Pollutants: Advances and
Opportunities. National Research
Council. National Academy Press,
2101 Constitution Ave., N.W.,
Washington, DC 20418. 1991. xv +
321 pages. $22.50, cloth.

Human Exposure Assessment ex­
plores the need for strategies to ad­
dress exposure to indoor and out­
door pollutants. It also examines
tools available for finding out where
and when significant exposures oc­
cur and for punishing those respon­
sible. The book presents develop­
ments in exposure assessment and
examples of how these assessments
have been applied to public health
issues.

New Developments in Industrial
Wastewater Treatment. Ay~en

Tiirkman and Orhan Uslu, Eds. Klu­
wer Academic Publishers, 101 Phil­
ip Dr., Assinippi Park, Norwell, MA
02061. 1991. xi + 226 pages. $94,
cloth.

New Developments in Industrial
Wastewater Treatment deals with
topics as diverse as biofilm reactors,
pretreatment, wastewater analysis,
polymers, oil-water separations,
and material recovery. The book
contains the proceedings of a NATO
Advanced Research Seminar held
in Izmr, Turkey, Nov. 1989.

Terrestrial and Aquatic Ecosys­
tems: Perturbation and Recovery.
Oscar Ravera, Ed. Prentice-Hall, En­
glewood Cliffs, NJ 07632.1991.613
pages. $159.95, cloth.

Terrestrial and Aquatic Ecosys­
tems discusses human disturbances
of ecosystems, biological responses,
consequences of altering specific
ecological relationships, environ­
mental management and strategies,
and restoration of degraded ecosys­
tems.

World Resources Data Diskette.
WRI Publications, P.O. Box 4852,
Hampden Station, Baltimore, MD
21211. 1991. IBM-compatible soft­
ware, 5.25-in. and 3.5-in. format.
$89.95; includes user manual and
print edition of World Resources
1990-91.

Information presented for 146
countries includes basic economic
indicators and data on agriculture,
forests and rangelands, wildlife
habitats, energy, and climate. Data
can be downloaded into word pro­
cessing programs, spreadsheets,
and data bases.

The Preservation and Valuation of
Biological Resources. Gordon H.
Orians et aI., Eds. University of
Washington Press, P.O. Box 50096,
Seattle, WA 98145-5096. 1991. 314
pages. $40.

The Preservation and Valuation
of Biological Resources focuses on
methods of preservation in the labo­
ratory and the field, management of
biological resources, and economic
methods of assessing the value of
species. Suggestions for research
also are offered.

Acidic Deposition: Regional Case
Studies. D. F. Charles, Ed. Springer­
Verlag New York, P.O. Box 2485,
Secaucus, NJ 07096-2491. 1991.688
pages. $98, cloth.

Topics covered include the acid­
base chemistry of surface waters,
historical trends in sulfur deposi­
tion' effects of acid deposition on
aquatic ecosystems, and case stud­
ies in various regions of the United
States and Canada.

Environmental Biotechnology. A.
Blazej and V. Privarova, Eds. Else­
vier, P.O. Box 882, Madison Square
Station, New York, NY 10159. 1991.
436 pages. $180.

Environmental Biotechnology
discusses anaerobic treatment of ef­
fluents, denitrification, biofilm cul­
tivation, aerobic thermophilic
sludge treatment, and modeling.
Sources of bioenergy and positive
and negative impacts of biotechnol­
ogy also are discussed. Environ­
mental Biotechnology contains the
proceedings of the International
Symposium on Biotechnology held
in Bratislava, Czechoslovakia, June
1990.

The Clean Air Act Handbook: A
Practical Guide to Compliance.
Craig A. Moyer and Michael A.

Francis. Clark Boardman Company,
375 Hudson St., New York, NY
10014. 1991.480 pages. $85.

This handbook examines the
Clean Air Act Amendments of 1990,
specifically new regulations for au­
tomotive sources, "clean" fuels, the
list of hazardous air pollutants, acid
deposition controls, stratospheric
ozone and climate protection, and
enforcement provisions.

Compilation of EPA's Sampling
and Analysis Methods Database.
William Mueller and David L.
Smith, compilers; Lawrence H.
Keith, Ed. Lewis Publishers, 2000
Corporate Blvd., N.W., Boca Raton,
FL 33431. 1991. 465 pages. $124.95
($150 outside United States).

This compilation contains all of
the 650 method and analyte sum­
maries in EPA's Sampling and
Analysis Methods Database, also
published by Lewis. Each summary
includes method name and EPA
number, analyte, CAS registry num­
ber, instrumentation, method detec­
tion limits, sampling and sample
container requirements, and more.
The Database itself is available in a
three-volume set of five diskettes,
which covers industrial chemicals,
pesticides and dioxins, and ele­
ments and water quality parame­
ters. The set is available for $205.

Long-Lived Legacy: Managing
High-Level and Transuranic Waste
at the DOE Nuclear Weapons Com­
plex. Office of Technology Assess­
ment. Superintendent of Docu­
ments, U.S. Government Printing
Office, Washington, DC 20402­
9325.1991. 100 pages. $4.75, paper.

Long-Lived Legacy is a back­
ground paper that describes, docu­
ments, and analyzes data about
high-level and transuranic wastes.
The bulk of the Department of Ener­
gy's waste management resources
will be devoted to handling these
high-risk wastes. This paper con­
cludes that the challenge to DOE is
to develop safer practices for on-site
waste storage and for management
of existing and future waste.

0013-936X/91/0925-1371 $02.50/0 © 1991 American Chemical Society Environ. Sci. Technol.. Vol. 25. No.8, 1991 1371





ESE7T PRODUCTS

AIR POLLUTION

Stopping fugitive emissions. "Seal­
less" solenoid valves are designed
to stop the leakage of fugitive emis­
sions. Principal applications are in
corrosive environments. Plast-O­
Matic Valves 101

Air cleaners. Electronic air cleaners
handle air exhaust flows of 1200­
16,000 ft'/min. Applications in­
clude kitchen exhaust systems and
asphalt plant emissions. Company
reports cleaners have been ap­
proved by Los Angeles Testing Lab­
oratory. Universal Air Precipitator

102

Small particle removal. Tubular
electrostatic precipitator removes
small particles «1-3 Jlm). especial­
ly those resulting from municipal
sludge incineration. Beltran Associ­
ates 103

Submicron particle removal.
Smog-Hog captures particles as
small as 0.1 Jlm by two-stage elec­
trostatic precipitation to meet feder­
al and state opacity and particulate
standards. United Air Specialists

104

Mist elimination. NESTED fiber bed
filters eliminate aerosol mist with
99.5% efficiency for submicron par­
ticles. Pre filters can be used, if
needed, to trap solids that may clog
main filters. CECO Filters 105

HAZARDOUS
MATERIALS

In situ treatment. PermeOx Solid
Peroxygen is designed to provide
controlled releases of oxygen to de­
chlorinate, deodorize, and step up
biological activity in soils, sludges,
and wastewater in situ. FMC 107

Alternative to UST. EcoVault
aboveground vaulted tank stores
hazardous materials in an environ­
mentally safe manner, as an alterna­
tive to underground storage tanks.

Need more information about any
items? If so, just circle the appropriate
numbers on one of the reader service
cards bound into this issue and mail in
the card. No stamp is necessmy.

Cylindrical steel tank is encased in
six inches of reinforced concrete.
EcoVault 109

Waste incineration. European ad­
vanced incineration system is de­
signed to bring about complete
waste burnout by means of con­
trolled excess air units that produce
higher temperatures. FECO 110

Liquid collection. POLY-COLLEC­
TOR can be wheeled to ·hazardous
liquid collection sites, in keeping
with EPA's container storage regu­
lation. Other applications include
draining of used filters and collec­
tion of waste oil. ENPAC 106

INSTRUMENTS

Waste analysis. Handbook for
Waste Analysis presents a line of
simplified equipment and methods
for measuring metals, minerals, and
wastewater solids in influent, pri­
mary effluent, and sludge. Hach

111

H2 S analyzer. Model 301XM ana­
lyzer detects hydrogen sulfide in
the parts-per-billion range for pro­
cess stream or natural gas pipeline
applications. Texas Analytical Con­
trols 112

Companies interested in a listing in
this department should send their re­
lease directly to Environmental Science
and Technology, Attn: Products, 1155
16th St., N.w., Washington, DC 20036.

H2S analyzer. Model 722R/I02 ana­
lyzer measures H2S in fuel gas, coke
oven gas, and other gas streams at a
range of 0-300 ppm. Houston Atlas

113

Groundwater sampling. Company
offers a line of dedicated sampling
systems for measuring groundwater
and eliminating losses of volatiles
in sampling. American Sigma­
G~~ard 1M

Extended TOC analysis. Carbon
range extension kit is designed to
increase carbon analyzers' upper
range capacities to 8% of total or­
ganic carbon based on a 10-mg sam­
ple. This allows measurement of
larger quantities of solid and sludge
samples. Rosemount Analytical

115

Spectrofluorometer. FluoroMax, a
low-cost spectrofluorometer, allows
simultaneous acquisition of four
wavelength pairs for multiwave­
length fluorescence measurements.
With proper probes, system can de­
termine Ca2 +, Mg2 +, K+, Na+, Cl-,
and pH. SPEX 117

Rapid toxicity test. IQ TOXICITY
TEST is designed as a "do-it-your­
self' Daphnia magna toxicity test or
bioassay that can be performed in
about 1.25 h. Conventional bioas­
says require 24-96 h to complete.
Aqua Survey 118

Dust monitor. HAZ-DUST hand­
held direct reading dust monitor de­
termines total solid particulate and
PM lO concentrations for industrial
hygiene and hazardous waste site
investigations. Device is calibrated
according to NIOSH Method 600.
Environmental Devices 119

Water testers. Series 941 single-test
water testers are built to test colori­
metrically for one analyte. Each
model tests for an analyte such as
ammonia nitrogen, chlorine,
hexavalent chromium, lead, and
pH. Orbeco Analytical Systems

121

Personal CO monitor. The pm-7010
hand-held personal monitor dis­
plays the current level of carbon
monoxide and sounds an alarm if a
user-specified limit is exceeded.
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Monitor may be clipped onto a belt
or carried inside a shirt pocket.
Metrosonics 120

Hydrocarbon class analysis. Hy­
drocarbon Class Analyzer deter­
mines the saturated, olefin, and aro­
matic hydrocarbon content of
petroleum fuels with reproducibili­
ties in the 1-3% range. Suprex 122

Stack sampling. Emission Parame­
ter Analyzer stack sampling train
samples gas stream effluents isoki­
netically in accordance with EPA
standards. It meets or exceeds spec­
ifications of Method 5. Andersen In­
struments 123

Toxic gas analysis. Company offers
line of gas chromatography, photo
ionization, and flame ionization an­
alyzers for very low levels of toxic
gases, intended for use in the work­
place. MSA 124

Personal alarm. The Compur Moni­
tax personal alarm is a lightweight,
rugged, easy-to-wear unit that
sounds an alarm when it detects
dangerous levels of selected gases
or low O2 concentrations. Mobay
Corporation 125

Portable GC. The P200D Gas Chro­
matographic System weighs under
30 pounds yet contains two GCs,
each equipped with a heated col­
umn, solid state detector, and a
sample injection system. The unit
includes a rechargeable carrier gas
bottle and battery pack. Companion
software, the EZChrom 200 data
system, operates the unit from an
IBM-compatible computer. MTI An­
alytical Instruments 126

Ion laser system. For laser light in
red or near-IR regions, the Innova
330 provides 1 W multiline red and
400 mW TEMoo 752.5 nm output
from a small frame (1 meter) cavity.
Input power is only 208 V ac. Co­
herent, Inc. 127

Liquid chromatography system.
SpectraSYSTEM is an integrated LC
system of pumps, autosamplers,

and detectors designed to work to­
gether in a space-saving design.
Spectra Physics Analytical 128

Soil toxicity testing. Microtox solid­
phase test analyzes samples of soil,
sludge, and sediment directly with­
out complex and time-consuming
extraction procedures. Microtox

129

Airborne fiber monitoring. FM-7400
laser fiber counter determines con­
centrations per cm3 with a 95% con­
fidence level, in keeping with NIOSH
Method 7400. Readings can be pro­
vided one minute after startup. MIE

130

PUBLICATIONS
Right-to-know. ES&T series on
community right-to-know consists
of three articles on pollution, air
taxies, and communication with the
public on risk. American Chemical
Society 131

Ecotoxicology. ES&T series on the
effects of chemicals on natural sys­
tems consists of four articles on risk
assessment, aquatic toxicology,
wildlife toxicology, and the Great
Lakes. American Chemical Society

132

Hazardous wastes. ES&T series on
hazardous wastes consists of five ar­
ticles on remediation technologies.
American Chemical Society 133

Organic pesticide differentiation.
Literature 5091-1011E explains
how to differentiate organic pesti­
cides by gas chromatography-mass
spectrometry and by GC-Fourier
transform infrared spectroscopy.
Hewlett-Packard 134

Test and analysis equipment. A
475-page catalog lists laboratory
water systems, environmental test

kits, sample preparation devices,
and chromatography products. Mil­
lipore 136

SERVICES

PCB transformer reclassification.
Company offers services in reclassi­
fying transformers that contain
polychlorinated biphenyls (PCBs)
into non-PCB transformers with a
10-year warranty on remaining ser­
vice life. ENSR 137

Lead recycling. Company's Total
Lead Stewardship (TLS) program
recycles old and damaged lead parts
and lead-bearing wastes. Customer
pays only transport costs. Vulcan
Lead 138

SOFTWARE
Toxicology data base. Company is
publishing a "monumental" toxi­
cology data base, Toxline Plus, on
CD-ROM. It is based on the four
leading sources of toxicological in­
formation. SilverPlatter 139

Groundwater data management.
GROUNDWATERIDMS version
1.20 is designed to enhance ground­
water quality data management for
monitoring, field work, and labora­
tory tests. Requirements are IBM AT
or 100% compatible, IBM PS/2
Model 50 or above, or a 38B-based
IBM compatible system. CSW Data
Systems 140

STANDARDS
Aromatics. BTEX calibration gas is
a mixture of 10 ppm each of ben­
zene, ethylbenzene, toluene, and
a-xylene. Mixture is stable for up to
one year. Byrne Specialty Gases

141

WATER TREATMENT
Metals removal. Reverse osmosis
water treatment units remove met­
als, dissolved salts, inorganic mole­
cules, and many organic molecules
from water. Davis Water & Waste

142

Lead removal. MP500 solid carbon
block filters remove dissolved and
undissolved lead from drinking wa­
ter to levels below 1 part per billion.
Multi-Pure 143

Lead removal. ATS Sorbent, a
white granular powder, reduces
lead in drinking water "to nonde­
tectable levels." Engelhard 144
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THE AMERICAN CHEMICAL SOCIETY PRESENTS . ..

25 Uill ue Sources of
Archival- lity Chemistty

Research and News
ACCOUNTS OF OII!MICAL RESEARCH
Editor, Fred W. MClafferty
Cornell University
12 issues a year. ISSN 0001-4842
Member $25 Nonmember $143

ANALYnCAL CHEMISTRY
Editor, Royce W. Murray
University ofNortb Carolina, Cbapel Hili
24 issues a year. ISSN 0003-2700
Member $31 Nonmember (Pers.) $69
Nonmember (Inst.) 5Z89

BIOCHI!MlSTRY
Editor, Hans Neuratb
University ofWasbington
51 issues a year. ISSN 0006-2960
Member $89 Nonmember $849

• BIOCO/I(JUGATE CHEMISTRY
Editor, ClaUde F. Meares
univers~of California, Davis
The un' ing meaium Of conjugation chem­
istry. BJ ONJUGATE CHEMISTRY
emphasizes the joining of two different
molecular functions bY chemical or biologi­
cal means.
6 issues a year. ISSN 1043-1802
Member $29 Nonmember $249

• BIOI'ECHNOLOGY PROGRESS
Editor, jerome S. SCbultz
University ofPittsburgb
Jointly pubflShed willi the American
1nstitute of Chemical Engineers, this estab­
lished i<.!urnal otTers new, blmontbly access
to significant research in process develop­
ment, produa development, and !'<Iuip­
menVUlSlrUmentation design for the
biotechnology industry.
6 issues a year. ISSN 8756-7938
Member $25 Nonmember $250

OII!MICAL A ENGINEERING NEWS
Editor, Michael Heylln
51 issues a year. ISSN 0009-2347
Nonmember $95

• OII!MICAL RESEARCH IN
TOXICOLOGY

Editor, Lawrencej. Marnell
Vanderbilt Universil)!
For the latest original fUldin~, in primary
research, on the toxicologicil etTeas of
chemiC3J agents.
6 issues a. y~r. ISSN 0893-228X
Member~ Nonmember $269

OII!MICAL REVIEWS
Editor, josefMlcbl
University ofColorado, Boulder
8 issues a year. ISSN 0009-2665
Member $27 Nonmember $265

Rat... lift' valid through Dea:mbc:r 31, 1991.

• CHEMISTRY OF MAl1!RIAIS
Editor, Leonard V. Interrante
Rensselaer Polytecbnlc Institute
This international journal provides a molec­
ular-level p<;rspective at tne interface of
chemistry, chemical engineering, and mate­
rials science.
6 issues a, year. ISSN 0897-4756
Member S49 Nonmember $299

CHEMTECH
Editor, Benjamin j. Luberoff
The Conapteam, Inc.
12 issues a year. ISSN 0009-2703
Member $41 Nonmember (Pers.) $75
Nonmember (Inst.) $325

• ENERGY A FlJEIS
Editor, john W. Larsen
Lebigo University
A practitioner's guide to the chemistry of
fossil fuels-from formation to methOds of
utilization.
6 issues a.y~. ISSN 0887~24
Member S4ll Nonmember $294

ENVIRONMENI'AL SCIENCE A
TECHNOLOGY
Editor, William H. Glaze
University ofNortb Carolina, Cbapel Hill
12 issues a year. ISSN 0013-936X'
Member 539 Nonmember (Pers.) $73
Nonmember (Inst.) $329

INDUSTRIAL A ENGINEERING
CHEMISTRY RESEARCH
Editor, Donald R. Paul
University ofTexas Austin
12 issues a.year. ISSN 0888-5885
Member $58 Nonmember $413

INORGANIC CHEMISTRY
Editor, M. Frederick Hawtborne
University ofCalifornia, Los A!,geles
26 issues ,a.year. ISSN 0020-1009
Member~ Nonmember $699

JOURNAL OF AGRICULTIlRAL
AND FOOD CHEMISTRY
Editor, Irvin E. Llener
University ofMinnesota
12 issues a year. ISSN 0021-8361
Member $27 Nonmember $243

JOURNAL OF 11IE AMERICAN
OII!MICAL SOCJETY
Editor, Allenj. Bard
University ofTexas Aust/n
26 issues a year. ISSN 0002-7863
Member $79 Nonmember $750

JOURNAL OF CHEMICAL AND
ENGINl!I!RING DATA
Editor, Kennetb N. Marsb
Texas A&M University
4 issues a year. ISSN 0021-9568
Member $32 Nonmember $234

JOURNAL OF OII!MICAL INFORMATION
AND COMPllTER SCIENCES
Editor, George W.A. Milne, NJ.H.
4 issues a rear. ISSN 0095-2338
Member $ 9 Nonmember $129

JOURNAL OF MEDICINAL CHEMISTRY
Edllor, Pbl/If? S. Portogbese
University oj Minnesota
12 issues a year. ISSN 0022-2623
Member $44 Nonmember $399

11IEJOURNAL OF ORGANIC CHEMISTRY
Editor, CIaJ'l!1n H. Heatbcock
University ofCalifornia, Berkeley
26 issues a year. ISSN 0022-3263
Member $59 Nonmember $518

JOURNAL OF PHYSICAL AND OII!MICAL
1lEFERENCE DATA
Editor, David R. Lide, 'r.
Nat/onal Inslllute ofStandards &
Tecbnology
6 issues a year. ISSN 0047-2689
Member $75 Nonmember $350

~ALOF PHYSICAL

Editor, MostaJa A. El-sayed
University ofCalifornia, Los Angeles
26 issues a year. ISSN 0022-3654
Member $79 Nonmember $799

lANGMUIR
Editor, William A. Steele
The Pennsylvania State University
12 issues a year. ISSN 0743-7463
Member $61 Nonmember $515

MACROMOLECULES
Editor, Field H. Winslow
AT&TBell Laboratortes
26 issues a year. ISSN 002+9.297
Member $65 Nonmember $665

ORGANOMETAUJCS
Editor, Dietmar Seyfertb
Massacbusetts Insmute ofTecbnology
12 issues a year. ISSN 0~76-7.333
Member $62 Nonmember $620

For subscription Information write
American Cnemical Society
Marketing Communications Dept.
1155 Sixteenth Street, N.W.
Washington, D.C. 20036 U.S.A.

CalI toll free (U.s. I: caoada)
1-800-227-5558.
In Washinj!lon, D.C. and outside the U.S.
and Canada call 202-872-4363.
Tela: 440159 ACSP UI or 89 2582
ACSPUBS. FAX: 202-872-4615.

For nonmember rates InJapan contact:
Maruzen Co., Ud"
3-10 Nihonbashi l-chome, Chua-1m,
Tokyo 103, Japan
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CLASSIFIED SECTION

Analytical Chemists-Quality Assurance
San Antonio, TX

We need three professionals to help us develop and manitor quality assurance activ­
ities in a major environmental restaration program. Individuals will be respansible
for interpretatian of environmental data, which characterize patential sources and
identify the extent of contaminatian from hazardous waste sites. In addition,
selected individuals will review sampling and analysis plans, wark plans and state­
ments of wark, and recommend modiFicatians or additions to the documents to meet
objectives of project and pragram requirements. On-site evaluations of environmen­
tal laboratories providing analytical services will be conducted by aur staff chemists.

Qualifications for these integral positions include an MS or PhD in Chemistry and
8-10 years' hands-on experience in analyzing environmental samples for both
organic and inorganic analytes and using SW-846 methods. U.S. citizenship, will­
ingness to travel, and expertise in quality assurance and quality control in chemical
measurements are required. Experience in conducting labaratory audits and data
validation is highly desirable.

An independent, not-for-profit organizatian, MITRE works in the public interest,
salving complex technical prablems by providing system engineering, technical
assistance, system integration and acquisition support to government and cIvil agen­
cies. In addition to competitive salaries, we offer a comprehensive benefits package.

For confidential consideration, please forward your resume to:
The OHice of Human Resources, Sedion MOe, The MITRE Corporation,
7525 Colshire Drive, McLean, VA 22102. We are an equal opportunityl
affirmative action employer.

MITRE

Environmental
Engineer

MichCon, one of the nation's lead­
ing natural gas companies, has an
opportunity available for an engi­
neering professional who thrives
on technical challenge. If you'd like
to work with a company that gives
you the resources, support and
freedom you need to succeed,
consider the position of Environ­
mental Engineer.

You will conduct toxicological as­
sessments; review legislationl
regulations and determine their im­
pact on the organization; coordi­
nate clean-up efforts of
contaminated sites; document and
ensure disposal of hazardous
wastes; and perform other related
duties. Qualifications include a
Bachelor's degree in Environmen­
tal Engineering, Toxicology, Geol­
ogy, Forestry, or related field. A
minimum of 3+ years experience
with monitoring and testifying re­
garding environmental protection
regulations and/or experience in
tOXicological work.

We offer competitive salaries,
comprehensive benefits, opportu­
nities for career advancement, and
technical challenge. For immedi­
ate consideration, please forward
your resume in confidence to:
Michigan Consolidated Gas
Company, 500 Griswold Street,
Detroit, MI 48226. EqUal Opportu­
nity Employer MIF.

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

POST-DOCTORAL
RESEARCHER

The National Center lor Intermedla Transport
Research (NCITR) at the University of Cali­
fornia, los Angeles (UCl.A) has a postdoc­
toral posRlon tor studies on Intermedla and
muRlmedla transport and late 01 pollulants,
and eXposll"e analysis. The applicant is ex­
pected to have experience In numerical
computstions, software development and
working knowledge 01 IBM and compatible
desl<top computers. The program Includes
theoretical and modeling studies of various
Intermedla transport processes (e.g., rain
scavenging, dry deposRlon and transport In
soli). For Immediate consideration, please
send a clITlculum vitae and three letters of
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tive action employer.
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didates for a State Specialist's position In Sus­
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A Cometabolic Biotransformation Model for Halogenated Aliphatic
Compounds Exhibiting Product Toxicity

Lisa Alvarez-Cohen",t and Perry L. McCartyt

Environmental Engineering Program, Department of Civil Engineering, University of California, Berkeley, California 94720, and
Environmental Engineering and Science, Department of Civil Engineering, Stanford University, Stanford, California 94305-4020

• A model is proposed to describe the rate and extent of
cometabolic transformation of halogenated aliphatic com­
pounds by resting microbial cells. The finite transfor­
mation capacity (Te) of resting cells, which appears to be
associated with cometabolic oxidation of many halogenated
aliphatic compounds, is used to incorporate the effects of
product toxicity and reductant supply into a modified
expression of Monod kinetics. Applicability of the model
to trichloroethylene transformation by resting cells from
a mixed methanotrophic culture is evaluated by compar­
ison with experimental data from batch transformation
studies conducted over a range of conditions. A visually
good and statistically reasonable fit was obtained between
the experimental data and model predictions both with
cells alone and with formate added as an exogenous re­
ductant source. A comparison of parameter estimates (k
and K.) derived by use of the cometabolic transformation
model and those derived by use of conventional linearized
Monod techniques (Lineweaver-Burk and concentration­
normalized equations) indicates that, for reactions in­
volving a finite transformation capacity, the linearized
Monod equations yield artificially elevated parameters
estimates.

Introduction
The widespread occurrence of water contaminated with

halogenated aliphatic compounds such as the common
solvent trichloroethylene (TCE) has led to development
of treatment methods, including air stripping and activated
carbon adsorption, for their removal. However, rather than
causing complete contaminant destruction, these processes
only transfer contaminants from one medium to another.
In recent years, a variety of microbial processes have been
discovered that can bring about the transformation and
frequently the destruction of halogenated aliphatic com­
pounds, stimulating increased interest in the potential of
biological treatment. Unlike the biological processes
commonly used for water or wastewater treatment, bio­
logical processes for the treatment of halogenated aliphatic
compounds often depend upon cometabolism. Cometa­
bolism is the transformation of a compound by organisms
that do not obtain energy or carbon for cell growth from
the transformation and hence require an alternative source
of carbon and energy. There have been few engineering

t University of California, Berkeley.
I Stanford University,

applications of cometabolism, especially for contaminant
treatment, and the factors affecting the kinetics of com­
etabolism have not been studied extensively. Thus,
principles upon which to base treatment process design
are limited.

The unsuitability of basic Monod kinetics alone for
application to methanotrophic TCE transformation reac­
tions (l) hinders process design modeling attempts.
However, recent work on cometabolic cofactor dependency,
product toxicity, and competitive inhibition makes it
possible to more adequately address the issues involved
and to propose a model to describe cometabolic transfor­
mation rates and extents. This model and its experimental
evaluation with data from batch transformation studies
are presented in the following study. Throughout this
paper the term "resting cells" refers to organisms in the
absence of growth substrate (e.g., methanotrophs without
methane).

Background

Halogenated aliphatic compounds were first discovered
to be biologically transformed under reducing conditions
where hydrogenolysis or dihaloelimination to a variety of
more reduced products results (2-4), some of which are
more hazardous than the parent compound (5). Wilson
and Wilson (6) later reported on the possibility of aerobic
oxidation of TCE by soil microorganisms that were pro­
vided natural gas as a primary source of energy. Here,
methanotrophic bacteria were believed to transform TCE
trough cometabolism, and this has now been adequately
confirmed (7-9). The enzyme responsible is methane
monooxygenase (MMO), which is used in the initial step
of methane oxidation. Since then, other oxygenases have
been found to be capable of TCE transformation, including
those expressed during oxidation of toluene and other
aromatic hydrocarbons (lO, 11), propane (l2, 13), and
ammonia (14). Such oxidations require energy or reducing
power, usually in the form of NADH or NADPH (15, 16),
and this must be available for TCE cometabolism as well
(9).

Hou (l7) explored the potential of methanotrophs for
cometabolic epoxidation of propene for industrial use and
demonstrated that propene oxidation continued for a pe­
riod in the absence of methane. By supplying a pulse of
methanol, an alternative substrate for methanotrophs that
does not require MMO, the organisms were able to rees­
tablish propene oxidation for an additional period. Hou
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which can be integrated over time for a batch reactor to
yield the following relationship between Sand t:

basis, the transformation capacity of resting cells might
be expressed in the form

1 dX mass of cells inactivated
Te = dS = mass of contaminant transformed (2)

which when integrated yields the following expression for
the active microbial concentration introduced previously
(30):

where Xo is the initial active microbial concentration
(mgjL), X is the active microbial concentration at time
t (mgjL), So is the initial concentration of cometabolized
contaminant (mgjL), and S is the concentration of com­
etabolized contaminant at time t (mgjL).

Combining eqs 1 and 3 and rearranging gives the fol­
lowing:

-(K, + S)
dt = dS (4)

k( X o - ;e (So - S)) S

t=~[(SO/;'_xJln([ [SX. 1)+
Xo - T (So - S) So

e

T e In ( X
o

)] (5)

[ Xo - ;e (So - S) ]

Equation 5 relates the cometabolized contaminant
concentration remaining at any time t to the initial con­
taminant and organism concentration for a given trans­
formation capacity. Two notable aspects of eq 5 are the
following: (1) SojTe - Xoin the denominator renders the
solution discontinuous when SojTe = Xo, implying that the
complete utilization of transformation capacity will not
occur, and (2) real solutions can only be obtained when
XoTe > (So - S), indicating that the extent of transfor­
mation cannot exceed the transformation capacity. Results
of the following experimental study were used to evaluate
the suitability of this equation for prediction of TCE
transformation by a mixed methanotrophic culture and
to evaluate values for the terms k and K,.

Materials and Methods
Mixed-Culture Development. A 7.5-L stirred tank

microbial growth reactor was seeded with effluent from
a laboratory column of aquifer material that had been
enriched with methane and oxygen as previously described
(1). The reactor was operated at a 9-day hydraulic de­
tention time by addition of 833 mLjday of medium and
once daily cell wasting. The growth medium consisted of
mineral salts dissolved in deionized water after that of
Fogel et al. (31). A mixture of 10.3% methane in air was
continually injected into the reactor bottom at 280 mLj
min and 1.035 atm partial pressure; high-velocity mixing
(200 rpm) was maintained to facilitate methane and oxygen
transfer to the liquid phase. The measured liquid con­
centrations of 0.02 mgjL methane and 3.5 mgjL oxygen
indicated that cell growth was methane limited. A net
growth yield of 0.33-{).37 g of cellsjg of CH4 consumed was

(3)
1

X = Xo - r(So - S)
e

attributed the ability of resting cells to carry out limited
cometabolism to the presence of endogenous reducing
power. Limited TCE oxidation by methanotrophic resting
cells has also been demonstrated (1, 8, 9, 18-20). Henry
and Grbic-Galic (20) suggested the reducing power of
resting methanotrophic cells is related to poly(hydroxy­
butyrate) (PHB) granule storage within the cells.

Alvarez-Cohen and McCarty (1) defined two terms re­
lated to the transformation ability of resting cells:
transformation capacity (Te), representing the maximum
mass of cometabolized compound (contaminant) that can
be transformed per unit mass of resting cells, and trans­
formation yield (Ty), the maximum mass of cometabolized
compound that can be transformed by resting cells per unit
mass of primary substrate used for original cellular growth.
For resting cells of a mixed methanotrophic culture grown
on methane, they reported a Te of 0.036 mg of TCEjmg
of cells and a Ty of 0.013 mg of TCEjmg of CH4•

Recent studies have indicated that Te for cometabolic
TCE transformation is not only a function of the availa­
bility of reducing power, but also of the specific cometa­
bolized compound and toxicity of transformation products
as well (1, 20, 21). Wackett and Householder clearly
demonstrated with a pure culture of toluene-degrading
organisms that the intermediate transformation products
resulting from epoxidation of TCE were toxic to cells (21).
Similar toxicity to methanotrophs has been reported by
Alvarez-Cohen and McCarty (1) and Henry and Grbic­
Galic (20). In the latter two cases, toxicity was indicated
by the greatly reduced methane oxidation rate by the
cultures after TCE transformation had occurred.

Studies have been conducted in order to maximize
methanotrophic transformation rates of nongrowth sub­
strates by examining the effects of temperature (22-24),
cosubstrate addition (1, 9, 20, 23), pH (22, 24), and copper
in the growth medium (9, 24).

In the following study, a rate equation for the cometa­
bolic transformation of halogenated aliphatics by resting
cells is developed that incorporates the above noted finite
transformation capacity. Experimental data are then
provided to test the model applicability and to elucidate
the important parameters for process design.

Model Development
Monod kinetics have often been used to relate the

transformation rate of a compound to its concentration in
solution (25):

kXS
-dS/dt = -- (1)

K. + S

where S is the solution concentration of cometabolized
contaminant (mgjL), k is the maximum rate of contami­
nant transformation (mg of S (mg of cellstl day·I), K, is
the half-velocity constant (mgjL), and X is the active
microbial concentration (mgjL).

For the cometabolic transformation of a contaminant
by resting cells, there is no microbial growth over the
course of the transformation. Microbial reactions not
supporting growth are most commonly modeled by Monod
kinetics with a constant active microbial concentration (26,
27), but have also been modeled by Monod kinetics with
an active microbial concentration that decays over time
(28), or with incorporation of competitive product inhib­
ition (29), as well as by first-order kinetics (9, 19). How­
ever, for the cometabolic oxidation of halogenated aliphatic
compounds, product toxicity results in a finite transfor­
mation capacity of resting cells. Hence, the overall activity
of resting cells appears to decrease in proportion to the
amount of cometabolized contaminant consumed. On this
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Table I. Parameter Values for the Nonlinear Least-Squares Fit of the Cometabolic Transformation Model to Formate-Free
Methanotrophic TCE Disappearance Data (Experiment A)

parsmeter

k. mg of TCE (mg of cellst' day-'
K" mg/L
So, mg/L

r' - 0.9995

value

0.53
0.37

14.7

asymptotic SE

0.017
0.098

16.3

95% confid interv

0.48--{).57
0.13-0.61

14.3-15.1

1
0.857
0.788

corr matrix

1
0.458

Table II. Residual Sum of Squares (RSS) and Initial TCE
Concentrations for Fits of the Cometabolic Transformation
Model"

• Parameters estimated from the first TCE addition to formate­
free methanotrophic cells (experiment A). b Data used for param­
eter estimation.

TIME (hr)

Figure 1. TCE disappearance in batch bottles at three innial TCE
concentrations (experiment A). Experimental data (symbols) are plotted
along with predictions (lines) by use of the cometabollc transformation
model and k and K, determined from nonlinear regression analysis of
initial injection of 14.7 mg/L.

9 10

k =0.53 d'~ Ks =0.37 mgtl
Tc = 0.036 mg TCEtmg cells

oo

20

C,

E-
o 10c:
0

c.>
w
c.>
f-

no. of
So. mg/L data points RSS

first TCE addnb 14.7 9 0.206
second TCE addn 15.3 10 2.13
third TCE addn 15.6 12 2.75
fourth TCE addn 15.9 5 1.23
dilute cells 3.3 9 0.0624
dilute cells 1.7 6 0.0439

bottle) until TCE transformation no longer occurred.
From the results illustrated in Figure 1 (open box data)
1.7 mg of TCE (solution plus headspace mass) was
transformed. indicating Tc equaled 0.036 mg of TCE/mg
of cells. Next, So, k, and K, were estimated by a nonlinear
regression fit of eq 5 to the disappearance data from only
the first TCE addition at the 14.5 mg of TCE/L level.
Estimation of So is necessitated by the inherent inaccuracy
of a time zero headspace measurement of the volatile TCE
due to short-term nonequilibrium between the headspace
and liquid phase. Nonlinear regression analysis was per­
formed using Systat 5.0 application software (Systat, Inc.)
employing a quasi-Newton estimation method. This
analysis resulted in k =0.53 mg of TCE (mg of cellstl
day'! and K, =0.37 mg/L (r2 =0.9995) with additional
statistics summarized in Table I. These values for k, K"
and Tc were introduced into eq 5, along with appropriate
So values, to examine the equation fit for the disappearance
of the repeated TCE additions for this case. The results
are shown plotted together with the experimental data in
Figure 1 and summarized in Table II. In order to test the
broader applicability of the model, the same parameters
were applied under conditions of more dilute cell con-

Results

In experiment A with TCE alone (no formate addition).
Tc was estimated by repeated addition of 15 mg of TCE/L
to bottles containing 2300 mg/L resting cells (46 mg/

indicated by the average cell density of 2500 mg/L (ranging
from 1800 to 3000 mg/L) and the gas effluent of 8.6%
methane.

TCE Solutions and Analyses. Water-saturated TCE
solution was prepared at least 24 h before use by adding
10 mL of TCE (99+ % pure ACS reagent. Aldrich Chem­
icals Co., Milwaukee, WI) to a 160-mL glass bottle con­
taining five glass beads and 120 mL of Milli-Q water. The
bottle was sealed with a Teflon-lined rubber septum and
aluminum crimp-top cap and vigorously shaken. One hour
prior to use, the bottle was again shaken and allowed to
settle. TCE-saturated water was removed by syringe
through the septum, using care to exclude nonaqueous
phase TCE.

TCE gaseous concentration was determined from
headspace analysis as described previously (1), with a
Tracor MT-220 gas chromatograph equipped with a
packed column (10% squalence on Chromosorb A/AW)
maintained at 70°C and a linearized electron capture
detector, and using an argon/methane mixture as carrier
gas. A dimensionless Henry's constant of 0.31 for TCE at
21°C (32) was used along with known liquid and gas
volumes to compute TCE liquid concentrations and total
TCE mass present.

TCE Transformation Studies. Transformation ex­
periments were performed in a 21°C environmental
chamber using 62-mL glass bottles sealed with either
Mininert Teflon-lined caps or a set of two 50-mil Teflon­
lined septa (1). The bottles were inoculated with 20 mL
of liquid (mixed-culture medium. cells, or a combination
of both). For formate-supplied bottles, 1 mL of mixed­
culture medium was replaced with 1 mL of a 400 mM
sodium formate solution in Milli-Q water to yield a final
concentration of 20 mM formate. Corresponding resting
cells received 1 mL of pure Milli-Q water. Saturated TCE
solution was added by gas-tight syringe through the
Mininert valves. and the bottles were vigorously shaken
by hand for 15 s before initial headspace samples for TCE
were taken. The bottles were then shaken at 400 rpm
(unless otherwise noted) on a circular action shaker table
(Lab-Line). Gas samples (200 ILL) were withdrawn peri­
odically with a 5OO-IlL gas-tight syringe (Pressure-10k) and
22-gauge side-port needle for TCE analysis. TCE trans­
formation rates were determined from changes in total
TCE mass, including both that in the liquid and in the gas
phases.

Culture Density. Culture density was determined
gravimetrically by adding a specific volume of suspended
culture to tared 5.1-cm aluminum foil dishes and evapo­
rating the dishes overnight at 105°C before cooling and
reweighing them. Medium controls were used to correct
for inorganic dissolved solids in the culture medium.
Concentrations reported represent total dry weight of the
mixed culture in milligrams per liter.
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Table III. Parameter Values for the Nonlinear Least-Squares Fit of the Cometabolic Transformation Model to
Formate-Amended Methanotrophic TCE Disappearance Data (Experiment B)

asymptotic SE 95% confid inter corr matrix

0.438 6.3-8.8 1
0.526 6.7-9.6 0.960 1
0.141 9.8-10.5 0.721 0.617

parameter value

k, mg of TCE (mg of cellst' day-I 7.6
K.. mg/L 8.2
So, mg/L 10.1

r2 = 0.9984

30.,---------------,

no. of
curve So, mg/L data points RSS

a 25.2 12 7.11
b 19.9 13 2.42
c 14.6 9 2.62
db 10.1 7 0.021
e 5.7 6 0.598
f 2.6 7 0.114
g 0.36 5 0.0135

, Parameters estimated from curve d of formate amended meth­
anotrophic TCE disappearance data (experiment B). b Data used
for parameter estimation.

summarized in Table III. The fit between the TCE dis­
appearance using eq 5 and experimental data from the
seven different TCE levels is again good (Figure 2, Table
IV), indicating the model is applicable over a wide range
of initial TCE concentrations. The estimates of both k and
K, along with their respective 95% confidence intervals
are higher with formate added than in the absence of
formate, although the ratio k/ K, with formate is somewhat
lower (1.4 vs 0.93 L mg·1day"). Combining results from
three additional similar experiments yielded parameter
averages and standard deviations of Tc =0.061 (0.025), k
=4.8 (1.9), and K, =7.9 (0.62). However, the high cor­
relation between k and K, for experiment B (Table III)
indicates that when formate is added to resting cells within
the TCE concentration range studied, it may not be pos­
sible to obtain unique parameter estimates of k and K"
suggesting that for those experimental conditions the k/ K,
ratio may be a more useful kinetic parameter.

In order to further evaluate the uniqueness of parameter
estimates and elucidate the relative importance of param­
eters over the specific concentration ranges of interest, a
sensitivity analysis such as that described by Robinson and
Characklis (34, 35) was performed. The sensitivity equa­
tions were derived from eq 5 by taking the first derivative
of the dependent variable with respect to the parameter
of interest (dS/dSo, dS/dk, dS/dK,) by implicit differ­
entiation. The resultant equations were multiplied by their
respective parameters to yield consistant units (mg of
TCE/L) and are shown plotted against the dependent
variable (S) for experiment A in Figure 3 and experiment
B in Figure 4. The lack of proportionality between all
three curves for both initial concentrations in experiment
A (Figure 3) suggests that those experimental conditions
should yield unique parameter estimates over most TCE
concentrations. However, the relatively low value of the
K, equation at both initial concentrations (note the
equation is multiplied by 10 in Figure 3) suggests that, for
the conditions of experiment A, the model is relatively
insensitive to changes in K,. For the conditions of ex­
periment B, the sensitivity equations in Figure 4 show a
high proportionality of the k and K, equations for all three
initial concentrations, suggesting here that unique esti­
mates of both k and K, may not have been obtained.

Table IV. Residual Sum of Squares (RSS) and Initial TCE
Concentrations for Fits of the Cometabolic Transformation
Model'

A Curve a

o Curve b
a Curve c

Curve d
• Curve e
• Curve f

+ Curve 9

2.52.0

25

C, 20
§.
.; 15c:
0
()

W 10
()...

k =7.6 d", Ks =8.2 mgtl
Tc = 0.08 mg TCE/mg cells

TIME (hr)

Figure 2. TCE disappearance in formate-amended batch bottles at
seven initial TCE concentrations (experiment B). Experimental data
(symbols) are plotted along with predictions (lines) by use of the com­
etabolic transformation model and k and K. determined from nonlinear
regression analysis of curve d.

centration (805 mg/L) and lower initial TCE concentra­
tions (3.2 and 1.6 mg/L), with results also shown in Figure
1 and Table II. The fits between the data and the equation
are good, as evidenced by the consistently low residual sum
of squares for the repeated TCE additions as well as for
the more dilute cell and TCE conditions.

Data from five additional similar experiments, which
were fitted with eq 5, yielded the following parameter
averages and standard deviations: Tc =0.043 (0.010), k
= 0.84 (0.29), K. = 0.69 (0.54). The variations here are
larger than expected from experimental errors alone, in­
dicating that the model parameters may vary somewhat
with change in operational characteristics of the culture.
While the transformation capacity of resting cells freshly
harvested from the reactor generally showed small varia­
tion, caution should be exercised in extending the values
to other cultures or operational conditions.

Formate can be used as an external source of reducing
power by methanotrophic resting cells (33). In order to
determine how the addition of such a nongrowth-inducing
and noncompetitive external source of reducing power
would affect model parameters, bottles containing 421
mg/L (8.4 mg/bottle) resting cells and 20 mM NaCOOH
were supplemented with seven different TCE concentra­
tions in experiment B (Figure 2). The transformation
capacity of the cells supplied with formate was determined
from the mass of TCE consumed prior to the time that
transformation ceased in the bottle initially amended with
25 mg/L TCE (curve a), where TCE utilization was not
complete. The value found (Tc =0.080 mg of TCE/mg
of cells) was over twice that found with TCE alone, in­
dicating that the addition of reducing power was here
highly beneficial for increasing the transformation capacity.
The values of So, k, and K, were obtained from the non­
linear regression fit of the disappearance data from the
bottle receiving the middle concentration (10 mg/L) of the
range ofTCE additions (curve d). The resultant parameter
estimates were k = 7.6 mg of TCE (mg of cells)"1 day-I and
K, =8.2 mg/L (r2 =0.9984), with the additional statistics
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Figure 3. Sens~lvlty equations for parameters of the cometabollc
transformation model applied to methanotrophic TCE transformation
under conditions of experiment A for two in~ial TCE concentrations.
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Figure 4. Sens~ivlty equations of parameters of the cometabolic
transformation model applied to methanotrophic TCE transformation
under cond~lons of experlment B for three intial TCE concentrations.

Additionally, Figure 4 shows that at the low initial TCE
concentration (0.36 mg/L) the model is extremely insen-

k, mg
ofTCE K.. k/K.. L

(mg of cells)" mg of (mg of cells)"
day" TCE/L day" ,.
9.1 17.0 0.54 0.998
5.7 8.8 0.65 0.943

7.6 8.2 0.93 0.998

calculation
method

sitive to K. while at the higher initial concentrations much
more sensitivity is observed.

In order to compare results obtained with the cometa­
bolic transformation model (eq 5) and more conventional
techniques, values for k and K. were estimated from a
Lineweaver-Burk plot (Figure 5a) and a concentration­
normalized plot (Figure 5b) of initial disappearance rates
computed by linear regression analysis of experiment B
data taken within the first 12 min after TCE addition for
each TCE concentration, a time period over which cell
inactivation might be expected to be small. The param­
eters derived by these two methods as well as those com­
puted by using nonlinear regression fit of eq 5 to the ex­
perimental data are listed in Table V. The parameters
computed by use of the Lineweaver-Burk approach are
both significantly greater than when eq 5 is used, but are
similar when the concentration-normalized method is used.
However, both conventional methods produced lower klK.

S
(mg TCEII)

Figure 5. (a) lineweaver-Burk plot of rate of TCE disappearance
within the In~ia1 t 2 min in fomnatlrfed batch bottles at seven initial TCE
concentrations. (b) Concentration-normalized plot of rate of TCE
disappearance w~hin the in~1 12 min in fornnatlrfed batch bottles at
seven initial TCE concentrations.
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Table V. Kinetic Parameters for Formate-Amended
Methanotrophic TCE Transformation Computed by Three
Different Methods
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ratios. Based upon the Tc value of 0.080 mg of TCE/mg
of cells, it was calculated that the amount of transforma­
tion capacity consumed during the first 12 min ranged
from 1.8% for the lowest concentration to 35% for the
three highest concentrations. This suggests that use of eq
1 alone (basis of both the Lineweaver-Burk and concen­
tration-normalized inverse plots) results in biased param­
eter estimations, especially at higher contaminant con­
centrations.

The higher values of K. obtained by the two traditional
methods are artificially elevated as a result of the falloff
of the transformation rate associated with toxicity and/or
electron donor supply. Consequently, the inflated K. is
accompanied by an artificially elevated h in the Line­
weaver-Burk expression since use of the reciprocal plot
exaggerates the weighting of the data at the lowest con­
centrations, where the transformation rate is a function
of h/K.. Conversely, in the normalized-concentration
expression the effects of an elevated K. are less predictable
and directly dependent on the range of data since nor­
malization causes the data to be more evenly weighted.

Discussion
The proposed model, which uses TCE transformation

capacity to incorporate the effects of toxicity and electron
donor supply into a modified expression of Monod kinetics,
was capable of predicting the results of methanotrophic
TCE transformation reactions over a range of conditions.
As yet, the broader applicability of this model to other
cometabolic reactions has not been tested. However, ev­
idence of cometabolic finite transformation capacities of
resting cells has been noted for many different bacterial
systems, including methanogenic reductive dehalogenation
reactions (36), TCE oxidation by toluene oxidizers (10) and
ammonia oxidizers (14), and methanotrophic propene
oxidations (17). A model of the type developed here may
be applicable to this broad range of cometabolic reactions;
however, further evaluation is needed.

The proposed cometabolic transformation model may
also apply to circumstances in which a finite transforma­
tion capacity occurs in the absence of overt product tox­
icity, possibily caused by such phenomena as cofactor
dependence, unstable enzymes, and starvation strategies.
However, the proposed model by itself would not be ap­
plicable for the transformation of compounds that are
themselves toxic, since the model presumes that cell ac­
tivity falls off not as a function of the contaminant itself,
but rather as a function of the amount of contaminant
consumed. The ability of this model to successfully fit the
data for TCE transformation by the methanotrophic
culture studied lends further evidence to the hypothesis
that, for this culture at least, it is the transformation
products, not TCE itself, that are responsible for the ob­
served cell toxicity.

Formate addition to resting methanotrophic cells has
been shown to result in an increased maximum TCE
transformation rate (1, 9, 24) and capacity (1, 9). The
increased maximum rate implies that the reducing power
provided by formate may be more readily available than
that from the cell's own internal energy reserves. Also, the
increased transformation capacity with formate addition
suggests that the internal reductant supply may indeed
be somewhat limited. Nevertheless, it is still unclear ex­
actly how product toxicity and reductant supply affect
transformation capacity since the increased transformation
rate caused by formate addition should result in an in­
creased rate of transformation product appearance, and
hence increased toxicity. Since the presence of formate
enables a given mass of cells to transform a higher mass

1388 Environ. ScI. Technol., Vol. 25, No.8, 1991

of substrate before inactivation, a product toxicity satu­
ration is suggested. That is, the toxic effect is rate limited
by some unknown factor such as transport into or within
the cell or toxicity reaction kinetics. However, further
studies are needed to clarify this issue.

Although it has been previously reported that aeration
of methanotrophic resting cells results in decreased
transformation rates (1), this effect has not been incor­
porated into the cometabolic transformation model pro­
posed, since compared to the effect of TCE product tox­
icity on resting cells at the level studied, the aeration effect
was an order of magnitude lower and thus of little im­
portance here. Under other circumstanes, inclusion of a
term for the decrease due to aeration alone may be ap­
propriate.

The results of this study suggest that individual pa­
rameter values may not always be a good indicator of
intrinsically higher transformation rates. Therefore, cau­
tion should be used when reported parameter values are
interpreted, and when possible, experiments designed to
directly measure maximum transformation rates at con­
centrations well above the K. range.

The proposed cometabolic transformation model, which
incorporates the effects of product toxicity and reductant
supply into Monod kinetics, was shown to be applicable
to methanotrophic TCE transformation by resting cells.
A model of this type should be useful for evaluating various
reactor designs and configurations for the cometabolic
transformation of contaminants by resting microbial cells.

Registry No. TCE, 79-01-6; formate, 71-47-6.
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Two-Stage Dispersed-Growth Treatment of Halogenated Aliphatic
Compounds by Cometabolism
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• A two-stage bioreactor that utilizes cometabolic bio­
transformations for the treatment of halogenated aliphatics
is proposed. Methanotrophic cells are grown in a dis­
persed-growth reactor prior to transferral to a plug flow
transformation reactor in which they are contacted with
the waste stream and transformation occurs. A model
describing cometabolic biotransformation is used together
with basic equations for design of the growth and treat­
ment reactors to predict treatment efficiencies and to
evaluate the effects of the finite transformation capacity
of resting cells, electron donor supply, and product toxicity
on process design. For an example treatment scenario
targeting trichloroethylene (TCE), methane transfer and
growth reactor size are found to dominate the system
design at high contaminant concentrations, while at low
concentrations, the treatment reactor size becomes more
important. The results of this analysis for a two-stage
suspended-growth reactor system suggest that increasing
methane and oxygen mass-transfer rates, cell yield, and
transformation capacity may have a greater impact on
reducing overall reactor size than would an increase in
trichloroethylene transformation rate.

Introduction

The growing use of halogenated aliphatic compounds
and their subsequent release into the environment indi­
cates the need for the development of a low-cost, highly
effective treatment system for their destruction. At
present, the most prevalently used treatment processes for
halogenated organics include air stripping and activated
carbon sorption, which are capable of purifying water and
gas streams, but simply transfer the organic contaminants

t University of California, Berkeley.
I Stanford University.

to a new phase without destroying them.
Many halogenated compounds such as trichloroethylene

(TCE) have not been shown to be used by bacteria for
energy or growth, but can be transformed through come­
tabolism by organisms that use a primary substrate, such
as methane, for metabolism (1-4). A treatment system
based upon the cometabolic transformation of halogenated
aliphatics by methanotrophic microorganisms may be a
cost-effective and efficient alternative to physical processes
due to its potential for high transformation rates, complete
compound degradation without formation of undesirable
end products, applicability to a broad range of compounds,
and a requirement for an inexpensive and widely available
primary growth substrate.

Since methanotrophic TCE and methane oxidation both
require the same key enzyme, competitive inhibition sig­
nificantly affects the cometabolic transformation kinetics,
as evidenced both in suspended-growth (5) and unsatu­
rated fixed-film bioreactors (6). Competitive inhibition
must therefore be factored into process design. Previous
studies with methanotrophic bioreactors have used sin­
gle-stage reactors in which competitive inhibition makes
optimization of transformation efficiency difficult (6-9).

However, methanotrophic cells are capable of trans­
forming TCE in the absence of methane (resting cells), and
in this way, competitive inhibition can be avoided. A
recent finding of significance is that product toxicity and
limited electron donor supply result in a finite transfor­
mation capacity (Te) of resting cells (10). Here, T e is
defined as the maximum mass of TCE transformed by a
unit mass of resting cells (mg of TCE/mg of cells); a
corresponding term, the transformation yield (Tl ), rep­
resents the maximum mass of TCE transformatIOn per
mass of CH4 used to grow the cells (mg of TCE/mg of
CH4). Formate addition can significantly increase Te and
Ty , presumably due to the increased supply of electron
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(5)

(2)

(1)

r, = kXS/(K, + S)

1 Qg Yrm
-=-=--b
Og Vg Xg

The rate of primary substrate consumption is expressed
as (15)

Transformation Reactor. The rate of cometabolic
transformation of contaminant by resting cells in the
transformation reactor can be expressed as (13, 16)

In addition, under steady-state operation of a metha­
notrophic bioreactor where growth is methane limited, the
rate of methane consumption is equal to the rate of
methane transfer from the gas to the liquid phase. Thus,
an alternative expression is

rm=kLa(~: -Sm) (3)

The effective concentration of active microbial cells de­
creases as contaminant is consumed by cometabolism, as
described previously (13, 16):

dX/dS = l/Te (6)

Here, Te is defined as the transformation capacity of the
active cells. If the transformation reactor (Figure 1) were
operated in a plug flow steady-state mode, then the con­
taminant concentration, S, would decrease with distance
along the reactor. Likewise, eq 6 indicates that the active
microbial concentration would decrease as well. The re­
lationship between X and S at any point in the reactor is
found by integration of eq 6 to give

X = Xo - (l/Te)(So - S) (7)

System Design Model
In the following, basic equations for design of the growth

and treatment reactors are developed. The cell separator
is not covered here, but there are many possible alterna­
tives for this physical process.

Microbial Growth Reactor. The microbial growth
reactor is considered to be a continuously stirred tank
reactor (CSTR) without recycle. The reactor influent
consists of a liquid stream containing inorganic nutrients
and pH buffer for microbial growth. The primary sub­
strate for energy and growth could also enter with the
influent. However, with a methanotrophic reactor, the
primary substrate is methane, which is preferentially
transferred from a gas to the liquid phase. The relation­
ship between hydraulic detention time, rate of methane
utilization, and microbial cell concentration is as follows
(17):

By combination of eqs 1 and 3, the liquid volume of the
microbial growth reactor is obtained as a function of the
desired active microbial concentration Xg:

QgXg
V= W

g YkLa( ~: -Sm) - bXg

arator. Whatever water may be recycled back to the
growth reactor is thus mainly devoid of organisms, but is
functional for conveying the microorganisms between re­
actors. The design of the two reactors can be individually
optimized by separating organism growth from treatment.

ransformalion
Reactor

.'. Cell
-;- Separator

Plug
Flow

Liquid Recycle

Microbial Growth Reactor

Nutrients

donor produced during formate oxidation (11). Resting
cell TCE transformation therefore is affected by the
availability of an electron donor supply either from en­
dogenous reserves or from an exogenous source such as
formate. Formate addition to methanotrophic resting cells
also results in an increased rate of TCE transformation
(4, 12, 13) and hence may be useful in optimization of
treatment efficiency. TCE transformation product tox­
icity, evidenced by greatly reduced methane and formate
oxidation rates following TCE transformation (10, 14, 15),
must also be factored into process design.

The finite transformation capacities of resting cells due
to product toxicity or electron donor supply and compe­
titive inhibition are phenomena that appear to be asso­
ciated with cometabolic oxidation of many halogenated
aliphatic compounds. The purpose of this paper is to
incorporate these general concepts together with a come­
tabolic transformation model introduced previously (13,
16) into the design of a dispersed-growth cometabolic
treatment system for chlorinated aliphatic compounds. A
two-stage reactor is proposed that utilizes methane for cell
growth in one reactor while conducting the transformation
reaction in a second reactor (thereby excluding competitive
inhibition). This work targets TCE for degradation since
it is one of the most commonly encountered groundwater
contaminants and is representative of a class of common
solvents and their degradation products.

Proposed Cometabolic Treatment System
Figure 1 illustrates a two-stage treatment system de­

signed to take advantage of the cometabolic transformation
of halogenated aliphatic compounds, while recognizing the
limitations imposed. The system consists of a growth
reactor in which primary substrate is supplied to produce
the organisms of interest under optimal conditions. The
cell-rich growth reactor effluent is then mixed with the
waste stream containing the compounds to be treated
(contaminants), which together enter a treatment reactor
without headspace where the contaminants are cometa­
bolically degraded. When separate reactors for growth and
contaminant transformation are maintained the reaction
rate problems associated with competitive inhibition be­
tween the growth substrate and contaminant are also
avoided.

The treatment reactor is designed in such a way that the
transformation capacity of the cells is expended, or nearly
so. Because of product toxicity, the cells are inactivated
during treatment (14) and might be removed for disposal
rather than being discharged or recycled back to the
growth reactor. This is the purpose of the organism sep-

l""
Qw.sw

Figure 1. Proposed design lor two-stage disperse<klrowth methano­
trophic treatment system lor halogenated aliphatics.
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Substitution into eq 5 yields the transformation reaction
rate as a function of S:

k[ X o - ~(SO - S) ]s
r. = K. + S (8)

From a mass balance on S at steady state, the rela­
tionship between the hydraulic detention time (01) and
contaminant transformation can be expressed as follows
(I8):

Integration of eq 9 yields the following relationship be­
tween detention time and effluent contaminant concen­
tration for an idealized plug flow reactor:

8. = ~1[ V~.) '" ((F':/fx) +

T, '" (F, + T).)](101

Here, a dimensionless term, F" defined as the residual
capacity factor is introduced:

F, = (Xo - SolTe)I X o (11)

F, represents the fraction of the transformation capacity
that would remain if all the contaminant were completely
consumed in the transformation reactor. If the cells are
exposed to a concentration of contaminant greater than
their overall transformation capacity (i.e., So/Te > Xo), the
resl,lltant F, will be negative and the contaminant will not
be cQmpletely consumed. Alterately, when Fr is positive,
the full transformation capacity of the cells will not be
utilized under the given conditions and transformation of
additional contaminant is possible.

For a continuously stirred tank reactor, a similar analysis
leads to the following equation for steady-state operation:

0, = ~[ (K. ( SJ(S. ~ S1] (12)

XoS. F, + T;o

At the entrance to the transformation reactor, the waste
flow (Qw) is mixed with the growth reactor flow (Qg),
yielding the following as the influent microbial cell con­
centration (Xo) and contaminant concentration (So):

Qg (R)
Xo = Xg Qw + Qg = Xg 1 + R (13)

Qw (1)
So = Sw Qw + Qg = Sw 1 + R (14)

where R represents the flow ratio (Qg/Qw) and Sw the
contaminant concentration in the influent waste stream.
An implied assumption in the definition of So is that the
residual contaminant in the recycle stream (S.) is destroyed
in the growth reactor or otherwise lost. Assuming the
transformation reactor is operated devoid of headspace,
the transformation reactor volume, VI> becomes

V, = (1 + RlQwO, (15)

Fr

Figure 2. Relationship between dimensionless detention time (8, ') and
the residual capacity factor (F,) for a dimensionless influent TCE
concentration (S0 ') of 1.0 over a range of removal efficiencies within
a plug flow transformation reactor. F, represents the fraction of cell
activity remaining following the complete consumption of contaminant
(TCE) w~hin the transformation reactor.

System Characteristics
In order to illustrate the relationships between the

different variables for reactor design, it is helpful to in­
troduce dimensionless variables:

S.* = Sol K. (16)

So* = SolK. (17)

Xo* = (Te/So)Xo (18)

k* = (tITe)k (19)

8,* = (kIK.)Xot (20)

By introduction of these values into eq 10 for a plug flow
reactor and rearrangement, the following equation is ob­
tained:

8,* = ~[[ 1 - So*C ~rFJ] In (F'( 1 - ~::) +

So*) -In (So*)] (21)
So* So*

Here 0,* represents the dimensionless detention time
and is a function of the dimensionless influent concen­
tration, So*, the fraction of contaminant remaining after
treatment (S.*/ So*), and Fr. The residual capacity factor
is already dimensionless and can be simplified to

X o - SolTe X o* - 1
Fr = X

o
= ----x:* (22)

Equations 21 and 22 indicate 0,* is a function of So*, So*,
and Xo*. It is of interest to examine how 0,* varies with
F, (and hence X o*). Figure 2 illustrates for So* =1.0 the
relationship between 0,*, F" and a range of removal effi­
ciencies expressed as a percentage [100(So - Sol/Sol.
Figure 3 illustrates the same relationship with 95% con­
taminant removal for a range of So* values. For the case
shown in Figure 2, 90% or better removal can be obtained
at near-minimal detention times with F, greater than zero,
that is, when the transformation capacity of the cells does
not become exhausted. Since 0,* tends to increase rapidly
as Fr decreases below 0.2, a selected value of 0.2 or higher
for Fr seems appropriate as a first estimate for treatment
system design. Figure 3 indicates that with So* of lor less
(i.e., when So :s K,), the values for 0,* and Fr show only
slight dependence on So*, but when So* approaches 10 or
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Removal = 95%

Table I. Base-Case Coefficients Used in Growth and
Transformation Reactor Design Examples

Fr

Figwe 3. Relationship between dimensionless detention time (8,') and
residual capacity factor (F,) over a range of dimensionless Influent TCE
concentrations (So) for 95% removal in a plug flow transformation
reactor.

'0

, Based upon measured cellular net yield of 0.35 mg of CH,/mg
of cells. b Represents the estimated mass of TCE consumed per
unit mass of CH, consumed in reactors.

influent TCE cone influent TCE cone
(8.) 40 mg/L (8.) 0.4 mg/L

TCE TCE+ TCE TCE+
alone formate alone formate

Growth Reactor
cell density (X,), 2610 2610 2610 2610

mg/L
CH, consumptn' 3970 1790 40 18

kg/day
volume (V" m') 4780 2150 48 22

Transformation Reactor
% TCE removal 95 95 95 95
detention time (OJ. 0.096 0.030 0.492 1.37

day
volume (V,), m' 147 37 495 1370

Total System
flow ratio (R) 0.53 0.24 0.0053 0.0024
net yield.b mg of 0.0096 0.021 0.0096 0.021

TCE/mg of CH.
total volume 4930 2190 543 1400

(V, + VI)' m'

Table II. Base-Case Example for Growth and
Transformation Reactor Design Parameters Using Two
Influent TCE Concentrations and a Removal Efficiency of
95%. [IOO(S. - S.)/S.]. with Resting Cells Alone and in
the Presence of Formates~

100
10
01
1

080.'0.<0.2

General Coefficients
Q. = 10' m'/day
Y = 0.65 g of cells/g of CH.
b = 0.1 day-'
F, = 0.2

'. :-----

1+--~-_r-~--~-~-__l
-0.2 00

'00

'000-y--------------,

o = 9 day
tLo = 400 day-I
Hm = 0.042 atm.L/mg
Pm = 0.09 atm
8 m = 0.02 mg/L

TCE-Specific Coefficients

e'
I

higher (So» K.), 8t* increases in proportion to increases
in So*' This is a consequence of Monod kinetics: the
reaction rate is first order with respect to substrate con­
centration at low concentrations, but zero order at high
concentrations.

Design Examples
In order to illustrate the relationship between the re­

spective volumes of the growth and treatment reactors,
contaminated water characteristics, and treatment objec­
tives, some examples for a completely mixed growth reactor
with a plug flow treatment reactor are provided. Values
used for the variables in the base case are listed in Table
I. The general values listed in the first column represent
operating conditions for the laboratory growth reactor
previously described for the corresponding mixed-microbial
population grown under nonaseptic conditions (10). Values
for Yand b in the second column were determined spe­
cifically for the culture used (19), and the value of F, is
the minimum suggested in the preceding to limit treatment
reactor size. The TCE-specific coefficients listed represent
experimental results with the described mixed-microbial
population and reflect the increased transformation rate
and capacity of formate-fed cells (13).

Calculations of the system design factors are carried out
as follows: Xg is computed from growth reactor coefficients
by using eqs 1 and 3; the given F, is used to compute Xo
(eq 11); R and Q, are computed by using eq 13 with values
of Xo, X , and Qw; Vg is computed from eq 4, 8, from equ
10, and -(l, from eq 15. Table II is a summary of resulting
system designs for treatment of contaminated streams with
two significantly different concentrations of TCE in the
waste stream (40 and 0.4 mg/L) in order to help illustrate
the interplay between the growth and the treatment re-

TCE alone TCE + formate

k, day-I
K.. mg/L
T" mg of TCE/mg of cells

0.53
0.37
0.036

7.6
8.2
0.080

actors. With the higher influent contaminant concentra­
tion, the treatment reactor volume (VJ is much smaller
than for the low influent concentration, while for the
growth reactor volume (Vg), the opposite is true. The sum
total of reactor volumes is significantly lower for the low
TCE concentration. At the high concentration, addition
of formate to the treatment reactor to provide an exoge­
nous energy source results in a significant reduction in size
for both the treatment and growth reactors. whereas at the
lower concentration. the treatment reactor size is sur­
prisingly increased significantly by formate addition. The
major reason for the latter is that at the lower concen­
tration the transformation reaction rate is governed more
by the ratio k/K, than by k alone. and this ratio decreased
when formate was added. This indicates that the interplay
between variables is not always obvious and generalizations
about the effect of system changes are sometimes difficult
to make.

Table 1II contains the results of a sensitivity analysis
for the base case without formate addition for the same
two contaminant concentrations. The results of individ­
ually doubling the different important variables are il­
lustrated. At high TCE concentration, the growth reactor
size dominates the design. Two major design parameters
are particularly significant here, the rate of mass transfer
from the gas to the liquid phase (represented by variables
kLa and Pm) and the transformation capacity (Te). In­
creasing these variables can significantly reduce growth
reactor size. While changes in other variables can reduce
the transformation reactor size, this is not likely to lead
to greatly reduced costs for high TCE concentration be­
cause of the dominance of the growth reactor size.

At low TeE concentrations, the treatment reactor comes
into dominance, and efforts to reduce its size can signif­
icantly affect the overall costs. One of the most easily
controlled variables here is F,. When F, is increased from
0.2 to 0.8. the treatment reactor volume is reduced from
495 to 60 m3. This effect is somewhat offset, however, by
an increased methane consumption (from 40 to 159 kg/
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Table III. Effect of Doubling Individual System Design
Variables on Treatment System Characteristics for a TCE
Removal Efficiency of 95%

net yield,'
consumed mg of

variable R, VI' V-.; CH., TCE/mg
doubled Q,/Q. m3 m kg/day ofCH.

S.; 40 mg/L
base caseD 0.53 147 4780 3970 0.0096
k 0.53 73 4780 3970 0.0096
K. 0.53 154 4780 3970 0.0096
T, 0.27 249 2390 1980 0.0192
KLa 0.27 125 2390 3970 0.0096
Pm 0.26 124 2380 3970 0.0096
1/8, 0.81 169 3650 3970 0.0096
F, 0.71 97 6370 5290 0.0072
F: 2.12 42 19100 15900 0.0024

S.; 0.4 mg/L
base caseD 0.0053 495 48 40 0.0096
k 0.0053 247 48 40 0.0096
K. 0.0053 892 48 40 0.0096
T, 0.0027 986 24 20 0.0192
KLa 0.0027 493 24 40 0.0096
Pm 0.0026 493 24 40 0.0096
1/8, 0.0081 496 37 40 0.0096
F, 0.0071 263 64 53 0.0072
F,b 0.0212 60 191 159 0.0024

°Base case makes use of variable values listed in Table I. b F,
value doubled again over value in row above to 0.8. 'Represents
the estimated mass of TCE consumed per unit mass of CH. con­
sumed in reactors.

day) and an increase in the growth reactor size (from 48
to 191 m3). A selection of the best value for F, requires
an economic evaluation, but a value of -0.7 here provides
the minimum total volume for growth and treatment re­
actors (224 m3).

If eq 12 for a CSTR rather than eq 10 for the plug flow
treatment reactor is assumed, then the treatment reactor
size increases. For the case with 40 mg/L TCE and no
formate addition, the CSTR treatment reactor size is 2-3
times larger than the plug flow case. For this concentration
with formate addition, the CSTR is -7 times larger, while
at the lower contaminant concentration, with or without
formate, it is -10 times larger than the plug flow reactor.
Thus, there can be considerable advantage in the design
of a treatment reactor that approaches idealized plug flow.

The above examples illustrate that, with relatively high
contaminant concentrations, methane transfer and the
growth reactor size are likely to dominate the system
capital and operating costs, while with low concentrations,
the treatment reactor size would most likely dominate
costs. The sizes of these reactors are affected by different
system variables, and thus it is not clear which particular
variables should receive most investigative effort for im­
provement. In order to successfully apply cometabolic
treatment systems for biotransformation of halogenated
aliphatic compounds, an understanding of the impact of
all the system variables indicated is important.

Summary and Discussion

There have now been several reported studies on reac­
tors for cometabolic transformation of TCE (6-9). The
common operational characteristic of the suspended
growth (7), unsaturated fixed-film (6, 8) and saturated
fixed-film (9) systems reported to date is that growth and
transformation have been conducted in the same reactor.
When attempts have been made to increase methane
transfer to the cells by increasing methane partial pressure
in the gas phase, the contaminant transformation rate

often decreases because of competitive inhibition. Thus,
with higher contaminant concentrations, where methane
transfer has a dominant influence on reactor size, such
reactors have significant limitations. In addition, possible
toxic effects of contaminant or transformation products
on microorganisms have not been well evaluated since the
reactors were not operated sufficiently long under the
steady-state conditions where toxic effects are likely to
become evident.

The use of a two-stage biological treatment system for
degradation of contaminants by cometabolism represents
an attractive alternative when competitive inhibition be­
tween the primary substrate and contaminant is involved,
and especially when the products of cometabolism are toxic
to the microorganisms. This is the case with TCE trans­
formation by methanotrophic bacteria (10,14,15), and also
by organisms producing toluene dioxygenase (20, 21). It
is probably true for any microbial oxygenase system that
may be used for TCE transformation as the epoxide and
its transformation products are known to be cytotoxic (22,
23). This is perhaps also true for other halogenated ali­
phatic compounds, although the degree to which substrate
or product toxicity is exhibited in other cases is not yet
well-known.

The two-stage reactor concept is related to the well­
demonstrated pheomenon that resting methanotrophic
cells grown under certain conditions, such as low copper
concentration (3, 4), can transform halogenated aliphatic
compounds at relatively high rates, comparable to the rates
of transformation of the primary substrates themselves.
The transformation yields (T¥) of resting cells tend to be
of the same order of magnitUde as commonly reported for
actively growing cells, and thus separation into two stages
appears not to result in a loss of efficiency in energy usage.
It also provides the marked advantage of permitting cell
growth to be optimized for high methane transfer rates and
cell activity, using a growth medium that is best suited for
this purpose.

This study has illustrated that there are two related
characteristic values that affect the design of a two-stage
cometabolic treatment system: the transformation ca­
pacity, Te, and the transformation yield, Ty• These terms
can be used to relate the energy requirement, in terms of
quantity of primary substrate needed, to the amount of
contaminant that can be degraded. The lower the value
for Ty , the more primary substrate that is required to treat
a given amount of contaminant. This generally translates
into a larger required growth reactor because of limitations
in gas transfer (oxygen in general, but methane also with
methanotrophic systems). As illustrated in the examples
provided, the growth reactor volume tends to dominate
with higher substrate concentrations (So» K.), and thus
for this case, increasing Ty results in a smaller growth
reactor volume.

A high Tr, corresponds to a high Te, which is a limit set
by the availability of internally stored reducing power,
substrate toxicity, product toxicity, or some combination
of all three. As illustrated with a methanotrophic culture
(10,13), T e can be increased markedly by the addition of
formate to the treatment reactor, which serves to increase
the methanotrophic reducing power without resulting in
competitive inhibition to TCE transformation or organism
growth. Formate addition also increases the reaction rate
markedly. However, as illustrated, this does not always
translate into a smaller treatment reactor volume because
K. tends to increase markedly with formate addition as
well. The advantage of added reducing power is effected
mainly at high contaminant concentrations. There may
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Glossary

Growth Reactor

Transformation Reactor

F, residual capacity factor
k maximum rate of contaminant transformation (mg

of S (mg of cellstl day-l)
K. half-velocity constant for contaminant (mg/L)

be other ways to increase Tc that need to be explored such
as manipulating the cellular growth rate, optimizing the
methane/oxygen ratio within the growth reactor, changing
the microbial growth medium formulation, or reducing the
toxic effects of the contaminant or its transformation
products.

An interesting feature found from this reactor analysis
is the confounding effects of the several variables on the
size of the growth and treatment reactors, effects that
tended not to be intuitively obvious. The use of Fro the
residual capacity factor, proved useful in this analysis. F,
indicates the fraction of Tc that will not be consumed
during treatment. At higher contaminant concentrations
(So» K,), designs with F, as close to zero as practical
tended to yield more optimal results because the growth
reactor size was dominant. However, with low contaminant
concentrations (So < K,), increased values of F, appeared
to provide more optimal reactor volumes as the treatment
reactor size dominated here. Under these conditions, it
becomes more important to take advantage of the maxi­
mum transformation rate by fresh cells, rather than
maximizing the use of transformation capacity.

Because of the interplay between so many factors in the
design of the two-stage system for cometabolic transfor­
mation of halogenated aliphatic compounds, an optimi­
zation model that includes capital and operating costs
would be useful both for design and to guide future re­
search on ways to reduce treatment costs. In addition,
studies on cometabolism of other contaminants and their
interactions when present in mixtures is desirable. How­
ever, present knowledge is sufficient to indicate that com­
etabolic treatment is technically feasible; the need is to
increase economic feasibility.

Although much work has been done with methanotrophs
to maximize the rates of transformation reactions with a
range of nongrowth compounds (4, 10--12, 14, 15,23), the
results of the analysis presented here suggest that for a
suspended-growth reactor system the development of
methods for increasing methane and oxygen mass transfer,
or increasing cell yield or transformation capacity, may
have a much more significant impact.

Qw + Qg, transformation reactor influent and ef­
fluent flow rate (m3/day)

rate of contaminant transformation (mg L-l day-I)
aqueous contaminant concentration at time t

(mg/L)
transformation reactor effluent contaminant con­

centration (mg/L)
transformation reactor influent contaminant con­

centration (mg/L)
transformation capacity of resting cells (mg of

S/mg of cells).
transformation yield of resting cells (mg of S/mg

of primary substrate).
transformation reactor volume (m3)

active microbial concentration at time t (mg/L)
transformation reactor influent active microbial

concentration (mg/L)
transformation reactor hydraulic detention time

(day)

General Terms

Qw waste stream flow rate (m3/ day)
Sw waste stream contaminant concentration (mg/L)
R Qg/ Qw, overall reactor flow ratio

Registry No. TCE, 79-01-6; methane, 74·82-8.
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Survey of Potable Water Supplies for Cryptosporidium and Giardia
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• The comparative occurrence of Cryptosporidium and
Giardia was evaluated in 257 water samples from 17 states
in the United States. Cryptosporidium oocysts were de­
tected in 55% of the surface water samples at an average
concentration of 43 oocysts/l00 L, while Giardia cysts were
found in 16% of the same samples at an average concen­
tration of 3 cysts/l00 L. Giardia and Cryptosporidium
were more frequently detected in samples from waters
receiving sewage and agricultural discharges as opposed
to pristine waters. There was no correlation between the
concentration of water quality indicator bacteria and either
protozoa. Both protozoa were more frequently isolated in
the fall than other seasons of the year. The concentrations
of both organisms were significantly correlated in all
waters. Cryptosporidium oocysts were detected in 17 %
of 36 drinking water samples (0.5-1.7 oocysts/l00 L) while
no Giardia cysts were detected. The widespread occur­
rence of cysts and oocysts in waters used as supplies of
potable water suggests that there is a risk of waterborne
transmission of Cryptosporidium and Giardia infections
if the water is not adequately treated.

Introduction

Cryptosporidium and Giardia are enteric protozoa that
cause waterborne disease. Waterborne giardiasis was first
recognized in the United States in 1965, and as of 1988,
106 outbreaks have been reported (1). Cryptosporidium
has only recently been recognized as a cause of waterborne
disease. By the 1980s Cryptosporidium was well docu­
mented as a cause of diarrheal illness in humans and the
first waterborne outbreak was reported in 1985 (2).

Giardia is currently the most frequently identified agent
of waterborne disease in the United States; however, in the
majority of outbreaks the etiological agent has remained
undetermined (I). Although Cryptosporidium has been
documented in only two waterborne outbreaks, it was re­
sponsible for one of the largest outbreaks in the United
States since 1920, with an estimated 13000 individuals
affected (3). Not only was the size of the outbreak sig­
nificant, but the water underwent complete treatment
including coagulation, sedimentation, rapid sand filtration,
and chlorination (4). Water quality standards for coliforms
«1/100 mL) and turbidity «1 NTU) were met and dis­
infection (1.5 mg/L chlorine) was not deficient or inter-

I University of South Florida.
I University of Arizona.
I U.S. Environmental Protection Agency.

rupted. However, improper or poor operational practices
were identified, including poor mixing during coagulation
and restarting of dirty filters without backwashing.

Many characteristics that enhance the potential for
transmission through water are shared by Cryptospori­
dium and Giardia. Both are transmitted by the fecal-oral
route, with the infected individual excreting Cryptospo­
ridium oocysts or Giardia cysts. Animals as well as hu­
mans may serve as sources of environmental contamination
and human infection. The oocyst and cyst are the envi­
ronmentally stable stages and both are resistant to inac­
tivation by drinking water disinfectants (5,6). There is
no simple or routine test that can be used to evaluate the
occurrence of these protozoa in water, and the bacterial
indicator system used to assess microbial water quality
may be inadequate for the determination of parasitological
water quality (7).

The occurrence of the enteric protozoa in drinking water
sources indicates a potential risk for waterborne disease,
depending on the level of contamination and the effec­
tiveness of the drinking water treatment. In two previous
surveys, 10 and 28% of the surface waters sampled were
shown to contain Giardia cysts at levels between 0.6 and
5/100 L (8, 9). Cryptosporidium occysts were reported
in as many as 77% of the waters examined in the western
United States at concentrations of 0.1-94 oocysts/l00 L
(10). In a study limited to a single watershed, Cryptos­
poridium oocyst concentrations in water were correlated
to Giardia cyst levels (7).

This survey was undertaken to gain additional infor­
mation on the comparative occurrence of Cryptosporidium
and Giardia in waters used for potable supplies in the
United States. In particular we were interested in the
occurrence of cyst and oocyst levels in pristine (more
protected watersheds) and polluted waters (receiving
sewage and agricultural discharges), seasonal occurrence,
and association with other water quality variables.

Materials and Methods
Samples were collected from rivers, streams, lakes (or

reservoirs), and springs that were used as sources of
drinking water. These sites were identified with the as­
sistance of local water authorities and utilities. Samples
were categorized as polluted on the basis of the description
of the watershed including public access and use, devel­
opment, farms, and known point discharges from sewage
treatment plants, and as pristine if there was no or little
human activity, restricted public access, no agricultural
activity within the watershed, or sewage treatment plant
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discharges impacting the water upstream from the sam­
pling site. Samples were collected over the period of
1985-1988 throughout the year.

Sampling methods and procedures were adapted from
those previously described (11). Samples were collected
by passing the water through a 10-in.-long polypropylene
yarn-wound cartridge filter (Micro Wynd II, AMF/Cuno,
Meriden, CT, 1.0-m nominal porosity). For surface waters
approximately 4OQ-L samples were fIltered. Approximately
1000-L samples were also collected from groundwater and
treated drinking water by connecting the filter housing
directly to a tap. Samples of backwash waters originating
from sand filters at the drinking water treatment plants
were also collected. Because of the high turbidity of this
water only 10-40-L samples could be collected.

After the samples were collected, the filters were re­
moved from the housing, placed in large Zip-loc plastic
bags, and shipped on ice to the laboratory for processing.
Most filters were processed within 2-4 days; however, in
a few cases, the fIlters were kept at 4 °C for 7-10 days prior
to processing.

Oocysts and cysts were recovered from the filter by fIrst
backwashing the fIlter with deionized (01) water containing
0.1 % Tween 80. The filter was cut longitudinally, teased
apart, separated in halves, and washed in the eluate in a
large container on a shaker at top speed (Gyrotory Shaker,
Model G76, New Brunswick Sci. Co., Edison, NJ) for 10
min. The filter material was then rinsed and pressed by
hand for 1 min or until clean. The washed fIlter material
was discarded, and the eluate was combined and centri­
fuged at 1200g for 10 min. Final pellet volumes were
recorded, half was resuspended into 10-20 mL of 3.7%
formaldehyde for Giardia analysis, and the second half of
the pellet was resuspended into 10-20 mL of 2.5% po­
tassium dichromate for Cryptosporidium analysis. Both
storage media have been shown to maintain the cyst and
oocyst counts for up to 20 weeks (13), and oocysts have
been shown to maintain viability when stored in potassium
dichromate.

A volume of resuspended pellet equivalent to 100 L for
surface water and 400 L for groundwater or drinking water
was processed for each parasite by using procedures de­
scribed by Rose et al. (12). After being washed, the pellet
was resuspended in 10 mL of the Tween 80/sodium do­
decyl sulfate solution and homogenized and one drop of
antifoam agent A (Sigma, St. Louis, MO) was added. The
pellet was resuspended in DI water or Tween 80/SDS
solution for Giardia or Cryptosporidium processing, re­
spectively. The mixture was sonicated for 4 min in a water
bath (Branson ultrasonic cleaner 25 KHz, Shelton, CT),
and layered onto sucrose [1.24 specifIc gravity (g/mL), 500
g of sucrose, 320 mL of Dr water, and 9.7 mL of liquid
phenol, diluted 4/5], for Cryptosporidium, and potassium
citrate (1.24 g/mL, approximately 56%) was used for
Giardia (12). Following centrifugation, the top and in­
terface layers and 10 mL of the flotation medium were
collected, diluted with 01 water in a 1/3 ratio, pelleted,
and resuspended in an appropriate volume (1-10 mL) of
DI water, depending on the size of the pellet. The final
concentrate was fIltered through 13-mm-diameter cellulose
nitrate membrane filters of 1.2-J.tm porosity for Cryptos­
poridium and 5.0-J.tm porosity for Giardia. Between two
and six replicate membranes were needed to filter the
entire sample, depending on the turbidity of the suspen­
sion.

The samples were stained with monoclonal antibodies
directly on the filters while in the housing. Both direct
and indirect immunofluorescence procedures were used to
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analyze the samples, depending on the antibodies. The
development and evaluation of this methodology and an­
tibodies that were used in this study are described in detail
by Rose et al. (13). Cryptosporidium monoclonal anti­
bodies used in this study were obtained from Dr. Charles
R. Sterling, (Dept. of Veterinary Sciences, University of
Arizona, Tucson, AZ) and the Giardia monoclonal was
obtained from Meridian Diagnostics (Cincinnati, OH)
(14-16). A second Giardia monoclonal antibody was
provided courtesy of John L. Riggs (California State
Health Department, Berkeley, CAl (17). Goat anti-mouse
IgG or IgM(u) antibodies directly conjugated to fluorescein
isothiocyanate (FITC) were obtained from Kirkegaard and
Perry (Gaithersburg, MD) for an indirect fluorescence
procedure.

The filters were removed from the housing and mounted
in 50% glycerol phosphate buffered saline (pH 8.0), and
cover slips were applied. The entire filter was examined
by (200X) magnifIcation and epifluorescence microscopy
(Olympus BHTU epifluorescence microscope, New Hyde
Park, NY). Cryptosporidium and Giardia were identifIed
at 400X magnifIcation from the following criteria: (1)
bright apple-green fluorescing objects outlined by specifIc
intense fluorescence on the outside wall of the cyst- or
oocyst-like objects; (2) appropriate size and shape. For
Giardia: oval (8-18 J.tm long by 5-15-J.tm wide). For
Cryptosporidium: spherical (4-6 J.tm in diameter), char­
acteristic folding in the oocyst wall.

The numbers of cysts and oocysts were calculated per
equivalent volume examined.

Methods were evaluated by seeding known levels of
oocysts and cysts into tapwater (up to 400 L) or secondary
sewage effluent (up to 200 L). After the sample was pro­
cessed as previously described, percent recoveries were
calculated. All data for environmental samples were re­
ported as true oocysts and cyst counts and were not ad­
justed for recovery efficiencies for each type of water
sampled, due to the logistics in running that many seeded
samples and potential for contamination of environmental
samples.

Grab samples were collected in addition to filtered
samples for analysis of turbidity, total coliform bacteria,
fecal coliform bacteria, and in a few cases fecal streptococci
bacteria and heterotrophic plate count (HPC) bacteria.
Standard methods were employed using a turbidimeter,
multiple tube fermentation, membrane filtration for co­
liforms and fecal streptococci, and spread plate techniques
on plate count agar for HPC (18).

Each sample was defIned by location, date of collection,
water type, and treatment (if applicable) and categorized
as polluted or pristine. Pristine samples were those coming
from watersheds with little human activity, receiving no
agricultural discharges or domestic sewage discharges.
This information and results of each sample for the pro­
tozoa, bacteria, and turbidity were entered on a dBase III
Plus program (Ashton-Tate) using an IBM personal com­
puter. Samples were sorted by location, type of water,
season, and pristine or polluted categories. Counts for
cysts, oocysts, and bacterial colony forming units were
transformed for analysis [log 10 (y + 1)] for all samples.
Geometric averages were calculated. Pearson's correlation
coefficients were developed for turbidity and each proto­
zoan, total coliforms and the protozoa, fecal coliforms and
the protozoa, and Giardia and Cryptosporidium. The
spss-x statistical package (SPSS Inc., Chicago, IL) was
used on the VAX/VMS computer at the University of
Arizona Computer Center. Two-way and two-by-four-way
contingency tables were set up for determining association



Table I. Surface Water Samples Collected and Analyzed for Cryptosporidium and Giardia

Cryptosporidium Giardia

av" av"
total sample oocysts/ cysts/l00

state water type no. (pristine)· no. positive (pristine)· 100 L no. positive (pristine)· L

Az river 32 (20) 14 (6) 4400 3 (2) 3.3
lake 22 (19) 9 (7) 170 4 (4) 5.0

AR spring 2 (2) 2 (2) 8 0 <0.25'
CA river 14 (12) 6 (4) 4 1 (1) 12

lake 7 (7) 7 (7) 6 0 <ld

CO river 2 (1) 2 280 0 <1
CN river 9 (8) 2 (2) 4 1 (0) 2.0

lake 4 (0) 2 <I 0 <1
FL river 3 (0) 2 5 0 <1
GA river 2 (2) 0 <I 0 <1
HI spring 1 (1) 1 0.25 0 <0.25
MA lake 1 (1) I 3 0 <1
MI river 1 (1) 0 <1 0 <1
MO river 3 (1) 2 (0) 8 0 <1
NY river 5 (3) 1 (1) 2 1 (0) 2.0

lake 6 (3) 2 (1) I 0 <1
spring 3 (3) 0 <0.25 0 <0.25

OR river 7 (4) 4 (2) 3 0 <1
lake 1 (1) 0 <I 0 <1
spring I (1) 1 13 0 <0.25'

PA lake 2 (0) 0 <I 0 <1
TX river 1 (0) 1 20

lake 4 (3) 4 (3) 92 1 (0) 3.0
UT river 29 (5) 23 (4) 1300 8 (1) 140

lake 23 (0) 16 380 9 30
WA river 3 (3) 0 <1 0 <1

• Number of samples in the pristine category. b Arithmetic averages for all positive samples. 'Sample volume was 400 L; detection limit
was <1/400 L. ·Sample volume was 100 L; detection limit was <1/100 L.

Table II. Summary of Cryptosporidium and Giardia Occurrence in Surface Waters by Pristine versus Polluted Categories

sample sample no. sample no. geometric geometric
no. in positive for positive for av for av for

sample category category Cryptosporidium Giardia oocysts/l00 L cysts/l00 L

surface waters 181 93 28 43 3
rivers 111· 57· 14 43 4

polluted 38 28 10 66 (29000)b 11 (625)"
pristine 59 19 4 29 (24000)b 0.35 (12)b

lakes 700 39" 14 44 3
polluted 24 14 8 103 (7200)b 6.5 (l56)b
pristine 34 18 4 9.3 (307)b 0.5 (7)b

• Values within a category do not add up to the total value since some samples could not be defined as to pollution category. bMaximum
values in a single sample.

between cyst or oocyst presence and the two water cate­
gories and four seasons. Significant associations were
tested by using a x2 analysis.

Results
Oocyst and cyst method recoveries were evaluated

throughout the study by seeded trials using tapwater and
activated sludge treated sewage effluent. Sample sizes
ranged from 378 (tapwater) to 20 L (sewage effluent). This
represented the range of the types of water we were sam­
pling (treated potable waters to those waters highly in­
fluenced by sewage discharges). Recovery efficiencies were
29-58% for Cryptosporidium and 13-22% for Giardia and
these are in the ranges previously reported in a variety of
wastewaters, surface waters, and tapwaters (9-12).

A total of 188 surface water samples were collected from
17 states (Table I). The majority of surface water samples
were taken from the western states, in particular Arizona,
California, and Utah (126), while the remaining samples
came from the eastern (28), northwestern (14), southern
(13), and midwestern (6) states, with one sample from
Hawaii. The results in Table I show the arithmetic av-

erages for positive samples only, reflecting peak values
without consideration of prevalence (percent positive) in
the various water types by state for Cryptosporidium 00­

cysts and Giardia cysts. Detection limits were 1/100 L
for rivers and lakes and 1/400 L for spring waters.

Cryptosporidium oocysts were found in a greater num­
ber of samples than Giardia cysts and at higher concen­
trations. In some waters receiving wastewater discharges
from sewage treatment plants and agricultural discharges
(Arizona, Colorado, Texas, and Utah), high numbers of
oocysts were detected. Maximum numbers were 7100, 550,
308, and 29000/100 L (Arizona, Colorado, Texas, and
Utah, respectively) for Cryptosporidium oocysts, and a
maximum of 625 Giardia cysts/1oo L was found in Utah
waters.

Table II summarizes the occurrence of Cryptosporidium
and Giardia in rivers and lakes as defined by water type
and pollution category. Of the 181 river and lake water
samples, 93 were categorized as pristine (receiving no
sewage, agricultural, or domestic animal discharges). These
sites were identified by water authorities and utilities
where there was little human habitation and public access
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was controlled. In both river and lake samples, a greater
prevalence of Cryptosporidium and Giardia was observed
in the polluted category. Average oocyst and cyst levels
were 11 and 13 times greater, respectively, in the polluted
as opposed to pristine lake samples. In river samples,
average oocysts levels were 2.2 times greater and average
cyst levels were 31 times greater in the polluted category.

Seven springs were also included in the pristine category,
as well as 12 groundwater samples. Twenty-six samples
were undefined by pollution category and were excluded,
and six groundwater samples were excluded as fluorescein
tracer studies had demonstrated a plume of contamination
in the well field. Cryptosporidium oocysts and Giardia
cysts were detected in 39 and 7% of all pristine water
samples and averaged 20 oocysts/1oo L and 0.4 cysts/1oo
L, respectively (Figure 1). In contrast, unrpotected waters
impacted by some type of discharge (sewage or agricul­
tural) had Cryptosporidium in 68% of the samples with
an average of91 oocysts/1oo L and Giardia in 29% of the
samples at an average level of 10 cysts/1oo L. The asso­
ciation between classification of a water (as polluted or
pristine) and frequency of Giardia cyst or Cryptospori­
dium oocyst detection was evaluated with a two-way
contingency table and x2 test of association. The x2 was
13.5 and 9.2 with p < 0.005 at one degree of freedom for
Giardia and Cryptosporidium, respectively, indicating a
statistically significant association between the categories
of water defined in our study and the frequency of de­
tection of these organisms.

Geometric means [log 10 (y + 1)] for all samples were
calculated for the protozoa in each category of water type
(Figure 2). Giardia cysts averaged 3 and 4/100 L in
lake/ reservoir and river/stream samples, respectively.
Cryptosporidium oocyst levels were approximately 10
times higher in the surface waters (44/100 L for lake/
reservoir samples and 43/100 L for river/stream samples).
Spring waters had an average of 4 oocysts/100 L. Six of
36 drinking water samples were positive for oocysts and

the geometric average was 0.1 oocysts/1oo L. One of 18
groundwater samples was positive (4/100 L, average of 0.13
oocysts/1oo L). Backwash samples from rapid sand filters
produced the highest average concentration of oocysts
(217/100 L).

The maximum concentrations of Cryptosporidium 00­

cysts and Giardia cysts found in a single sample were
contrasted in the various water types (Figure 3). Table
II contains the maximum values in the various water
pollution categories. Peak concentrations of oocysts and
cysts were approximately 4 and 3 times greater, respec­
tively, in polluted river water as compared to polluted lake
water. Peak concentrations of Cryptosporidium oocysts
were 10-100 times greater than Giardia cyst levels. The
maximum concentrations of Cryptosporidium in pristine
and polluted rivers were very similar, while maximum
Giardia cyst concentrations in the same waters were over
50 times greater in polluted water as compared to pristine
water. Maximum Cryptosporidium concentrations in
springs, groundwater, and drinking water were much lower,
ranging from 1.7 to 13 oocysts/100 L.

Surface water samples were sorted by season (June, July,
and August as summer; September, October, and Novem­
ber as fall, etc.) and geometric averages were determfmed
for Cryptosporidium oocysts and Giardia cysts (Figure 4).
The average concentrations of oocysts were the highest in
the summer and fall (65 and 40/100 L, respectively). A
similar pattern was also observed for average cyst con­
centrations (3 and 8/100 L in the summer and fall, re­
spectively). Both oocyst and cyst concentrations were low
in the winter (3 and 0.2/100 L, respectively), and in the
spring only oocyst levels increased (21/100 L). The num­
ber of samples collected in the summer was 1.7-1.9 times
greater than in the fall, winter, or spring. The association
of oocyst and cyst occurrence with season was evaluated
by using a two by four-way contingency table and the x2

test. A significantly greater percentage of samples (p =
0.01) were positive for cysts and oocysts in the fall. The
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Table III. Geometric Averages for Cryptosporidium, Giardia, and Bacteria Concentrations by Water Type

total fecal
Cryptosporidium Giardia turbidity,· coliforms, fecal coliforms,' streptococci,b HPC,'

water type oocysts/100 L cysts/100 L NTU CFU/100 mL CFU/100 mL CFU/100 mL CFU/mL

lakes/reservoirs 44 3 30 21 7.9 7.0 1700
rivers/streams 43 4 25 40 16 3.7 14000
springs 4 <0.25 3.5 7 NO NO 6000
groundwater 0.3 <0.25 0.18 11 <1 NO 3900
drinking water 0.1 <0.25 0.7 <1 NO NO 50

• Arithmetic averages. 'NO, not determined. 'Heterotrophic plate count.

Table IV. Correlation Coefficients for Turbidity, Total Coliform
Bacteria, Fecal Coliform Bacteria, Cryptosporidium. and Giardia in
Surface Water.

totalb fecall:
turbidity- coliforms coliforms Cryptosporidiumd

Cryptosporidium 0.204 -0.032 0.026 1.0
Giardia 0.208 0.012 0.087 0.544'

• N = 121. • N = 70. 'N = 73. d N = 196. 'Significant at p <0.001.

x2 was 12.3 and 12.1 for Giardia and Cryptosporidium,
respectively, at three degrees of freedom with p < 0.01.

To determine whether season or pollution category was
influencing the results of the statistical associations, the
samples were sorted in respect to these variables. The
samples were almost equally distributed between polluted
and pristine categories for the fall (52 and 48%) winter
(55 and 45%), and spring (60 and 40%) collections. In the
summer, 81 % of the samples fell into the pristine category;
however, this apparently did not affect the trend as higher
numbers of oocysts and cysts were demonstrated in the
summer and fall collections. Samples from the polluted
category were fairly evenly distributed among the seasons
(34%, fall; 22%, winter; 24%, spring; and 19%, summer).
The high percentage of pristine samples (54 %) that was
collected in the summer as opposed to 20, 11, and 14% that
were collected in the fall, winter, and spring, respectively,
did not influence the lower prevalence or numbers of 00­

cysts and cysts found in the pristine category.
Geometric averages [log 10 (y + 1)] for both positive and

negative samples for total coliforms, fecal coliforms, fecal
streptococci, and HPC were calculated for samples from
various water types and arithmetic averages were calcu­
lated for turbidity (Table III). Turbidity averaged 0.7
NTU in drinking water samples, with only one sample
greater than 1 NTU (3.0 NTU), and was low in ground­
water (0.18 NTU). Turbidity was higher in samples from
springs (3.5 NTU), and averaged 25 and 30 NTU in river
and lake samples, respectively. Total coliforms ranged
from 7 to 40 CFU/100 mL and were not detected in
drinking water. Fecal coliforms averaged 16 and 7.9
CFU/I00 mL while fecal streptococci averaged 3.7 and 7
CFU/100 mL in rivers and lakes, respectively. The HPC
counts averaged 50, 3900, 6000, 14000, and 17000 CFU/
mL in drinking water, groundwater, springs, rivers, and
lakes, respectively.

Correlation coefficients were developed for files with
complete data sets in surface water samples, and no as­
sociations were observed between either protozoan and
turbidity, total coliforms, or fecal coliforms. The con­
centrations of Cryptosporidium oocysts and Giardia cysts
were significantly correlated, with an r = 0.544 at p < 0.001
(Table IV).

The surface water samples (126) from Arizona (AZ),
California (CA), and Utah (UT) were sorted and evaluated
separately from a category designated "all other samples"
(62, surface water samples). This was done to evaluate the

Table V. Prevalence and Geometric Averages of
Cryptosporidium Oocysts in Treated Drinking Water

type of treatment

direct disinfection
conventional· filtration only

sample no. 17 11 6
no. of positive 2 2 2

samples
geometric av for 0.04 0.08 0.20

oocysts/100 L

• Coagulation, sedimentation, sand filtration, and disinfection.

Table VI. Cryptosporidium Oocyst Concentrations,.
Disinfectant Residuals, and Turbidity in Treated Drinking
Water"

source disinfectant turbidity, oocyst/
waterb filtration type mg/L NTU 100 L

river conventional chlorine 0.82 0.24 0.73
rapid sand

river directC chlorine 0.9 0.5 0.57
river dual media' chlorine 1.01 0.18 0.5
river none chloramine 1.1 0.32 1.7
spring none chlorine 0.4 3.0 0.11

·Total coliforms were <1/100 mL for all five samples. 'First
two rivers in polluted category last two rivers in pristine category;
spring influenced by a nearby river flow in polluted category.
'Coagulant mixer inoperable. d No coagulants used.

bias of the large number of samples collected in these
states in determining trends. In both groups of samples
(AZ, CA, and UT versus all other samples), similar trends
were seen between the polluted and pristine categories, as
previously described. A greater percentage of samples from
the polluted category of waters were positive for Cryp­
tosporidium oocysts and Giardia cysts as compared to the
samples from the pristine category. In addition, the greater
percentage of positive samples was found in the fall
months.

The occurrences of Cryptosporidium oocysts in drinking
water were categorized by the type of treatment the water
had received. Oocysts were detected in 6 of 36 drinking
water samples (400-1000 L) (Table V). In five of the
positive samples, data were available on filtration, disin­
fection, and turbidity (Table VI). Where filtration was
not used, one of the positive unfiltered samples had a
turbidity (3.0 NTU) exceeding the current standard. The
highest oocyst concentration detected (1.7 oocysts/l00 L)
also came from a water that was unfiltered. Oocysts were
detected from a facility using direct filtration; however,
the coagulant mixer was inoperable during sample col­
lection. Another oocyst-positive result came from drinking
water receiving direct filtration without the use of coagu­
lants. There were no reported problems in the conven­
tional treatment facility using rapid sand filtration in
which oocysts were detected.
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Table VII. Studies on the Occurrence of Cryptosporidium in Water Using Various Antibodies

% geometric av
study/antibodies used water type total sample no. collected positive oocysts/loo L

Ongerth and Stibbs (I9)/polyclonal rivera 11 100 115
rose (IO)/IgGb lake 32 75 91

river 58 77 94
pristine waters 6 100 2
polluted waters 6 83 99

Stetzenbach et al. (27)/IgM' lake 44 29 89
river 24 29 35

this study/IgGb 1985-1986 pristine river 21 65 63
polluted river 13 83 148
pristine lake 4 50 34
polluted lake 14 88 244

IgM' 1987-1988 pristine river 38 29 0.9
polluted river 25 51 24
pristine lake 30 47 5
polluted lake 10 38 2

• Primarily pristine waters. b Antibody courtesy of Dr. Charles R. Sterling. 'Antibody from Meridian Diagnostics.

Table VIII. Studies on the Occurrence of Giardia in Water Using Various Antibodies

study/ antibodies used water type total sample no. collected % positive geometric av cysts/loo L

Ongerth and Stibbs (9) / polyclonal riverO 222 43 0.3b

4
6

Rose (I 2)/ IgGd pristine river 3 0.9b

polluted river 8 (57)' 120
polluted lake 10 35

this study/IgGd 1985-1986 pristine river 21 4 0.08
polluted river 13 28 13
pristine lake 4 0 0
polluted lake 14 47 12

IgG' 1987-1988 pristine river 38 9 0.5
polluted river 25 15 6.1
pristine lake 30 12 1.2
polluted lake 10 15 1.3

• Three separate watersheds, mostly pristine. b Arithmetic averages. 'Percentage for all samples. d Antibody courtesy of Dr. John Riggs.
, Antibody from Meridian Diagnostics.

Discussion
Information on the occurrence and concentrations of

pathogenic microorganisms in water sources to be used as
potable water supplies is critical to ensure proper treat­
ment to protect public health. Surveys such as this one
help provide information on what types of supplies may
require more treatment than others and help identify
seasonal and other environmental factors that influence
the occurrence and concentrations of microbial pathogens.
This study reports on the most extensive survey to date
comparing the relative occurrence of both Giardia and
Cryptosporidium in surface water supplies in the United
States. This study attempted to apply the most recent
advances in the detection of these protozoan parasites in
water (11-13, 19) after a thorough evaluation of the effi­
ciencies of these methods. Hibler reported (8) the most
extensive study of waters (more than 4423 samples) for
Giardia using light microscopy without the aid of anti­
bodies. He found Giardia prevalence at 17-41 % in lakes,
rivers, and creeks. In our study, Giardia was detected in
16% of surface waters. Only 3% of the groundwater
samples (63 wells) were positive in the Hibler study, and
3.4% of the drinking water samples (357 samples po­
stconventional treatment) were positive for Giardia. In
our study, no Giardia were detected in groundwaters or
drinking waters but fewer samples were examined.

This study has demonstrated no association between the
protozoa and bacterial indicators. Other surrogates appear
to be needed to define water quality to enable determi­
nation of the potential risk of enteric protozoan contam-
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ination. In pristine waters indigenous animals may con­
tribute significant numbers of oocysts and cysts to a water
system on occasion. Domestic animals, particularly cattle,
may also be sources of water contamination (8, 20-23).

Cryptosporidium oocysts were generally detected more
often than Giardia cysts in every type of water and the
concentrations of oocysts averaged 1 log greater than
Giardia cysts. This may reflect the widespread occurrence
of Cryptosporidium in a variety of animals. However, the
levels of oocysts and cysts in all water samples were found
to be significantly correlated. This supports a similar
report of concurrent contamination in a single watershed
(7).

The seasonal occurrence of Cryptosporidium oocysts
and Giardia cysts in water may be related to the seasonal
occurrence of infections. Tzipori (24) in a recent review
summarized the frequency of cryptosporidiosis in humans
in Asia, the Pacific, America, Europe, and Africa. In 17
of 30 reports, the peak season was found to be in the
summer or autumn, while only one study reported peak
infections in the winter. Daly et al. (25) found that cases
of giardiasis increased in midsummer and peaked in Sep­
tember. In a 7-year period, most of the Giardia-positive
patients were observed in the late summer, with minimum
numbers of patients in the winter (26).

Several previous studies have examined a variety of
waters for the occurrence of Cryptosporidum and Giardia
(Tables VII and VIII), (9, 10, 12, 19, 27). Each study
employed slightly different recovery methods and different
antibodies for detection. The specificity of these antibodies



to human versus animal isolates and their nonspecific
binding to other organisms in water samples are variable
or unknown. In addition, the method recoveries, water
quality, watershed characteristics, and seasonal trends were
diverse or unspecified.

Only one investigation to our knowledge has been un­
dertaken to compare various antibodies for cyst and oocyst
detection in environmental samples (13). To summarize
briefly, the Cryptosporidum IgM MAb and the Giardia
IgG (Riggs) MAb appear to be more specific for the de­
tection of human isolates as they did not demonstrate
fluorescence with one bird species (Cryptosporidium
baileyi) or a mouse isolate (Giardia muris), respectively.
Both Giardia MAb detected fewer cysts when compared
to a polyclonal antibody, and the IgG MAb (Riggs) de­
tected less than the other MAb (Meridian). In limited
comparisons no differences were observed among antibo­
dies (including those in our study) for sewage samples (13).

In this study and others (10, 19, 27) it appears that the
antibodies that were less species specific for Cryptospo­
ridium, including the polyclonal and the IgG, resulted in
a higher percentage of samples positive and greater con­
centrations of oocysts than the more specific IgM antibody
(Table VII). This was particularly apparent in the pristine
water category. Although not as consistant or dramatic
for Giardia, the more species-specific antibody (the IgG
Riggs) did result in data of lower cyst prevalence and cyst
concentrations in the pristine water category (9, 12) (Table
VIII). The pollution categories remained distinctive re­
gardless of the antibodies except in the case of the lake
samples collected in 1987 and 1988.

These data suggest that, particularly in pristine waters,
antibodies that are more specific for the species that may
infect humans may result in lower counts of Cryptospo­
ridium oocysts and Giardia cysts and may be more re­
flective of a human health risk. Further investigations are
needed in regard to speciation, cross-infectivity, and an­
tibody specificities for the enteric protozoa.

The occasional finding of Cryptosporidium oocysts in
drinking water is a concern from a public health viewpoint,
considering the low infectious dose of this organism (28)
and its resistance to disinfectants (6). The turbidity of the
treated water was below the current standard of 1 NTU
in most cases, and coliform levels were in compliance.
Filtration was being used in three plants, and these data
as well as the large outbreaks in Carrollton (3) and Oxford
and Swindon (29) demonstrate that currently we have no
way of evaluating the operational parameters of a fIltration
plant for oocyst removal, and the adequacy of disinfection
is questionable (6). There is no doubt that filtration can
remove oocysts, as in some cases, large numbers of oocysts
were detected in the backwash from fIlters. This could also
be significant as backwash waters are often recycled
through a plant to conserve water. The recycling of
backwash waters was suggested as a possible contributing
factor in the outbreak in England (29).

The consumption of nonpotable surface waters has been
associated with cryptosporidiosis (30). Bennet et al. (31)
have suggested that 60% of all Giardia infections in the
United States are a result of ingesting contaminated waters
(probably from both potable and nonpotable supplies,
although this was not defined). The role of potable waters
in the acquisition of enteric protozoan infections needs to
be further evaluated. In evaluating the health significance
of oocyst and cyst contamination of water, we are uncertain
of viability, infectivity, and specificity of the pathogen to
humans. Currently, we are unable to determine oocyst or
cyst viability in environmental samples. Regardless of this

limitation, the occurrence of potential pathogens in source
waters may pose a significant health hazard to the exposed
population, depending on a number of factors, including
the level of the contamination and the degree of treatment
to achieve potable water. This survey has demonstrated
the widespread occurrence of Cryptosporidium and
Giardia in untreated surface waters. We need to further
assess pathogen distributions in water, the potential peaks
of contaminants entering a drinking water supply, and the
survival, transport, and infectivity of the oocyst and cyst
in the environment. These data can then be used with a
risk assessment approach to develop appropriate control
strategies (32).
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Influence of the Environment on the Patina of the Statue of Liberty

Richard A. Livingston"

Geology Department, University of Maryland, College Park, Maryland 20742

• The copper corrosion layer, or patina, of the Statue of
Liberty now shows a variation in color from one point to
another that is associated with local variations in the
mineralogy of the patina. It has been proposed that the
color patterns are the result of attack by acid rain. To
investigate this problem, a set of copper mineral phase
diagrams has been prepared, which display the stability
domains and solubilities as a function of the major anions
(SO/-, CI-, H+, and HC03-) found in rainwater. These
diagrams provide the basis for a geochemical model of the
patina's mineralogy. The model predicts that acid rain,
at the pH levels observed in rainfall in New York City,
cannot affect the mineralogy or solubility of the patina.
The color patterns appear to be related to the direction
of the prevailing wind, which determines where the rain­
water contacts the Statue. The rainwater in turn stabilizes
the sulfate copper minerals over the chloride ones. These
patterns may be more prominent now than in the past
because of reductions in ambient S02 levels in the inter­
vening years.

1. Introduction

The restoration work on the Statue of Liberty, which
was completed in 1986, was designed to eliminate the
galvanic corrosion between the copper skin and the
wrought iron framework. However, during the course of
the work another aspect of the corrosion of the copper
came to light. Baboian and Cliver (I) observed that there
were systematic differences in the composition of the
minerals of the corrison layer, or patina, at different points
around the Statue of Liberty. This caused concern for two
reasons. First, since antiquity the patina of a copper or
bronze object has been regarded as an important esthetic
!actor. ~2). Seco.';:~, the mineralogy of the patina affects
Its ablhty to prC".ect the metal substrate.

Regarding this second point, Nielsen (3) compared
samples of the present-day patina with a sample taken

• Present address: R. A. Livingston Associates, 2737 Devonshire
Place N.W., Washington, D.C. 20008.

from the Statue of Liberty in 1905 and subsequently kept
in storage. He noted that while the basic copper sulfate
mineral brochantite (Cu4(OH)6S04) was found in samples
from both periods, antlerite (Cu3(OH)4S04), a mineral with
a higher sulfate content, was found only in the modern
sample. Acid rain, a phenomenon that has appeared only
in the last two or three decades, consists largely of sulfuric
acid (4). Nielsen theorized that the acid rain was attacking
the brochantite and converting it to antlerite (2). Since
the latter is more soluble than the former, Nielsen also
conjectured that acid rain may thus be increasing the rate
of copper loss from the Statue. Baboian and Cliver ex­
tended this conjecture to explain the spatial pattern of
color on the Statue. Analysis of old photographs indicated
that the patina was uniformly green in the 1960s so that
the present distribution of patina color seems to have
developed over the same time period during which rain has
become more acid in the Northeast United States.

However, acid rain is not the only environmental factor
capable of affecting the mineralogy of the patina. Sulfur
dioxide gas can react directly with the copper to produce
sulfate minerals. Sea salt is another possibility, since
Nielsen also found atacamite (Cu4(OH)6Clz) in the patina
of the Statue. This basic copper chloride is often found
in copper patinas in coastal areas exposed to sea-salt
particles (5), and therefore, it is not surprising to find it
on the Statue, which looks out upon the Atlantic Ocean.
Thus, to understand the mineralogy of the patina it is
necessary to consider the effects of the aqueous species H+,
SO/-, and Cl- as well as OH-, HC03-, and N03-, which are
also present.

A basic tool for studying the effect of environmental
chemistry on corrosion layer mineralogy is the equilibri­
um-phase diagram, which is derived from chemical ther­
modynamics. These phase diagrams were originally de­
veloped by Pourbaix (6) to model metallic corrosion as a
function of pH and redox potential, pE, but have subse­
quently been extended to a wide range of environmental
variables. Since thermodynamic equilibrium is the basic
requirement for constructing these diagrams, they are
usually unsuitable for studying short-term kinetics.
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can be illustrated by the example of the saturation of
brochantite. Its precipitation is given by the relationship

4[Cu2+] + 6[OH-) + [SO.2-) =Cu.(OH)6S0. (1)

The solubility product for this reaction is then

Kbr = lCu2+110H-16{SO/-1 (2)

where the braces represent activities and the brackets arc
concentrations, e.g.:

ISO/-l = 'Yso.'-[SO/-) (3)

Note that eq 2 describes a three-dimensional surface in the

Table I. Reactions and Equilibrium Constants

Brochantite Solubility
Cu,(OH).SO, = 4Cu2+ + 60W + SO;- log K b, = --68.9

Antlerite Solubility
CU3(OH),SO, = 3Cuo. + 40H- + SO;- log K~t = -47.1

Chalcanthite Solubility
CuSO,·5H20 = Cu2+ + SO;- + 5H20 log K,. = -·2.65

Tenorite Solubility
CuO + H20 = Cuo. + 20W log K ln = -20.21i

Atacamite Solubility
Cu,(OH).CI2 = 4Cu2+ + 60H- + 2Cl- log K.. = "flll.8

Antlerite/Chalcanthite Stability
CU3(OH),SO, + 2S0;- + 5H20 = 3CuSO,·5H20 + 40W

log K~",. = -39.2

Brochantite/Antlerite Stability
3Cu,(OH).SO, + SO;- = 4CU3(OH),SO, + 20W

log Kb'~l = -18.0

Tenorite/Brochantite Stability
4CuO + 4H20 + SO;- = Cu,(OH).SO, + 20W

log K'n., = -16.8

Brochantite/Atacamite Stability
Cu,(OH),SO, + 2Cl- = Cu,(0H).CI2 + SO;­

log Kb,.. = -{).929

However, they can provide constraints on the assemblage
of minerals that will be stable over long-term exposure to
a given set of environmental conditions.

A number of researchers have previously explored the
copper mineral-phase relationships involving these com­
ponents. Pourbaix himself (7) drew a phase diagram for
the five-dimensional system Cu-Cl-c02-SOa-H20. This
system also would be suitable for the situation of the
Statue of Liberty. However, Pourbaix's phase diagram
used only single values of SOa, CO2, and Cl based on the
chemical composition of drinking water in Brussels.
Subsequently, Leckie and Davis (8) prepared a conven­
tional Pourbaix diagram at a fixed level of sulfur (0.1 M).
Silman (9) drew up a three-dimensional diagram using
Cu2+, pH, and SO.2- as the axes. Kucera and Mattson (10)
constructed a two-dimensional diagram with axes of pH
and SO.2- at a fixed level of Cu2+, as did Graedel (11). To
investigate the stable minerals under a wider range of
conditions including carbonate, sulfate, and chloride ions,
Woods and Garrels (12) prepared two-dimensional dia­
grams involving the composite components (H+)2(Cl-)2 and
(H+)2S0.2- rather than pH, Cl-, and SO/- separately.
Mann and Deutscher (13) also studied 'copper mineral
stability involving these ions. Their approach consisted
of selecting discrete levels of these ions and, for each set
of values, finding the least soluble mineral. Boundary lines
connecting these known points were then drawn by in­
terpolation.

However, all these previous studies have in common the
drawback that Pourbaix-type diagrams are inconvenient
for investigating the region of greatest interest concerning
the effect of acid rain on the Statue of Liberty, i.e., the
interface between the solution and the solid phases of the
corrosion layer. At this interface, the presence of the cation
Cu2+ in the solution introduces an additional variable,
leading to a three- or four-dimensional figure. As noted
above, previous investigators have usually dealt with this
problem by selecting one or more discrete values of Cu2+.
This then makes it possible to construct two-dimensional
phase diagrams in which the solution/surface interface
appears as a set of contours. However, during reactions
with acid rain Cu2+ concentration varies continuously.
These processes are difficult to portray graphically on such
a set of contours.

The approach used here eliminates the problem by
treating Cu2+ as a dependent variable that is a function
of the environmental variables SO/-, OH-, and Cl-. The
resulting phase diagram has a unique curve representing
the solution/surface interface, which makes it much easier
to visualize the processes of environmental degradation of
the Statue's patina.

II. Patina Mineral Stability Diagrams
Since the primary concern with acid rain is the potential

effect of H+ (or OH-) and SO/- on the Statue's patina,
Figure 1 has been prepared to display the copper mineral
stabilities as a function of these two variables. The
chemical equations and equilibrium constants used to
generate this diagram are summarized in Table I. This
diagram was constructed in the usual way established by
Pourbaix (5), except for the boundary lines between the
solution and the solid phases. Therefore, away from this
region of the diagram, the boundaries between solid phases
have the same slopes as in a conventional Pourbaix dia­
gram.

The major difference is that the set of lines at the so­
lution/surface interface has been drawn by imposing the
constraint of a specified electroneutrality condition on the
solubility product of the saturated mineral. This procedure
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space with axes ICu2+1, 10H-I, and IS042-1.
However, since rainwater is a very dilute solution, it is

reasonable to assume that during contact with the Statue's
surface, its chemistry will become dominated by the ions
supplied by dissolution of the corrosion products.
Therefore, the electroneutrality condition would be ap­
proximated by

[Cu2+] = [SOl-] + Y2[Cn + Y2[Alk] (4)

where [Alk] is the carbonate alkalinity defined as

[Alk] '" [HCOa] + 2[COl-] + [OH-] - [W] (5)

and the activities of the carbonate species HCOa- and COa2­
are fixed by the pH of the solution and the partial pressure
of carbon dioxide (J4).

Since the water film is open to the atmosphere, the
partial pressure of carbon dioxide remains constant at 10-3.5
bar. Hence the alkalinity is solely a function of pH, and
eq 3 can be restated in terms of the single variable, OH-,
by using appropriate equilibrium constants:

[Alk] =
102.68[OH-] + 106.65[OH-F + [OH-] - lO-14/[OH-] (6)

With this expression for Alk, eq 4 can be used to substitute
for lCu2+1 in eq 2, giving

Kbr =1'4cu,.(102.68[OH-] + 106·6S[OH-j2 + [OW] -

lO-14/[OW] + SOl- + Cn4IOH-16IS0l-1 (7)

This equation thus presents the saturation of brochantite
as a function of the three major environmental anions:
S042-, OH-, and Cl-.

In the two-dimensional phase diagram with the axes
IS042-1 and 10WI, ICI-1 is an adjustable parameter, which
can be initially set to zero for simplicity. It is then possible
to solve eq 7 by iteration. This is done by selecting a value
for 10H-1 and then testing various values of ISOl-1 until
the closure error is less than a specified amount, in this
case, 0.01 %. The result of the iterative computations is
the line segment in Figure 1 connecting points A and B.

The iterative solution of eq 7 shows that in the range
of values where the solution is saturated with respect to
brochantite, 10-2< ISOl-1 < 10-5mol/L and 10H-1 < 10-7•

Thus, in this region of the phase diagram, IS042-1 » Alk,
according to eq 6. With this result, it is possible to solve
eq 7 analytically. It becomes first

Kbr = 1'4cu,.[SOl-]410H-16IS0l-1 (8)

This is a mixed type of solubility product because it in­
cludes both concentrations and activities of SOl- as well
as the activity coefficient of Cu2+. However, in this par­
ticular case, such complications can be avoided because
over the range of ionic strengths involved

(9)

and therefore eq 8 can be rewritten solely in terms of
activities by using this relationship together with eq 3:

Kbr =1'4so.'-[SOl-]410H-16IS0l-j = IOH-16{SOl-15 (10)

Finally, taking logarithms of eq 10 and rearranging gives

log ISOl-1 =0.2 log Kbr - 1.2 log 10H-1 (11)

This is a simple linear relationship between the logarithms
of ISOl-1 and {OH-I as indicated by the line segment be­
tween A and B in Figure 1. The slope of this line is -1.2
in contrast to a slope of -6 that would appear in a con­
ventional Pourbaix diagram (8, 9). Note that the linearity
is fortuitous. In general, where Alk is not negligible, or
the activity coefficients cannot be equated as in eq 9, the
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saturation line will be curved.
The same procedure is used to determine the saturation

line for antlerite. In this case also, the ultimate result is
a simple linear relationship in the logarithms of the ac­
tivities:

log IS042-1 = 0.25 log Kant - log {OH-l (12)

The intersection of these two saturation lines occurs at
point A, which has the coordinates log lSOl-1 =-1.77, log
10H-1 = -10.04 (or pH = 3.96). It also marks the inter­
section of the brochantite/antlerite boundary line with the
solution field. Hence, it is the only point on the diagram
where both antlerite and brochantite can be stable in
contact with each other and the solution. For solution
compositions above this point, i.e., at lower pH and higher
{SOl-I, only antlerite is stable and brochantite must dis­
solve, and vice versa for values below this point. Moreover,
this point also constitutes a buffer for sulfuric acid, as can
be seen from the reaction for conversion of brochantite to
antlerite:

3(Cu4(0H)6S04) + H2S04 <=' 4(Cua(OH)4S04)+ 2H20
(13)

In other words, adding sulfuric acid to a stable assemblage
of a water film + antlerite + brochantite will not affect
the solution chemistry. It will only change the proportion
of brochantite to antlerite in the patina. This reaction is
also significant because it implies that as antlerite dissolves,
it can react with water yielding solid brochantite and
sulfuric acid.

The solution field in Figure 1 is completed by the sat­
uration lines of two other copper minerals. At higher
values of lSOl-1 it is saturated with respect to chalcanthite
(CuS04,5H20). Since this is not a basic copper salt, its
dissolution does not involve changes in 10H-I. Hence, its
saturation line is horizontal. Chalcanthite has not been
observed in the patina of the Statue, which suggests that
the level of {S042-1 in the environment does not exceed
10-2.5 mol/L. Tenorite (CuO) is the phase shown as
bounding the lower end of the solution field. This mineral
has been observed in the Statue's patina. However, be­
cause of the presence of Cl-, as discussed below, the actual
saturated phase could also be atacamite.

The phase diagram in Figure 1 is "surface bound", in the
sense that it includes a specific electroneutrality condition
which is determined by equilibrium with the mineral as­
semblage of the surface. This is typical of water in thin
surface films or in porous materials. However, in the case
of large water-to-surface volumes, such as an object im­
mersed in the sea, or water flowing through a pipe, the bulk
solution electroneutrality condition may differ from that
at the immediate interface. It would still be possible to
use surface-bound phase diagrams under these conditions,
although steady state instead of true equilibrium would
be implied.

It should also be noted that the surface-bound constraint
only requires that the variability in the electroneutrality
condition be completely determined by the ions found in
the surface minerals. It is possible to use a electroneu­
trality condition that includes additional ions, provided
that these do not react with the surface. The result would
be a phase diagram with the same general features.
However, the positions of the saturation lines and inter­
section points may be shifted because of the common ion
effect, ion pairing, and the influence of these additional
ions on the ionic strength and, hence, activity coefficients.
These complications can be modeled, but a discussion of
this is beyond the scope of this article. In this particular
case, because rainwater is a very dilute solution, any ad-
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III. Effect of Acidic Deposition on the Patina
Stability

Acid rain falling in the Northeast United States is
produced by the long-range transport and transformation
of sulfur dioxide emitted from certain large fossil-fueled
power plants, located primarily in the Midwest (3). In New
York City, rainfall pH typically ranges from 3.8 to 4.2 (I5).
The anthropogenic acidity is a mixture of sulfuric and
nitric acids. Since these dominate over any natural acids
present, the acidity can be given as

[H+)'ain =2[SOl-),ain + [N03-1,ain (14)

The ratio of sulfate to nitrate anions is roughly 2:1.
Assuming this ratio remains relatively constant, it is
possible to approximate eq 14 by

[H+),ain "" 2.5[SOl-),ain (15)

This relationship has also been plotted in Figure 1. A
point on this line represents the composition of a given acid
rain event. This line does not coincide with the boundary

(17)

for the solution field, which indicates that the rain is not
in equilibrium with the patina. Therefore, upon contact
with the surface, the acid will tend to be neutralized by
reaction with brochantite:

CU4(OH)6S04 + 3H~04 ;=! 4Cu2+ + 4S0l- +6H20
(16)

The path of this reaction is shown graphically in Figure
1 as the line CD moving in the direction of increasing 10H-1
from the starting point C on the acid rain line. It continues
until it intersects with the brochantite saturation line at
point D. This indicates that equilibrium between the
solution and the solid phase has been reached, and the
reaction stops.

The equation describing these neutralization reaction
paths can be derived from stoichiometry and mass bal­
ances. From eq 16, the amount of SOl- added to the
solution at any point along the path by the reaction with
brochantite is

Combining eqs 15 and 17 ultimately gives a relationship
describing the SOl- concentration as a function of the
solution [H+] and the initial [H+) in the rain:

[SOl-) =-o.165[W) + 0.56[H+),ain (18)

The particular neutralization path that intersects the
saturation line at the invariant point A is important be­
cause it defines a geochemical divide. Any solution with
a starting composition that falls below this divide will
eventually reach equilibrium with brochantite, while any
composition above the divide will end in equilibrium with
antlerite. This means that only those rainwater compo­
sitions above the geochemical divide can convert bro­
chantite to antlerite. Substituting the coordinates of point
A (log IH+I = -3.96, log lSOl-} = -1.77) into eq 18 and
solving gives a pH value in the rain of 1.36. Therefore, only
rain with pH less than this value will be able to transform
brochantite to antlerite, but this pH level is much lower
than the minimum ever observed in acid rain. Conse­
quently, the acid rain falling on the Statue of Liberty
cannot convert the brochantite in the patina to antlerite.

While it has no effect on the stability of brochantite vs
antlerite in the patina, the acidity of the rain could still
conceivably increase the solubility of brochantite itself.
The solubility of brochantite can be expressed as a function
of [SOl-j, because of the assumption that the solution is
surface bound. Consequently, the [SOl-) in the solution
is due solely to dissolution of brochantite. Then from
stoichiometry, the amount of brochantite in solution in
grams per liter is equivalent to 454[SOl-). This compu­
tation is simplified by the fact that for the relevant range
of solution compositions there is negligible complexing of
copper.

It is then necessary to define a reference solubility that
would be observed in the absence of manmade acidity.
Conceptually, this would be the solubility measured in a
layer of water on the surface created by condensation.
There are two cases for surface conditions. The first is that
both antlerite and brochantite are present, and the second
is that only brochantite is found.

In the first case, because of the antlerite/brochantite
buffer given by eq 13, the acid rain has no effect on ISOl-l,
which is fixed at 10-1.76 or 17.4 mmol/L. At this solution
chemistry, the activity coefficient for SOl- is 0.48. Hence
[SOl-) is 36 mmol/L, and the brochantite solubility is
simply 16.5 gm/L regardless of the acidity of the rain.

However, in the second case, in the absence of antlerite
there is no unique value for the solubility of brochantite

BROCHANTITE
Cu.(OH).SO.-1

LOG!CL-j

Figwe 2. Equilibrium phase diagram for copper minerals as a function
of sol- and CI- actlv~les at 25 DC and Pco, = 10-3·5 bar. Note that
the minerai saturation lines are solution bound. All thermodynamic data
are taken from Woods and Garrels (16).

ditional ions can be ignored.
To evaluate the effect of chlorides on the patina, it is

necessary to assign nonzero values to ICI-}, which again
creates a three-dimensional surface. This could be handled
by introducing a set of contours for various levels of ICI-1
in the phase diagram of Figure 1. However, to visualize
the relationship between atacamite and brochantite more
conveniently, a second phase diagram has been constructed
with axes of log ISOl-1 and log ICI-}, which is presented
in Figure 2. In this diagram the third component becomes
log 10H-}, which cannot be set to zero. Consequently,
instead of a unique curve representing the solution/surface
interface, there is a set of contours at specified levels of
pH. For each contour, there is a single point where bro­
chantite and atacamite can coexist in contact with the
solution. However, unlike the invariant point A in Figure
1, this point does not represent a true acidity buffer.

With these two phase diagrams, it is then possible to
visualize the influence of the environment on the Statue
of Liberty's patina. First the effect of acid rain is evalu­
ated, and then the effects of sulfur dioxide and sea-salt
deposition are considered.
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since it can be in equilibrium with the solution at any point
along line AB. To establish a reference solubility, it is then
necessary to specify either lSOl-l or pH. In a simple
brochantitejwater system, the pH would be fixed at 5.6
by equilibrium with atmospheric CO2, This value of pH
at line AB gives a value of 0.20 mmoljL for ISOl-l, and
hence a reference brochantite solubility of 0.1 gmjL. For
comparison, the lowest value of pH measured in acid rain
in the New York area is 3.5. The neutralization path for
this rain acidity is shown as line CD in Figure 1. This
intersects the brochantite saturation line at ISOl-l =0.18
mmoljL, which is slightly lower than that for the reference
brochantite solubility. In other words, even the worst case
acid rain slightly reduces the solubility of brochantite
rather than increases it under these conditions.

In reality, the system is more complicated, and the pH
of the solution is probably not determined by CO2equi­
libria. While the surface is wet, corrosion of the copper
metal of the Statue's skin can proceed. The overall re­
action can be summarized as

Cu + Y202 + H20 = Cu2+ + 20H- (19)

This process injects base into the solution and thus tends
to drive the equilibrium toward higher pH and therefore
lower brochantite solubility.

Moreover, eq 19 also suggests the possibility of the
formation of solid Cu(OH)2 as a separate phase. In fact,
most investigators have observed that in the precipitation
of brochantite, Cu(OH)2 initially appears as a colloid, which
subsequently converts to brochantite (16). The equation
for this reaction

4Cu(OH)2 + SOl- + 2W =CU4(OH)6S04 + 2H20 (20)

suggests that brochantite can dissolve incongruently by
hydrolysis to form Cu(OH)2 and sulfuric acid. The coex­
istence of these two phases would create another buffer.
However, it is not possible to locate this on the phase
diagram because of the uncertainty of the Gibbs energy
of Cu(OHh, which is dependent on the particle size of the
colloid. As a result, Cu(OH)2 is generally regarded as being
only metastable with respect to CuO (17). This explains
why tenorite rather than Cu(OH)2 is shown as the stable
phase at point B in Figure 1.

While the copper is corroding, sulfur dioxide gas is also
simultaneously depositing from the atmosphere, giving rise
ultimately to sulfuric acid according to the overall reaction

S02 + Y202 + H20 = 2H+ + SOl- (21)

which would tend to drive the equilibrium in the other
direction toward lower pH and higher brochantite solu­
bility.

Consequently, the pH, and hence the brochantite solu­
bility, is determined by the balance at any given moment
between the two competing processes of copper corrosion
and S02 deposition. Unfortunately, the details of these
processes, which are controlled by kinetics and not ther­
modynamic equilibria, are not known. The problem of
estimating the S02 deposition rate is discussed more fully
below.

The most that can be said at the present state of
knowledge is that the solubility of brochantite shifts up
and down along line AB in response to fluctuating envi­
ronmental conditions. Nevertheless, it has been shown
above that, even in the case of the extreme acid rain event
(pH = 3.5), the solubility of brochantite is not affected if
the reference pH is less than 5.6. For more typical rain
acidities (pH> 4), the reference pH would have to be
greater than 6 for the brochantite solubility to show sen-
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sitivity. However, this reference pH lies along line AB very
close to point B, and in this region of the phase diagram,
there is a great deal of uncertainty about whether the
stable phase is brochantite, antlerite, or copper hydroxide,
as discussed above. Moreover, when the effect of Cl- is
taken into account, it is likely that an additional stable
mineral, atacamite, coexists with brochantite in this region.
The effect of this mineral assemblage on solution chemistry
is discussed in the next section. It would effectively keep
the reference pH below 5.0.

Therefore, practically speaking, acid rain does not affect
the solubility of brochantite or the conversion between
brochantite and antlerite at the Statue of Liberty. This
conclusion is supported by laboratory investigations that
have found no effect of pH on copper corrosion product
mineralogy (16, 18). Thus, Nielsen's conjecture that acid
rain is altering either the composition or the solubility of
the Statue's patina does not appear viable.

This conclusion contradicts the conventional wisdom
about the effect of acid rain on copper or bronze sculpture.
Another way of stating the issue is that the patina of the
Statue itself produces sulfuric acid in contact with water.
This is a consequence of the incongruent dissolution of the
basic copper sulfate minerals antlerite and brochantite, as
shown in eqs 13 and 20. The resulting pH levels are
comparable to those found in acid rain. Moreover, the
amount of acidity that can be delivered by acid rain is
limited by the processes of atmospheric chemistry that
operate during long-range transport and further by the fact
that it rains only about 1-2% of the time over the period
of a year. In contrast, sulfur dioxide produced by sources
in the New York City region can react with copper skin
to produce sulfates a much greater percentage of the time.

IV. Influence of Sulfur Dioxide and Sea-Salt
Deposition on the Patina

Given that acid rain has negligible effect on the patina
of the Statue, the sulfate that forms the dominant corro­
sion minerals must come from other sources, primarily
deposition of sulfur dioxide gas. The overall equation for
the formation of sulfuric acid from sulfur dioxide is given
byeq 21. However, this is actually a two-step process. The
first is the hydration of sulfur dioxide, which yields sul­
furous acid:

S02 + H20 =W + HSOa- (22)

This is followed by oxidation to form the sulfate:

HSOa- + Y202 = H+ + S042- (23)

The process given by eq 22 can be characterized by a
thermodynamic equilibrium, in which the pH of the so­
lution plays an important role in determining the HSOa­
concentration in the solution. However, the subsequent
oxidation step HSOa- to SOl- is effectively irreversible,
and the relationship between the two chemical species is
determined by kinetics rather than equilibrium consid­
erations. There are many possible S02 oxidation reactions
involving copper compounds as catalysts (19), but unfor­
tunately, it is not yet known which would be the rate-lim­
iting step. Nevertheless, it is possible to state qualitatively
that the concentration of SOl- will increase monotonically
with the partial pressure of S02, but it is also regulated
to some degree by the solution pH, which in turn depends
on the rate of corrosion of copper and the rate of bro­
chantite precipitation. Therefore, it is unlikely that the
S02 deposition rate achieves a steady state except at the
brochantitejantlerite buffer, point A, where the pH is
fixed.



The effect of chlorides deposited by rainwater or by
seawater, either as spray droplets or sea-salt suspended
particulate matter can be evaluated by using Figure 2. The
chemistry range of New York rainwater (13) and of sea­
water has also been plotted in this figure. It can be seen
that seawater plots in the stability field of atacamite.
Hence, if it came into contact with a brochantite layer, it
would convert the brochantite into atacamite. In contact
with atacamite, it would simply precipitate more atacamite
to remove Cu2+ and CI- from the solution until equilibrium
with the surface is reached.

Cu.(OH)6CI2 = 4Cu2+ + 60H- + 2CI- (24)

On the other hand, rainwater plots in the solution field.
If it came into contact with atacamite, the solution chem­
istry would move toward saturation by dissolving the
atacamite to increase the CI- activity of the solution ac­
cording to the reaction. However, this reaction also re­
leases OH-, thereby increasing the pH. Since this reaction
has no effect on the ISO.2-I, its path would be a horizontal
line moving toward the right. This path would appear to
reach equilibrium with atacamite. However, because the
pH is also increasing, the saturation line of brochantite is
also moving lower, as shown by the contours in Figure 2.
Even for the lowest values of ISOl-1 found in rainwater,
the end result of the reaction is equilibrium with bro­
chantite rather than atacamite. Consequently, on surfaces
regularly washed by rainwater, atacamite would be unst­
able, but on sheltered surfaces, the accumulation of sea
salt would tend to favor a mixture of brochantite and
atacamite. The instability of atacamite in the presence
of rainwater has also been pointed out by Opila (20) and
Graedel (11), but neither of these authors considered the
possibility of sea-salt deposition.

The coexistence of brochantite and atacamite does not
necessarily create a pH buffer, unless either ISOl-1 or ICI-}
is also held constant, as can be seen from Figure 2. As
discussed above, the deposition of S02 to form SOl- re­
quires the presence of a film of water and varies with
solution chemistry. On the other hand, the deposition of
sea-salt particles is a mechanical process that can take
place on either a wet or a dry surface. This means that
the sea-salt deposition rate would be much less variable
and, hence, more likely to be the controlling factor in
establishing a quasi-buffer with the atacamite/brochantite
mineral assemblage. Dry deposition rates of chlorides have
been measured in lower Manhattan at 0.5-3.0 mmol/
m2·month (IS). However, to translate this deposition rate
into a CI- concentration requires detailed knowledge about
the adsorption and/or condensation of moisture on the
surface, and the rate of removal by runoff. In the absence
of this detailed information, the composition of water lying
on the surface can be bracketed by seawater and by rain­
water. From Figure 2, seawater has a ICI-l of 0.38 mol/L,
which yields a pH of 3.9 at the atacamite/brochantite
boundary. This lies very close to the brochantite/antlerite
buffer at point A of Figure 1. At the other extreme, a
typical value of ICI-1 in rainwater of 4 mmol/L gives a pH
of 5 at equilibrium.

Therefore, there appears to be two points in the
SO.2----{)H--cI- system where the solution chemistry would
be most stable: the antlerite/brochantite buffer and the
brochantite/atacamite quasi-buffer. Away from these two
points the pH would float, and hence the solution chem­
istry would fluctuate in response to environmental factors.
Higher partial pressures of S02 would tend to drive the
solution toward the antlerite/brochantite buffer, while
lower partial pressures would tend to drive the solution
toward the brochantite/atacamite point. Hence, it is likely

that the solution chemistry spends most of the time at one
buffer or the other, and not at values in between.

V. Spatial Pattern of the Patina Color and Its
Historical Development

It is thus the relative magnitudes of the deposition rates
of sulfates vs chlorides at a given point on the Statue's
surface that determine the local proportions of antlerite,
brochantite, and atacamite in the patina. In turn, the
controlling factor in the spatial variability of the deposition
rates seems to be the relative frequency of occurrence of
a stagnant moisture film, due to adsorption and conden­
sation of humidity vs the occurrence of flowing water from
rain. The latter destroys atacamite and washes away the
sea salt while promoting the deposition of sulfate and the
formation of brochantite. Thus, where the water flows the
color of the patina will be the light bluish-green of bro­
chantite, and where it does not, the color will be darker
because of the presence of translucent olive-green ata­
camite.

On the left side of the Statue's face, this distribution
creates the effect of a photographic negative (Figure 3).
This part of the head is oriented due east and so is pro­
tected from the prevailing winds, which blow from the west
(21). This part of the Statue is thus sheltered from direct
contact with rainwater because of this lee-side effect,
combined with the overhang of the crown above that
protects against rain falling vertically. However, some
water flows off the crown down along recessed areas such
as the grooves in the hair and the folds of the eyelids.
These concave areas, which would normally be in shadow
and thus dark, are lightened because of the formation of
significant amounts of brochantite. In contrast, the areas
of high relief such as the cheek, which one would expect
to highlighted, are darker because of the presence of ata­
camite.

This model of the formation of the Statue's patina has
been derived from geochemical thermodynamics theory.
A test of this model would ideally consist of systematic
sampling of the Statue's surface for correlation with local
environmental conditions. Some analyses of samples of
the Statue of Liberty's patina have been made in the past
using a variety of techniques including X-ray diffraction
(I, 2, 22, 23), Auger electron spectroscopy (I8), and ion
chromatography (24). These studies generally found the
patina to consist mainly of brochantite, antlerite, and
atacamite. An inner layer of cuprite (CU20) and, in some
places, nantokite (CuC!) also exists. These cuprous com­
pounds reflect the reduced supply of oxygen below the
patina surface (7). Also, as Opila points out, neither
brochantite nor atacamite is stable in direct contact with
copper metal (20).

Unfortunately, the specimens of patina that were taken
during the restoration of the Statue are very few in num­
ber. Moreover, the samples were often restricted to areas
that would be hidden from public view, which may make
them unrepresentative. In some cases, the analyses are
contradictory. For example, on the specimen of copper
that was removed in 1905, Nielsen (3) found atacamite,
while Baboian and Cliver (1), analyzing the same piece,
did not. These differences may be due in part to the
difficulty of analyzing the mineralogy of poorly crystallized
thin layers. Consequently, it is impossible to make any
statistically significant test of this model with the available
data. It is suggestive, though, that Nassau et al. (23) found
the highest proportions of atacamite in the two specimens
from the left cheek of the Statue. In the absence of any
further sampling of the Statue's patina, another test would
be to put out samples of copper patinated with either
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Figure 3. Left elevation of the head of the Statue of Liberty. This Is a posnive print, as can be seen from the figure of the man In the lower
left corner. Photograph by J. T. Lowe, courtesy of the Library of Congress.

atacamite or brochantite around the Statue and observe
which minerals remain stable over time.

Concerning the historical development of the patina,
Nielsen's (3) examination of a piece of the patina that had
been indoors since 1905 found that it consisted primarily
of atacamite and brochantite, but no antlerite. This
presumably reflects a lower SOl- in 1905 than in recent
decades. The data on air pollution in the past are ex-
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tremely limited, but based on fuel consumption data, it
is likely that sulfur dioxide levels in 1905 were not as high
as they are now. In succeeding decades, the levels in­
creased greatly and may have reached their peak in the
1940s and 1950s. The levels of S02 in New York City in
the late 1950s went as high as 400 JIg/m3 (25). Following
the introduction of air pollution controls in the 19608, the
sulfur dioxide dropped to roughly 20 JIg/m3 (26).



The photographic evidence presented by Baboian and
Cliver (l) seems to show that, in the 19608, the patina was
uniformly light green. This suggests that at that time the
S02 level was high enough that sulfate deposition domi­
nated other processes over the entire surface of the Statue.
Hence the patina was uniformly brochantite/antlerite.
However, after the S02 level dropped by more than 1 order
of magnitude, the associated sulfate deposition might not
have been sufficient to overcome the deposition rate of
sea-salt particles, which presumably has stayed constant
over time. Thus atacamite could become stable at certain
places, and the patina would vary in composition spatially.

While this geochemical model provides an explanation
of the differences in the patina between the windward and
leeward sides of the Statue as a whole, it fails to explain
the particular pattern observed on the right arm and torch
surfaces. Here the patina is very thin and more brownish
in color, which indicates a higher percentage of tenorite
(CuO). Traces of brochantite are found only in areas
sheltered from the rain. Moreover, the boundary between
the different types of patina is aligned with the edges of
particular panels of copper. These features suggest that
the patina pattern depends upon metallurgical rather than
environmental factors. Franey and Davis (27) found that
the only major differences among the copper panels were
grain size and hardness. The panels without patina had
the greater hardness and significantly smaller grain size.
The brochantite patina was found on the softer panels of
copper, which also had the larger grain sizes, which sug­
gests that these panels had been annealed.

For a possible explanation of this phenomenon, it is
necessary to consider mass balances. A certain amount
of the patina minerals dissolves in rainwater and is carried
off in the runoff. To maintain a stable patina, this loss
must be made up by the corrosion of more copper coupled
with S02 deposition. Apparently, at present S02 levels,
the corrosion rate of the annealed copper is still high
enough to preserve the brochantite patina, but the corro­
sion rate of the unannealed copper on the torch arm is
insufficient. The corrosion rate is described by the copper's
polarization curve. However, the necessary electrochemical
measurements to determine if the polarization curves are
significantly different between the two types of copper
have not yet been made.

It is interesting that Pourbaix (7) investigated a some­
what similar problem in connection with the corrosion of
copper drinking water pipes in Brussels. In this case,
annealed copper pipes corroded much more rapidly than
unannealed ones. Pourbaix found that the annealed
copper had a much more positive electrode potential, about
+350 to 420 mV (SHE) vs the unannealed metal. This
potential exceeds the critical level for active corrosion
(+270 mV (SHE) in this case). The difference in potential
is associated with a carbon film found on the surface of
the annealed copper. This film apparently formed during
annealing when the copper was heated under reducing
conditions. The copper had a residual layer of oil on the
surface from the lubricant used as part of the sheet-rolling
process. The high temperatures and low oxygen conditions
during annealing caused the oil to break down, leaving the
carbon film behind.

VI. Conclusions
It is possible to explain many of the phenomena ob­

served on the patina of the Statue of Liberty by means of
a geochemical model involving the deposition rates of
sulfates and chlorides. The reactions between rainwater
and the copper minerals comprising the patina can be
readily visualized by use of surface-bound equilibrium-

phase diagrams. The model indicates that acid rain, at
the levels measured in New York City, has no effect on
either the mineralogy of the patina or its solubility. The
color patterns on some parts of the Statue, particularly the
left side of the face, seem to result from the combination
of sea-salt deposition and sheltering from rainwater, which
promote the formation of atacamite. On other parts of the
Statue, rainwater driven by the prevailing westerly winds
favors the formation of brochantite. In the past, higher
levels of S02 may have produced a uniform brochantite
layer over the entire Statue. The particular patina pattern
on the right arm and torch of the Statue may be a result
of metallurgical considerations associated with the rolling
and annealing of the copper sheets.

However, a complete understanding of the problem re­
quires more information about several aspects of copper
corrosion under these environmental conditions. These
include the phase relationships among copper hydroxide,
tenorite, and brochantite as a function of SO.2- and OH­
activities, and particularly whether incongruent dissolution
is involved. Another critical area of research concerns the
kinetics of the coupled processes of copper corrosion and
S02 deposition and the role of solution pH in regulating
the process. A third area for future research would be the
rate of chloride deposition to the Statue's surface, and the
actual Cl- concentrations to be found in surface water
films. Another important research topic would be the
effect of rolling, working, and annealing on the polarization
curves of the copper. Finally, as a way of testing this
geochemical model, it would be desirable to conduct
long-term exposure experiments using artificial patina
samples at different locations around the Statue.
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Long-Term Processes in a Stabilized Coal-Waste Block Exposed to
Seawater
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• A stabilized waste block, formed by cementation of coal
combustion wastes with portland cement and lime, was
retrieved after 8-years exposure to a marine environment.
The block was analyzed to obtain concentration profiles
for major and minor elements. Combination of the major
element profiles with semiquantitative X-ray diffraction
results allowed identification of diffusion-limited precip­
itation and dissolution processes. The precipitation and
dissolution processes moved as a sharp boundary from the
surface toward the center of the block, penetrating about
10-20 mm in the 8 years. Leaching of minor elements was
limited to the region between the surface and the bound­
ary. Concentration profiles for sea salts suggest that
precipitation in the matrix pores of the boundary region
restricted diffusion further into the block. This process,
known as ·pore refinement" in concrete durability litera­
ture, may also restrict degradation of the waste block
matrix and the leaching of contaminants.

Introduction

Background. According to recently compiled statistics,
approximately 280 million tonnes of fly ash is produced
each year by the combustion of coal. Less than 10% of
this volume is utilized, primarily as a cement replacement
(1). Disposal of the remainder is complicated by the fact
that many fly ashes contain appreciable amounts of con­
taminants, especially metals and oxy anions. In the United
States, coal combustion wastes have historically been
disposed in landfills near the combustion facility. Disposal
in the ocean has been a more common practice in the
United Kingdom (2). A more recent alternative is to
combine coal wastes with other cementing agents to pro­
duce hardened blocks of ·stabilized waste". In principle,
these stabilized forms are better able to retain contami­
nants than the bulk wastes and are therefore more ac­
ceptable for utilization or disposal.

The Coal Waste Artificial Reef Program (CWARP)
studied the environmental consequences of utilizing sta­
bilized coal combustion wastes as construction material
for artificial fishing reefs. On September 12, 1980, some
16000 blocks of stabilized waste were released from a
hopper barge to form a 5OO-tonne artificial reef in the New
York Bight. The blocks consisted of coal fly ash and flue
gas desulfurization residues stabilized with lime and
portland cement additives. Results of the CWARP re-

search, which ended in 1984, were generally encouraging.
The coal-waste blocks showed little deterioration and no
decrease in compressive strength. Elements of environ­
mental concern remained inside the blocks or were leached
at very slow rates. Biological communities developed on
the coal-waste reef and showed no evidence of contaminant
uptake (3-8).

Divers from the State University of New York returned
to the coal-waste reef in the summer of 1988. The bio­
logical communities growing on the coal-waste blocks were
surveyed and found to be identical with those observed
on nearby blocks of uncontaminated concrete, suggesting
that the contaminants in the waste blocks continued to
have little or no adverse impact on their immediate sur­
roundings. Subsequent strength testing of blocks retrieved
during the 1988 dives showed no decrease in compressive
strength, indicating that the blocks had not been adversely
affected by further exposure to the marine environment.
One of the retrieved blocks was forwarded to the Neth­
erlands Energy Research Foundation (ECN) for detailed
chemical and mineralogical profiling. The results of these
analyses are reported herein and the chemical and min­
eralogical processes responsible for the apparently favor­
able behavior of the coal-waste reef are identified.

Experimental Section
Retrieved Block. Details of the mixing, forming, and

curing of the coal-waste blocks were reported previously
in the CWARP publications (3,6). The reef was con­
structed on sandy sediments at a water depth of 40 m. The
block forwarded to ECN was retrieved in July 1988, after
409 weeks in the sea. It was one of the type referred to
as ·Conesville" blocks in the earlier reports. It measured
approximately 20 X 20 X 40 em and weighed approxi­
mately 25 kg. The block was found lying on the seabed
and was overgrown by an encrusting biological community
on all exposed surfaces. The underside was partially buried
and remained clean of biological growth. The pattern and
extent of the biological growth suggests that the block had
remained in the same orientation on the seabed for several
years.

Chemical Analyses. Samples measuring 4 X 4 X 10
em were cut from selected locations in the block with a
wet-cutting diamond blade stone saw. The samples were
subsequently sliced in a dry-cutting device fitted with a
high-volume dust sampler. Starting from the surface of
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Figure 1. Concentration profiles for major elements in the coal-waste reef block. Filled shapes Indicate profiles from the block retrieved in 1988
after 8-years exposure. Open circles show profiles measured In a block retrieved after 80-weeks exposure (7).

the block, thin slices were removed by the diamond blade
saw and the dust was collected on a microsorban filter
mounted in the dust sampler. A new filter was inserted
for each slice.

The dust was removed from the filters and analyzed for
major, minor, and trace elements. Ca, Mg, and Mo were
measured by inductively coupled plasma emission spec­
trometry after dissolution of the dust in a pressure bomb
containing a HCl-HClO.-HN03 mixture. Na was mea­
sured by atomic absorption spectrometry. Fe, Mn, Br, As,
Sb, Se, W, La, and Sc were measured by neutron activation
analysis. Cl, SO., and F were measured by ion chroma­
tography after dissolution of the sample in NaOH melt.
This procedure measures both S03 and SO. as sulfate.
Carbonate was measured by acidification, volatilization as
CO2, trapping in a solution of barium perchlorate, tert­
butyl alcohol, and glycerine, and titration by NaOH. All
concentrations were reported as weight percentages and
subsequently normalized by Sc to account for porosity
changes. The reference NBS coal fly ash 1633a was ana­
lyzed along with the other samples as a check on the ac­
curacy of the analytical results.

To obtain pH profiles indicative of porewater conditions
in the block, portions of the dust from the microsorban
filters were rewetted with demineralized water at a liq­
uid/solid ratio of 2 mL/g. Measurements were taken with
a pH electrode after a 5-min contact time.

Morphological Examination. The retrieved block was
inspected visually and photographed. The profile samples
were also inspected and a dark layer was noted about 10-20
mm from the surface. A scanning electron microscope

(SEM) was used to examine the dark layer and to search
for crystalline precipitates. Energy dispersive X-ray
(EDX) mapping was used to identify regions of increased
Ca and Mg concentrations.

Mineralogical Analysis. Samples were taken from
depths of I, 4.0, 6.4, 9.7,13.6,17.4,30.5, and 78 mm in a
single profile and analyzed by powder X-ray diffraction.
The diffractograms were examined and mineralogically
distinct regions were identified. Diffractograms from
samples representative of each region were then used for
semiquantitative analysis.

Results and Discussion
Concentration Profiles. As mentioned above, all

concentrations were normalized by Sc so that the resulting
Sc profile is, of course, flat. Before the normalization, the
Sc profiles showed a slight «10%) increase near the
surface. Since Sc is relatively insoluble in seawater, the
normalization procedure interprets the increase in the
weight percentage of Sc as indicating an increase in po­
rosity. To ensure that the normalization by Sc did not bias
any of the other profiles, all normalized profiles were
compared with the original data. Only the profile features
that appeared significant in both data sets are discussed
herein.

Concentration profiles for Ca, Mg, SO. (and S03), C03,
pH, and Fe are shown in Figure 1. The filled shapes
represent profIles from different locations in the block. For
comparison, profiles from a block retrieved in 1982 (7) are
included and shown as open circles. The most notable
features in the Ca, Mg, SO., C03, and pH profiles are the
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sharp discontinuities at distances of about 10-20 mm from
the surface. In contrast, the Fe profiles show no significant
concentration changes. Reaction and transport processes
have clearly had a more significant effect on the Ca, Mg,
S04' and COa than on the Fe. The discontinuity in the
pH profiles confirms the presence of two chemically dif­
ferent regions and implies that the concentration changes
in the discontinuous profiles were caused by reaction. In
the discussion below, Ca, Mg, S04, and COawill be referred
to as the "reactive" components.

Another noteworthy feature in Figure 1 is the overall
consistency of the profiles. Concentration measurements
from the region of the discontinuity are very reproducible.
The samples taken from the surface itself produce less
consistent results. These inconsistencies are removed if
profiles from the biologically encrusted surfaces of the
block are separated from those from the cleaner underside.

Figure 2 shows concentration profiles for Na, Mo, As,
and Zn. The Na and Mo profiles again show discontinu­
ities at about 10-20 mm from the surface. These profiles
are discussed further below. Profiles for Cl and Br are less
consistent than those presented here but show behavior
very similar to the Na. The As profiles in Figure 2 show
discontinuities located slightly nearer the surface. Profiles
for Band Sb showed similar behavior. These profiles are
also discussed further below. The Zn profiles show a
reasonably constant concentration except near the surface.
Cu, La, and W profiles showed similar behavior. Since
surface enrichment of these elements is only seen in pro­
files from the underside of the block, it is believed that
they were scavenged from the sediment porewater. Sca­
venging effects have also been noted by earlier workers (4).
Profiles for Mn, F, and Se showed too much scatter to
assign them to any of the above groups. However, they
all show some evidence of a discontinuity within 10-20 mm
of the surface.

Morphology. Figure 3 shows a photograph of a cross
section cut from the retrieved block. The change in tone
about 10-20 mm from the surface corresponds with the
concentration profile discontinuities. A similar darker
region was observed at the same distance from the surface
of all sections cut from the block. In areas where the
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Figure 3. Cross-section cut from the coal-waste reef block showing
darkened region near the surface. Scale Is in centimeters.

surface of the block was irregular or fractured, the darker
region paralleled the surface. Surface darkening has been
noted in earlier examinations of coal-waste reef blocks.
Labotka et al. (8) noted a uniform darkening in the surface
region of reef blocks retrieved after 80-weeks submersion
and took this as evidence of recrystallization. In the 1988
block, the darkening process appears to have created two
distinct layers, a lighter one near the surface and a darker
one in the 10-20-mm region. These results are more
consistent with those of Conjeaud (10), who examined
cement pastes exposed to seawater and noted a light­
colored calcite-rich layer at the surface underlain by a
darker brucite-rich layer.

SEM and EDX examinations of numerous samples from
near the block's surface showed that dark regions are in­
deed enriched with Mg. However, no distinct crystals of
Mg minerals were apparent in any of the SEM-EDX ex­
aminations, even at magnifications of 2000x. It appears
that the Mg enrichment results either from the precipi­
tation of an amorphous Mg phase or from substitution of
Mg into other phases such as calcite.

XRD Results. Examination of the X-ray diffracto­
grams revealed that the samples taken at 17.4, 30.5, and
78 mm from the surface had an identical mineralogy.
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Figure 4. Summary of semiquantitative XRD results.

Quartz, calcite, portlandite, ettringite, gypsum, calcium
sulfite, mullite, and hematite peaks were identified in
diffractograms from these locations. The samples taken
at 1 and 4.0 mm from the surface showed a very different
mineralogy. Portlandite, ettringite, and calcium sulfite
were not detected in these samples and calcite peaks were
much more prominent than in the samples from the inner
block. Samples taken at 6.4,9.7 and 13.6 mm showed a
transition between the surface and internal mineralogies.

All major peaks in the diffractograms were identified.
The diffractograms were checked for any evidence of an
Mg precipitate, such as that noted by Fuhrmann and
Colombo (9), but none was found. The inability to identify
an Mg phase by XRD concurs with the SEM-EDX find­
ings and suggests that the Mg near the block's surface is
present as an amorphous phase.

Results of the semiquantitative analysis of the X-ray
diffractograms are shown in Figure 4. The difficulties
involved in quantitative XRD analysis of samples con­
taining so many phases should not be underestimated.
Cullity (11) presented a thorough discussion of this subject.
To limit potential errors in the quantitative analysis of the
reef block samples, only mineral phases with peaks cor­
responding to three or more significant peaks in the dif­
fractogram were included in the quantitative analysis.
Despite these precautions, the results should be interpreted
as being indicative of trends rather than as accurate
quantities. The dominant trends apparent in Figure 4 are
the increase in calcite and the disappearance of portlandite,
ettringite, and calcium sulfite across a region 10-20 mm
from the surface. This region corresponds to the locations
of the morphological and chemical discontinuities dis­
cussed above.

Reactive Mineralogy. A more complete picture of the
present mineralogy of the waste block can be obtained by
combining information from both the XRD and concen­
tration profiles. The summary concentration profiles
shown in Figure 5 were obtained by averaging the indi­
vidual profiles, converting to molar units, and summing
the reactive cations and reactive anions. Similarities be­
tween these profiles and Figure 4 are immediately ap­
parent. For example, the decrease in sulfate concentrations
moving toward the block's surface corresponds to the
disappearance of the sulfur-containing minerals, ettringite
and calcium sulfite, in the XRD profiles. The residual
sulfate evident in the near-surface region correponds to
the gypsum phase in the XRD profile.

Similar correspondence is evident between the carbonate
and calcite profiles. The XRD evidence shows that the
dominant calcium phases at the block's surface are calcite
and gypsum. Comparison of the anion profiles with the
calcium profile supports this conclusion. In the inner
region of the block, the calcium profile exceeds the sum
of anion profiles by about 1 mol/kg. The excess calcium
is accounted for by the hydroxide phase, portlandite. The
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Figure 5. Summary profiles for reactive cations (upper) and anions
(lower).

pH profiles in Figure 1 show that porewater in the inner
regions of the block had a pH of about 12, consistent with
the presence of a calcium hydroxide phase.

The identity of the magnesium phase remains ques­
tionable. However, if the above interpretation of the
calcium mineralogy is correct, all of the carbonate or sulfate
present in the near-surface region is accounted for. Sub­
stitution of Mg into calcite minerals is therefore unlikely
to account for more than a small amount of the observed
Mg enrichment. The remaining possibilities are that the
magnesium is present as hydroxide, oxide, or silicate
phases. Neither magnesium oxides nor silicates are likely
to have precipitated in the near-surface region. At most,
these phases could account for the background Mg present
throughout the profile. We therefore tentatively conclude
that the magnesium enrichment in the near-surface region
is due to precipitation of a hydroxide phase. This con­
clusion is also supported by the pH profiles in Figure 1,
which show that the porewater pH in the near-surface
region was between 9 and 10, as would be expected in the
presence of magnesium hydroxide in equilibrium with
seawater.

Long-Term Processes. Comparison of the concen­
tration and mineralogical profiles from this study with
information from earlier studies (7,8) shows that the inner
region of the block has been relatively unaffected by
contact with the seawater. In contrast, the region of the
block within 10-20 mm of the surface has undergone sig­
nificant alterations. Some of the alteration processes have
been hypothesized in earlier reef block research, (e.g., ref
8) and in concrete durabilty research (e.g., ref 12 and
references therein). Results of the present study provide
support to these hypotheses and allow a more complete
picture to be formed.

Exchange of magnesium for calcium as the principal
reactive cation is the most notable feature in the present
reef block profiles. The fact that the most soluble calcium
phases, portlandite and calcium sulfite, have disappeared
from the near-surface region suggests that dissolution and
precipitation processes, rather than a simple ion exchange,
are responsible. Since seawater is undersaturated with
respect to portlandite and calcium sulfite, dissolution of
calcium phases is to be expected. The net loss of Ca, as
shown by the profiles in Figure 2, indicates that a portion
of the Ca released by dissolution diffuses out of the block.
The remainder is consumed by precipitation with carbo­
nate ions, which tend to d;ffuse inward from the seawater.
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0.80

1.00 ,------------~ cases, the increase in concentration is consistent with
complete mixing of seawater in the near-surface region and
a restriction of diffusion across the boundary region. We
suggest that pore refinement, resulting from precipitation
of calcium carbonate and magnesium hydroxide, causes
the localized change in diffusion.

Further evidence for pore refinement is obtained by a
comparison of results from this block with one retrieved
after SO-weeks submersion. Discontinuities in the chemical
profIles and in the block's color were evident in the earlier
studies (7, 8). Since diffusion-controlled processes (in­
cluding these moving boundary processes) vary with the
square root of time, these discontinuities would be ex­
pected to have moved about twice as far into the block over
the 8-year period. As is shown in Figures 1 and 2, the
discontinuities were at approximately the same location
in both blocks, indicating that the diffusion-controlled
processes had been stopped or at least slowed by the time
of the earlier studies.

The indirect evidence indicates the extent of pore re­
finement and the time scale over which it occurs. Un­
fortunately, since effective pore refinement requires only
l~calized precipitation in the necks of connected pores,
duect measurement of porosity changes may be impossible.
Certainly the inhomogeneity of the reef blocks precludes
any meaningful measurement of porosity changes over
such short distances. Further experiments under better
controlled conditions may provide more direct evidence
of pore refinement and its effects.

Implications for Coal-Waste Block Integrity. Both
for structural performance and for the containment of
contaminants, it is essential that the stabilized waste blocks
not be overly weakened through reactions with their sur­
roundings. Although the mechanisms of strength loss upon
exposure of concrete to seawater are still in question, a
number of reactions have been identified that may also
affect stabilized coal wastes. The formation of expansive
ettringites, "magnesium ion attack" of calcium silicate
hydrates, and mass loss due to "carbonic acid attack" were
mentioned by Mehta (12). The first of these possibilities
is unlikely to occur in the reef block because of the initially
high concentration of sulfates. Ettringite formation oc­
curred during the pouring and setting of the blocks and
the present profiles indicate a subsequent dissolution
rather than an uptake of sulfate. The latter two possi­
bilities are also unlikely, at least in the near to medium
future. The coal-waste block contains sufficient reactive
Ca minerals to ensure that the cementing materials, the
calcium silicate hydrates, are not attacked. Only when the
supply of portlandite, calcium sulfite, and gypsum are
consumed will the less soluble matrix materials be at­
tacked. Although this process may be occurring in the
near-surface region, the center of the block is still well
protected after 8 years in seawater.

Pore refinement acts to slow down all reactions between
seawater and the interior of the block and may therefore
contribute significantly to the long-term integrity of the
waste block in marine environments. Evidence for this
effect is provided by a comparison of the CWARP results
with those from an experiment wherein coal-waste blocks
were submerged in Lake Ontario (17). The freshwater
environment provided no source of magnesium ion and
hence no pore refinement was possible. In contrast to
blocks retrieved from the marine environment, blocks of
the same original composition exhibited marked surface
softening after a I-year exposure to freshwater.

It is interesting to note that the primary source of ions
for the pore-refining precipitation was unreacted calcium

......
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The OH- ion released by the portlandite dissolution pro­
duces the high pH's measured in the inner block and
creates a hydroxyl concentration gradient toward the
block's surface. In the near-surface region, where no
portlandite remains, the outward-diffusing hydroxyl ion
is consumed by precipitation with the inward-diffusing Mg
ion. As is evident from Figure 5, the net result of these
processes is an approximately 1:1 exchange of Ca for Mg.

The Ca-Mg exchange creates surprisingly sharp dis­
continuities in the concentration profiles. Discontinuities
such as these are not usually associated with either dif­
fusion or dissolution. They are a result of the combination
of the two processes and are known in mathematical lit­
erature as moving boundaries (13). The dissolution process
is focused at a "boundary" between the region where the
solid phase has been completely dissolved and the region
where the solid phase is still present. Dissolution behind
the boundary is lin1ited because ion products remain higher
than or equal to the solubility product. In front of the
boundary, diffusion carries the dissolution products away
and toward the surface. The continuing dissolution and
diffusion result in a slow movement of the boundary to­
ward the block's center.

We know of no previous work wherein the leaching of
compounds from a solifidied waste has been treated as a
moving boundary problem. The "leach testing" procedures
currently used in laboratory studies measure only the el­
ement leaving the waste block and the results are then
interpreted by use of simple diffusion models (e.g., refs 14
and 15). Although these models produce empirically
correct descriptions of the leaching test data, the profiles
shown herein indicate that they do not accurately reflect
the complexity of the underlying phenomena.

Researchers in the field of concrete durability have
shown that precipitation in the pores of concrete exposed
to seawater reduces hydraulic permeability (10, 12, 16).
This process is referred to as "pore refinement" because
new, smaller pores are created between the fine crystals
of precipitate. We believe that discontinuities observed
in the Na profiles indicate that this mechanism has been
active in the reef block. In contrast to the Ca and Mg
profiles, the Na profile is not likely to have been affected
by dissolution or precipitation. However, as Figure 6
shows, the profile is certainly not what would be expected
from diffusion alone. The magnitude of the increase in
Na concentrations in the near-surface region is consistent
with complete replacement of the surface porewater by
seawater (assuming a bulk density to porosity ratio of 3
g/mL). The sudden drop at the lo-20-mm boundary
suggests a local reduction in the diffusion coefficient. As
mentioned above, similar profiles were obtained for two
other conservative sea salts, Cl and Hr. In each of these
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Figure 8. Na and Mo profiles predicted by a simple diffusion model.
Diffusion coefficients were calculated according to leaching test
methods ( 14). Resu~s have been normalized by the scales of Figure
2 to allow easy comparison.
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hydroxide. In conventional concrete practice, complete
reaction of calcium hydroxide is considered desirable since
it leads to minimum porosity and to a matrix less likely
to react with its environment (I2). Further research is
needed to determine whether, in the case of waste stabi­
lization for use in marine environments, the design criteria
should include additional calcium hydroxide for pore re­
finement.

Implications for Contaminant Leaching. The cen­
tral question in most utilizations of stabilized waste is the
rate at which contaminants are leached to the surround­
ings. As mentioned above, the current understanding of
leaching processes is based on information gained from
laboratory leach testing, which measures only the element
leaving the stabilized block. Leach tests undoubtedly serve
many useful regulatory and investigative purposes; they
are rapid and repeatable and can be easily interpreted.
However, the present results show that contaminant pro­
files in leached blocks can be much different from those
predicted by simple leaching models. This observation
suggests the importance of using chemical and minera­
logical profiling, in conjunction with leach testing, to de­
velop a better fundamental understanding of the processes
controlling contaminant leaching in the field.

The discontinuities in the As profiles in Figure 2 show
that major elements are not the only ones affected by
moving boundary processes. The profiles indicate that As
leaching is restricted by reactions in the boundary region,
perhaps by sorption or coprecipitation with the magnesium
hydroxide phase. Total leaching of this element, as de­
termined by integrating the concentration profiles and
comparing them with As profiles in the original blocks, is
less than 5%. The leaching of other elements associated
by sorption or coprecipitation with a dissolving mineral
phase will also be controlled by the dissolution of that
phase. Although the mathematical proof is beyond the
scope of this paper, it can be shown that the resulting
moving boundary processes cannot be distinguished from
simple diffusion by leach test methods; concentration
profiles are required.

A number of elements showed concentration profiles
similar to that of Zn in Figure 2. These elements have
apparently not been affected by the moving boundary
processes. In fact, the smooth concentration profiles
suggest that no leaching of these elements has occurred.
This point is confirmed by comparison of total concen­
trations in the present block with those from blocks re­
trieved earlier. Apparently, these elements are present
either as insoluble minerals or in association with non­
reactive phases, such as the glassy fly ash particles present
in the original waste and the calcium silicate hydrate
matrix.

Pore refinement also appears to have significant effects
on contaminant leaching. The Mo profile in Figure 2 is
a mirror image of the Na profile, suggesting that Mo
leaching is limited by the same physical restriction. For
comparison, Figure 6 shows the very different Mo profile
that would be expected from a simple diffusion process.
Concentration profiles for other contaminants also show
leaching limited to the near-surface region. The negligible
impact of waste block contaminants on the local biota (3,
5) can be partially explained by the fact that leaching has
been limited to, at most, the outer 10-20 mm of the block.

Conclusions

The combination of concentration and XRD profiles
provides a more complete picture of the present mineralogy
of the coal-waste block than can be obtained by either

method alone. The combined results allow identification
of the dissolution and precipitation processes active in the
block during the 8 years of exposure to seawater. Disso­
lution of calcium hydroxide, calcium sulfite, and ettringite
began at the block surface and proceeded as a moving
boundary toward the interior. Some of the calcium re­
leased by dissolution was reprecipitated as a carbonate
phase. The remainder was lost to the surrounding sea­
water. Magnesium ions infiltrating from the seawater were
precipitated, apparently as a hydroxide phase. Concen­
tration profiles of As, Sb, and B showed that minor ele­
ments also exhibit moving boundary effects, perhaps
through association with the mineral phases. The altera­
tion and leaching processes were confined to within 10-20
mm of the block's surface. Many concentration profiles
showed sharp discontinuities in this region, a feature that
cannot be explained by the simple diffusion-based models
presently used to interpret leaching data.

Sharp discontinuities in the concentration profiles of
nonreactive sea salts led to the hypothesis that the pre­
cipitation of small crystals in pores near the block's surface
restricted diffusion. This process is fundamentally similar
to the pore refinement identified by earlier workers. It
causes a slowing of all diffusion-controlled processes, in­
cluding the degradation of the block matrix and the
leaching of contaminants. These effects are favorable for
proposed utilizations of stabilized energy waste in the
marine environment. Further research is required to de­
termine the potential for optimizing the pore refinement
process and to establish its limitations.
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Effect of Redox Potential and pH on Arsenic Speciation and Solubility in a
Contaminated Soil
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• The influence of redox potential and pH on arsenic
speciation and solubility was studied in a contaminated
soil. Alterations in the oxidation state of arsenic, as in­
fluenced by redox potential and pH, greatly affected its
solubility in soil. At higher soil redox levels (500-200 mV),
arsenic solubility was low and the major part (65-98%)
of the arsenic in solution was present as As(V). An alkaline
pH, or the reduction of As(V) to As(III), released sub­
stantial proportions of arsenic into solution. Under
moderately reduced soil conditions (0--100 mY), arsenic
solubility was controlled by the dissolution of iron oxy­
hydroxides. Arsenic was coprecipitated [as As(V)] with
iron oxyhydroxides and released upon their solubilization.
Upon reduction to -200 mY, the soluble arsenic content
increased 13-fold as compared to 500 mY. The observed
slow kinetics of the As(V)-As(I1I) transformation and the
high concentrations of Mn present indicate that, under
reduced soil conditions, arsenic solubility could be con­
trolled by a Mn3(As04)2 phase.

Introduction
Because the solubility, mobility, bioavailability, and

toxicity of arsenic depends on its oxidation state (1-5),
studies of As speciation and transformations among species
are essential to understanding the As behavior in the en­
vironment. Arsenate [As(V)] and arsenite [As(I1I)] are the
primary As forms in soils. Both As(V) and As(III) are
subjected to chemically and/or microbiologically mediated
oxidation-reduction and methylation reactions in soils and
natural waters (3,6-8). Numerous studies have dealt with
As sorption on specific minerals and soils. Amorphous iron
and aluminum hydroxides (9, 10), clay content (11), and
pH (9-12) are the soil properties reported to be most re­
lated to As sorption. Methylated arsenic oxyacids can be
produced by a variety of microorganisms, and their pres­
ence has been reported in a wide range of natural waters
(8,13) and soils and sediments (7, 14).

Although of great environmental importance, little de­
tailed information is available about the influence of redox
potential on the behavior of As in contaminated soils.
Deuel and Swoboda (2) reported an increase of total sol­
uble As under reduced conditions and attributed this in­
crease to the reduction of ferric arsenate compounds.
Using an equilibrium thermodynamics approach, Sadiq et

al. (15) developed solubility isotherms for several metal
arsenates. Under oxidized conditions, they predicted that
As solubility would be determined by a Ca3(As04)2,
Mn3(As04)2 or a Pb3(As04)2 phase. Similar conclusions
were reported by Hess and Blanchar (16). Under reducing
conditions, arsenite minerals are too soluble to persist in
soils, but arsenic sulfides were predicted to be stable (15).
Livesey and Huang (17) concluded that soluble arsenate
was controlled by adsorption reactions in soils, rather than
through the precipitation of arsenate compounds.

The purpose of this paper is to report the effect of soil
redox potential and pH on the speciation and solubility
of As in a contaminated soil. Results generated identified
soil redox-pH conditions that can limit or enhance As
translocation and movement in the environment. Inter­
pretations are based on results of laboratory experiments
and simple equilibrium thermodynamic calculations.

Experimental Section

Soil. A soil known to be contaminated with As was
collected near Kolin, LA. The soil, located in the vicinity
of an As dipping vat, had been exposed to As contami­
nation for a period of greater than 20 years. A detailed
description of the sampling site was given by Kotuby­
Amacher and Gambrell (18). Surface (0--20 cm) samples
were taken from the soil, belonging to the Acadia-Kolin
Association (Aeric OchraqualO. This association consists
of loamy upland soils that have a clayey subsoil. Upon
arrival in the laboratory, the soil was air-dried, ground to
pass a I-mm sieve, homogenized by thorough mixing, and
stored at room temperature in 4--L polyethylene flasks until
use.

The organic matter content and pH of the surface soil
were determined to be 1.8% and 5.6, respectively. The
surface soil had a total (aqua regia digestion) As content
of 555 ± 18 mg kg-1 (n = 5) dry soil. Quartz constituted
more than 90% of the X-ray (Cu Ka radiation) detected
mineral fraction of bulk powder samples. Minor concen­
trations of both potassium feldspars and plagioclase min­
erals were also detected. The clay fraction contained
mostly kaolinite and mixed layered illite-montmorillonite
(>85%). Using selective extraction techniques, Kotuby­
Amacher and Gambrell (18) determined the manganese
oxide, and amorphous iron oxide content of the surface soil
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to be in the order of 0.03 and 0.15%, respectively. Cor­
relation analysis revealed that the major part of the As
present was associated with the amorphous iron oxide
phase (18). No crystalline As minerals were detected by
the X-ray diffraction technique.

Experiments. In a first experiment, 60-g portions of
dry soil were placed in a set of plastic canisters (19) and
gently compacted with intermittent additions of distilled
deionized water followed by incubation under flooded
conditions for a desired period of time. The saturated soil
created a 6-cm-deep layer in the core. Then, water was
introduced from the bottom with the help of a syringe and
needle until an overlying floodwater depth of -2 cm was
created. Adding water from the bottom helped to release
entrapped air. To ensure reducing conditions the canisters
were sealed with the supplied caps. Duplicate canisters
were opened after 1, 3, 15, 35, 65, and 105 days of sub­
mergence. An Eh-pH depth profile was taken by using
a system similar to that described by Patrick and Delaune
(20). Rather than measuring continuous profiles, we de­
cided to gradually lower the microelectrodes to preselected
depths (0.25, 0.5, 1.5, 2.5, 3.5, and 4.5 cm). Preliminary
experiments had shown that an equilibration period of 4
h was necessary to obtain constant redox readings. After
an Eh-pH depth profile was taken, the overlying water was
removed from the cores with a plastic syringe followed by
horizontal sectioning at 0.5-,1.0-,2.0-,3.0-,4.0-, and 5.0-cm
core depths. The volume (0.5-0.8 mL) of saturation ex­
tracts, recovered from soil sections by centrifugation and
filtration, was not sufficient for the determination of all
elements of interest. Therefore, each section was imme­
diately transferred to a 40-mL polycarbonate centrifuge
tube to which a known volume of oxygen-free deionized
distilled water was added. The lids of the centrifuge tubes
were equipped with rubber septa, which facilitated the
displacement of air with argon. The soil suspensions were
shaken for 1 h on a mechanical shaker, centrifuged (20 min
at 7000 rpm, Sorvall GSA-400 rotor, Du Pont Co., Wil­
mington, DE) and filtered through a 0.45-/Lm micropore
filter under an inert argon atmosphere by use of a pres­
sure-vacuum system (21). Each supernatant was divided
into two aliquots. One was used for the determination of
soluble As species and sulfides. Concentrated HN03 (200
/LL/I0 mL of extract) was added to the second aliquot in
which selected soluble metals (Ca, Mg, K, Na, AI, Fe, Mn,
Cu, Pb, Cd, Ni, and Zn) and total P were determined.
After the extraction, the dry weight of the soil in each tube
was determined. This allowed the calculation of the soil
to water ratio, which varied from 2.70 to 3.40.

In the next series of experiments, soil suspensions were
equilibrated under controlled redox and pH conditions.
The soil was equilibrated (at 28 ± 2°C) in laboratory
microcosms at various redox-pH conditions by using a
modification (22) of the pH-redox control system devel­
oped by Patrick et al. (23). Suspensions were prepared
by mixing an amount of soil equivalent to 200 g of dry
weight with deionized distilled water so that the final
soil/water ratio was 1 to 6. The following redox-pH
conditions were used: redox -200, 0, 200, and 500 mY; pH
5, 8, and uncontrolled. In the uncontrolled pH experi·
ments, the microcosms were sampled at 3-day intervals
over a 24-day period. The other microcosms were sampled
at the end of the 24-day equilibration period. Natural
(uncontrolled) pH values at the end of the incubation
period were 5.2 for 500 mY, 6.7 for 200 mY, 7.0 for 0 mY,
and 7.2 for -200 mY. All experiments were run in du­
plicate. Sampling proceeded as follows. Two soil sus­
pension aliquots were withdrawn from each microcosm,

600.,.---------.--------,

500

"w

-100

-200

·300 +-'''-.-~.-_ ___,-~--,-..::::>-_._->--,----j
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Figure 1. Eh-pH diagram for the system As-H20 system. Activities
of As. Mn. and Fe were all taken to be 10-4

•

centrifuged, and fJ.ltered through a 0.45·/Lm micropore fJ.lter
under an inert argon atmosphere for reduced treatments.
One filtered supernatant was used for the determination
of As and sulfides, the other was treated as described above
and used for cation and metal analysis.

Analysis. The water extracts were analyzed for As
species with a pH-selective hydride generation/separation
technique followed by atomic absorption spectrophotom­
etry detection (24). The arsines from inorganic As(III)
were selectively generated and purged for analysis from
a solution buffered at pH 6.5 with Tris [tris(hydroxy­
methyl)aminomethane] buffer. The solution was then
further acidified with concentrated HCl (to a final con­
centration of 3 M HCl) and analyzed for As(V). Although
our analytical technique was optimized for the determi­
nation of methylarsonic acid and dimethylarsenic acid in
the presence of large concentrations of inorganic As species,
we were not able to detect any organic arsenicals present.
The performance of the analyzing step involving hydride
generation, cryogenic condensation, and volatilization was
assessed by analysis of EPA reference standards for total
inorganic As [As(III) + As(V)] and yielded values of 25 and
241 /Lg L-t compared with the true values of 26.7 and 235
/Lg L-1. Absorbance was found linear over the range 2-120
ng of As and had a sensitivity of 0.0083 absorbance un­
its/ng of As. Six measurements of absorbance at the 50·ng
level gave a relative standard deviation of 2.3%. All As
species in the extracts were analyzed within 5 h after
sampling.

Metals, major cations, and total P in solution were
analyzed with a Jarrel Ash ICP. The performance of the
ICP was checked with EPA reference samples. Sulfide was
measured by an ion-specific Ag/S electrode in an anoxic
buffer solution (sulfide electrode operating instructions;
Lazar Research Laboratories, Los Angeles, CAl, and ti­
tration alkalinity determinations (25) were used to estimate
the concentrations of soluble carbonate species.

Possible mineral saturation was evaluated through the
use of the equilibrium computer model (PC version 1.23)
GEOCHEM (26). Statistical analysis were preformed with
PC-SAS (27).

Results and Discussion
Arsenic Speciation, Transformations, and Solu­

bility as Affected by Soil Redox Potential. The pre­
dicted effect of redox potential (Eh) and pH on the oxi­
dation state of As is summarized in Figure 1, which was
constructed by use of critically evaluated thermodynamic
data (28, 29). It can be seen that Hji\s03, H2AsO.-,
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Furthermore, the observed mobilization of Fe at an Eh of
~50 mV (pH 7.0) is in reasonable agreement with the
calculated Fe(OHh/Fe2+ stability boundary.

Data for equilibrations at 35 days show a sharp and
correlative increase (P < 0.01) of total soluble As and Fe.
When expressed on a molar basis, the dissolution of As
occurred at Fe to As ratios varying from 0.8 to 1.7. Al­
though it is very difficult to distinguish between adsorption
and coprecipitation reactions without direct examination
of the solid surfaces involved (3D, 31), consideration of the
molar Fe/As ratios released upon reduction suggests that
As was coprecipitated with the iron oxyhydroxides. It

Figure 2. Vertical distribution 01 Eh, soluble As species, Mn, and Fe.
(A) after 1 day 01 flooding (pH = 5.7 ± 0.1). (B) after 3 days ollloodlng
(pH =6.4 ± 0.2). (e) after 15 days olllooding (pH =7 ± 0.2). (0)
after 35 days 01 llooding (pH = 7 ± 0.3). Note changes In scale.
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HAsOi-, or As(s) will be the thermodynamically dominant
As species present in a soil, depending on its Eh and pH.
It is important to remember that this Eh-pH diagram is
really a "predominance-area" diagram because the outlined
fields are those areas where the designated species make
up more than 50% of the total concentration. To make
the diagram more useful, the redox couples Fe(OHls/Fe(II)
and MnOOH/Mn(1I) were also included. Since both
manganese and iron oxides and hydroxides exist in various
degrees of crystallinity (amorphous, meta-stable poorly
crystalline, and crystalline), the actual stability fields for
these compounds may differ from computed boundaries
from soil to soil. In using the term Eh, it is also important
to distinguish between the quantity that is calculated form
the activities of a specific redox pair (as in Figure 1) and
the quantity measured with a platinum electrode. In the
reported experiments Eh was used in the latter sense and
it is to be understood that the measured "equilibrium" Eh
represents a mixed redox potential, i.e., the composite of
different ongoing redox processes. In order to make the
measured Eh values amendable to quantitative interpre­
tation, we also measured the As(I1I) / As(V), soluble Mn
[Mn(II»), soluble Fe [Fe(lI)], and the S (-II) redox species.
As will be illustrated, the measured Eh corresponded to
buffering with respect to particular redox pairs.

In the first experiment, a time series evaluation between
Eh, pH, soluble redox elements, and As species in soil cores
was made. Changes in vertical distribution of Eh, As(III),
As(lII+V), Mn, and Fe upon flooding are presented in
Figure 2. During the equilibration under submerged
conditions, the pH increased from 5.6 to 7.1 (Figure 2A-D).
Little variation in pH (±0.2) was found throughout a
particul'.lc profile. Flooding periods longer than 35 days
did not significantly alter the vertical distribution of Eh
and redox elements studied. Flooding (reducing condi­
tions) of the soil did not have an influence on soluble AI,
Ca, Mg, Na, and K concentrations. However, as early as
3 days after flooding, there was a considerable increase in
soluble Mn throughout the soil core (Figure 2, parts A vs
B). As more reducing conditions (Eh < 150 mY) devel­
oped, dissolved Mn increased to a near constant value of
approximately 35 mg kg-! soil. No Fe was solubilized after
~ days of flooding (Figure 2B). When, between the 15th
lind 35th day of submergence, redox levels dropped below
100 mY, soluble Fe concentrations reached a maximum
(Figure 2, parts C vs D) and stayed unchanged for the rest
of the equilibration period.

Some arsenic was reduced and released into solution
before the solubilization of the ferric hydroxide layer.
Differences in depth profiles presented in Figure 2A and
B clearly illustrate this. While soluble Fe concentrations
remained unchanged, dissolved As concentrations in­
creased by a factor of 2, and As(lll) became the major
species present. Solubilization of As was occurring si­
multaneously with the reduction of As(V) to As(III) (Figure
2B).

The constructed phase diagram (Figure 1) adequately
depicts the sequence of redox reactions encountered in our
soil. Quantitative inferences could not always be made
with respect to critical redox levels at which particular
redox pairs are unstable. Manganese became mobilized
when the measured Eh dropped from 300 to ~150 mV,
while according to the equilibrium thermodynamic con­
siderations, the reduction of MnOOH to Mn2+ should occur
at approximately 600 mV (pH 7.0). On the other hand,
at redox levels below 100 mV (pH 6.4) As(I1I) became the
predominant As species in solution, this in agreement with
the computed phase diagram for the As-H20 system.
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The release of high concentrations of Mn upon reduction
and the slow kinetics of arsenate-arsenite transformations
made the precipitation of a Mn3(As04)2 phase under re­
duced conditions a likely event, as was indicated by GEO­
CHEM (26). The following reactions, based on thermody­
namic data (15, 28), illustrate this:
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Sulfide concentration stayed well below the detection
limit (0.05 ppm) of our analytical technique and its in­
fluence on As solubility in the soil can therefore be ne­
glected.

Redox-pH Chemistry of Arsenic. The redox-pH
chemistry of As was studied by equilibrating soil suspen­
sions under controlled Eh-pH conditions. Parts A-C of
Figure 3 show the species distribution of As at three sus­
pension pH levels (5.0, natural, and 8.0) in combination
with four different redox levels (-200,0, 200, and 500 mV).
After ~10 days of equilibration, the preselected redox and
pH were reached and maintained during a 2-week period.
Upon acidification of the soil to pH 5, strongly reduced
conditions (-200 mY) could not be achieved, and results
are therefore not available.

Both redox status and pH affected the speciation and
solubility of As. At redox potentials of 200 and 500 mV,
As(V) was the major dissolved As species, constituting

500 200 0 -200

Redoxpotentlal (mY)

Figure 3. Distribution of soluble arsenic species after a 24-day
equilibration period under controlled redox and pH condnions. (A) at
pH 5.0. (B) at natural pH (5.2 for 500 mV, 6.7 for 200 mV, 7.0 for
o mV, and 7.2 for -200 mY). (C) at pH 8.0.

logK

3 x 25.27 (2)
8.51 (3)

84.32 (4)

3[MnOOH + 3H+ + e- = Mn'+ + 2H,Oj
3Mn'+ + 2HAsO;- = Mn3(AsO,), + 2H+
3MnOOH + 2HAsO;- + 7H+ + 3e- =

Mn3(AsO,), + 6H,O

After rearranging eq 4, assuming activities of solid phases
and H20 equal to 1, and substituting values of 7 and 0.5,
respectively, for pH and pe (Eh = 30 mV), we obtain log
U(HAsot) = -16.9~. From this expression it can be seen
that, upon reductIOn, MnOOH becomes unstable and very
small amounts of soluble As(V) are sufficient to obtain
supersaturation with respect to a manganese arsenate
phase. The formation of Mn3(As04)2 could set an upper
limit for dissolved arsenate concentrations under reducing
conditions.

appears that As(V) was released upon solubilization of the
hydroxides and slowly reduced to As(III).

Generally, observed increase in soluble As upon reduc­
tion have been attributed to the solubilization of ferric
arsenate and other forms of iron combined with arsenic
(2, 32-34). From our experiment, however, it can be seen
that the reduction and release of As may occur before the
dissolution of iron oxyhydroxides. Apparently, the dis­
solution of the ferric hydroxide layer led to a further in­
crease in As concentrations. Up to 10% of the total As
present in the soil became soluble. Although thermody­
namically unfavorable, a considerable amount of As(V) was
observed under reduced conditions after solubilization of
the ferric hydroxide layer (Figure 2C,D). Our study in­
dicates that As(Y) served as an effective electron acceptor
in microbial mineralization of organic matter and thereby
became reduced to the more mobile and toxic As(III)
species. A possible explanation for the slow and incom­
plete As(V) reduction is the competition of Fe(III) as a
terminal electron acceptor in microbial respiration. It has
been shown that manganese(IV) oxides are effective oxi­
dants with respect to As(III) (35,36); however, the abiotic
oxidation of As(II!) was not of major importance in our
soil. Although there were enough manganese(IV) oxides
in the soil to oxidize all of the As(lII) to As(V), As(III)
remained the predominant soluble As species (Figure 2B­
D).

Possible arsenic mineral saturation was evaluated by
comparing ion activity products of (A!3+)(As043-),
(Ca2+)3(As043-)2, (Mg2+)3(As043-)2, (Mn2+)3(AsOi-)2, and
(Fe3+)(As043-) with their most recent tabulated solubility
products (16,29). Other metal arsenates (Cu, Ni, Pb) were
ignored because the soluble concentrations of the corre­
sponding metals were very low «0.2 mg kg- l soil). Under
oxidized conditions, soil extracts were undersaturated with
respect to aluminum, calcium, magnesium, manganese, and
iron arsenate minerals. Although the experimental data
clearly indicated that As solubility was mainly controlled
by an iron phase, the Fe(lII) activity in solution was not
sufficient for precipitation of FeAs04. Furthermore it has
been predicted (16,29) that an FeAs04mineral formed in
soil incongruently will dissolve to iron hydroxide and
soluble arsenate, according to the following equation:
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Table I. Concentration of Soluble As Species, Mn, and Fe
as a Function of Soil Redox-pH Conditions

concn, mg kg-1 soil

day pH Eh,mV As(lII) As(V) Mn Fe

0 5.6 340 1.4 5.6 1.9 17.5
3 6.7 100 46.8 3.1 20.8 15.3
6 6.8 20 76.5 6.6 21.2 72.0

0 5.8 440 0.9 7.9 2.4 27.3
3 6.6 80 34.3 1.2 17.4 29.5
6 7.0 -100 69.4 3.4 16.2 75.8

>95% of the total soluble AB. Upon reduction (0 and -200
mV), As(III) became the major dissolved As species, al­
though concentrations of AB(V) up to 14 mg kg-l dry soil
remained, and As solubility generally increased. Up to
40% of the total As present in the soil became soluble.
While the first experiment gave an idea of As transfor­
mations under natural conditions, the stirred suspension
experiment indicated maximum transformations rates.

Similar mechanisms controlling As solubility were ob­
served in both experiments. Table I contains data ob­
tained during two of the controlled Eh experiments. The
increase in AB solubility before the solubilization of the iron
oxyhydroxides was characterized by a reversal in As
speciation. Although Mn was reduced after 3 days of
incubation, As(III) remained the dominant soluble As
species, suggesting that the abiotic oxidation of As(III) to
AB(V) by Mn(1V) compounds was not important in our soil.
A sharp increase of soluble As concentrations coincided
with the solubilization of iron oxyhydroxides and the re­
leased As(V) was slowly reduced.

Interesting information was obtained from the alkaline
(pH 8) equilibrations (Figure 3C). Under oxidized con­
ditions, soluble AB concentrations were as much as 3 times
higher than in the equilibrations at lower pH. Almost all
As was present as As(V). This can be explained by the
pH-dependent adsorption characteristics of As(V) onto the
oxide surfaces (9, 30). The decreasing positive surface
charge of the oxides with increasing pH facilitated the
desorption of arsenate. Under reducing conditions, As(III)
became the major dissolved species with total soluble As
being less than in the more acidic equilibrations. The
reason for this is somewhat unclear. An incomplete or
slower solubilization of iron oxyhydroxides under alkaline
conditions could be responsible for the lower As concen­
trations observed. At pH 8, dissolved Fe concentrations
did not significantly increase upon reduction. Further­
more, the presence of soluble organics under alkaline
conditions (pH 8.0) and the formation of iron oxy­
hydroxides--organic matter complexes could have retarded
Fe reduction (37) and the release of As into solution.

In summary, redox potential and pH were shown to
control the speciation and solubility of As in a contami­
nated soil. Both parameters are, therefore, important in
assessing the fate of As-containing compounds in soil.
Qualitatively, As speciation changed according to ther­
modynamic predictions. At higher redox levels, As(V) was
the predominant As species and As solubility was low.
Alkaline conditions and/or reduction of As(V) to As(III)
led to a mobilization of As. Under moderately reduced
conditions (0--100 mV), AB solubility was controlled by the
dissolution of iron oxyhydroxides. Data indicate that As
was coprecipitated [as As(V)] with the oxyhydroxides and
released upon their solubilization. Due to the slow kinetics
of the As(V)-As(III) transformation, a considerable
amount of the thermodynamically unstable As(V) species
was observed under reducing conditions. This slow
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transformation rate and the release of high concentrations
of Mn upon reduction make the precipitation of a Mna­
(As04)2 phase possible. When disposal of As-containing
wastes is planned, consideration should be given to
maintaining high redox and nonalkaline conditions nec­
essary for minimum As solubility and mobilization.

Registry No. As, 7440-38-2; Mn, 7439-96-5; Fe, 7439-89-6.
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Aqueous-Phase Oxidation of Polychlorinated Biphenyls by Hydroxyl Radicals

David L. Sedlak and Anders W. Andren"

Water Chemistry Program, University of Wisconsin-Madison, Madison, Wisconsin 53706

• Hydroxyl radicals (OH's), generated with Fenton's
reagent, rapidly oxidized polychlorinated biphenyls (PCBs)
in aqueous solutions. The observed product distributions
indicated that the reaction proceeds via addition of a hy­
droxyl group to one of the nonhalogenated sites. The
unreactive nature of the halogenated sites accounts for the
lower reaction rates observed for the more highly chlori­
nated congeners. Within homologue groups, chlorine
substitution in the meta or para positions results in lower
reaction rates due to steric hindrance occurring when hy­
droxyl radical attacks at the site ortho to the aromatic ring.
Estimates of environmental half-lives, based upon kinetic
measurements, reported steady-state OH' concentrations,
or estimates of radical production rates, suggest that
aqueous-phase oxidation by OH's may be an important
PCB loss mechanism in cloudwater and surface waters
under certain conditions.

Introduction

Polychlorinated biphenyls (PCBs) are a group of chlo­
rinated aromatic compounds that have been used in di­
electric fluids, plasticizers, and cutting oils (1). Concerns
about the potential deleterious effects of these compounds
on aquatic and terrestrial ecosystems prompted the United
States to ban their production subsequent to 1979 (2).
Despite a reduction in total emissions, PCBs persist in the
environment. To assess the efficacy of the ban and to
predict future PCB levels it is necessary to quantify both
the amount of PCBs entering the environment and the rate
at which they are removed through various pathways.
Residence times for individual PCB congeners in the at­
mosphere and in lakes have recently been investigated in
some detail. Calculations indicate residence times of 2-4
months in the atmosphere (3). Residence times in lakes
vary as a function of such factors as depth, size, hydraulic
residence times, productivity, and sedimentation rates.
Recent estimates for Lakes Michigan and Superior seem
to indicate residence times on the order of 2-10 years (4,
5). Although physical removal mechanisms appear to be
of primary importance, both in the atmosphere and in
lakes, the extent of chemical and microbial degradation
remains to be determined.

Biodegradation studies have shown that reductive de­
halogenation and metabolic oxidation occur under both
aerobic (1,6) and anaerobic conditions (7-9). Although
biodegradation is possible, significant concentrations may
be required to induce enzymatic activity. Furthermore,
organisms capable of metabolizing PCBs have only been
observed in a few specific environments, such as anaerobic
river sediments (7-9). Biodegradation is probably not an

important loss mechanism for PCBs, except in certain
highly contaminated environments.

Direct photodegradation of PCBs by ultraviolet light
also occurs to some extent, and recent evidence suggests
that atmospheric half-lives for PCBs due to this pathway
may be on the order of weeks (10). One of the important
direct photolysis reactions results in production of less
chlorinated PCB congeners through reductive dehalogen­
ation, and total PCB concentrations may only decrease
slowly through this process. Without detailed information
on the importance of the various photolysis pathways it
is difficult to determine the effect of these reactions on the
atmospheric lifetimes of PCBs. Reactions of PCBs with
common environmental oxidants such as hydroperoxy
radicals (H02') and ozone (Oa) have not been reported and
are probably not very important because only very strong
oxidant species can react with PCBs.

One potentially important degradation mechanism for
PCBs is oxidation by hydroxyl radicals (OH's). Hydroxyl
radicals are among the strongest environmental oxidants
known (11) and their reaction with biphenyl and mono­
chlorobiphenyl has been observed in both the gas (12) and
liquid (13) phases. Hydroxyl radicals are ubiquitous in the
environment and are present in low concentrations under
normal conditions in surface water (14, 15) and in the
atmosphere (16, 17). It is believed that OH's are respon­
sible for the degradation of many environmental contam­
inants such as N02 (16) and PAHs (16, 17) and for the
formation of natural organic polymers (18). Provided that
OH' fluxes in the environmental media are sufficient, they
could provide an important removal pathway for PCBs.

Atkinson (19) and Leifer (20) estimated atmospheric
decay rates for gas-phase PCBs using average steady-state
values for atmospheric OH' concentrations, an extension
of the Hammett coefficient linear free energy relationship,
and measured rate constants for biphenyl and chlorobi­
phenyl. Atmospheric half-life estimates for all of the
different congeners derived by Atkinson ranged from 3 to
120 days, which is approximately equal to the atmospheric
residence times estimated for PCBs (3). This reaction is
especially important from a global standpoint because a
significant portion of the world's PCB burden is trans­
ported through the atmosphere in the gaseous phase. It
should be noted that results from these calculations are
somewhat uncertain because actual rate constant mea­
surements are only available for biphenyl and mono­
chlorobiphenyl and the Hammett coefficient relationship
may not be very accurate for the more highly chlorinated
congeners.

Understanding the reactions of PCBs with OH's is
crucial to predicting the future persistence of PCBs and

0013-936X/91/0925-1419$02.50/0 © 1991 American Chemical Society Environ. Sci. Technol., Vol. 25, No.8, 1991 1419



10~------------------,

/
/0

o+---'~---4--+---+---+----+----+---l
o J 4 5 8

pH

Figure 1. pH dependence for oxidation of 2-chlorobiphenyl with Fen­
ton's reagent. Initial conditions: [Fe2+] =0.8 mM; [H20 2] =0.2 mM;
[2-chlorobiphenyl] = 0.01 mM.

50 mL was removed and extracted three times with 50 mL
of petroleum ether. PCB concentrations in these samples
were compared with those obtained by extracting the re­
maining 50 mL of solution and the inside of the flask three
times with 50 mL of petroleum ether. All samples were
analyzed by GC/ECD using a Hewlett-Packard 5890 gas
chromatograph with an electron capture detector as de­
scribed previously (3).

Competition experiments were conducted by adding 70
mL of the Aroclor 1242 stock solution with 0.080 mM H20 2
to 30 mL of a rapidly stirring 0.25 mM Fe2+ solution with
1.5 mM acetic acid buffer. GC peak areas from samples
collected after 4 min were compared with control samples
(without H20J after correction for variability between runs
by using the internal standards. Decreases in concentra­
tions for each isomer were converted to relative rate con­
stants by setting the rate constant for 2,3'-dichlorobiphenyl
at unity and averaging the results of duplicate experiments.
Only the 28 most predominant peaks, which account for
approximately 90% of the total amount of PCBs present,
are reported because variability in peak areas of the less
prevalent congeners observed in duplicate analyses made
interpretation of the results difficult. Results for the 28
congeners that were quantified varied by less than ap­
proximately ±5% between duplicate analyses.

The relative reaction rates were compared with absolute
reaction rates in a separate competition experiment be­
tween 2,3'-dichlorobiphenyl and biphenyl. The absolute
rate constant for biphenyl used in our analysis is discussed
below. The experiment was performed as described above
and extracts were analyzed by GC/MS.

Results and Discussion
Oxidation of 2-Chlorobiphenyl. Aqueous solutions

of 2-chlorobiphenyl were readily degraded with Fenton's
reagent. In a series of experiments conducted at different
pHs, as much as approximately 95% of a 0.01 mM 2-CIBp
solution was oxidized with 0.8 mM Fe2+ and 0.2 mM H20 2
after 15 min (Figure 1). Degradation of 2-ClBp was ob­
served over the entire range tested, and approximately
90% of the 2-ClBp was oxidized by H20 2 in the pH range
of 2.3-4.3. A similar pH dependence was also observed in
the oxidation of chlorobenzene with Fenton's reagent (22).
The pH dependence of the Fenton's reagent reaction may
be directly related to the concentration of Fe(OH)+, which
is reportedly much more reactive than Fe2+ in the Fenton's
reagent reaction (23). The inability of the Fenton's reagent
reaction to degrade most of the 2-ClBp outside of the pH
range of 2.3-4.3 does not imply that OHo reactions are only
important within this narrow pH range because a variety
of other reactions (see below) result in the formation of
OHos in the environment. The pH effect could diminish

the hazards associated with their presence. It is especially
important to determine reaction rates for all of the im­
portant PCB congeners because the toxicity, concentra­
tions, and fate and transport properties vary greatly within
this group of chemicals (1). To develop a model of PCB
oxidation rates in the environment we have studied in
detail the reactions of OHos with PCBs. The initial
products of the reaction were followed in the oxidation of
2-chlorobiphenyl with OHo. Relative reaction rates for
PCB congeners with as many as five chlorines were then
determined by examining the oxidation of Aroclor 1242
by OHo. Results from these experiments were then used
to develop a simple model to predict environmental oxi­
dation rates for PCBs. These results provide information
important for the prediction of decay rates for PCBs in
aqueous systems and may also be extended to estimate
removal rates for gas-phase reactions or the prediction of
removal rates for other substituted aromatic compounds.

Materials and Methods
Stock solutions of chlorobiphenyl isomers and PCB

mixtures were prepared with Millipore MiIli-Q water. The
appropriate quantity of PCB, dissolved in acetone, was
added to a 4-L vessel. PCB concentrations were below
solubility for all isomers present in the solutions. After
evaporation of the solvent, water was added to the vessel
and the solution was stirred for at least 1 week with a
Teflon-coated stir bar. All reaction solutions were main­
tained at 25°C with a recirculating water bath.

The oxidation of 2-chlorobiphenyl (2-ClBp) was achieved
by adding 1 mL of 20 mM H20 2 to a rapidly stirring
1oo-mL solution of 0.01 mM 2-ClBp with 0.8 mM Fe2+.
The initial pH was adjusted to the appropriate value with
either HCI (pH < 3.0), acetic acid buffer (pH = 4.2), or
phosphoric acid buffer (pH =7.2). Available data for OHo
rate constants (21) indicated that the buffers would not
significantly scavenge OHos at the buffer strengths used.
Samples (25 mL) were solvent extracted between 15 and
20 min after initiation of the reaction. Under these con­
ditions H20 2 will be the limiting reactant, and kinetic
calculations using the published second-order rate constant
for the initiation step of the Fenton's reagent reaction (11)
and the initial reactant concentrations were performed.
Assuming that the initial reaction of H20 2 and Fe2+ is the
rate-limiting step and that the reaction follows second­
order kinetics, our calculations indicate that more than
95% of the H20 2 was consumed in the first minute after
the H20 2 was added. By the time the samples were ex­
tracted, all of the OHo was consumed and the product­
forming reactions were complete. The extracts were
acidified with HCI (to pH values between 1 and 2), ex­
tracted three times with 30 mL of petroleum ether, and
analyzed by GC/MS as described previously (22). Quan­
tification of the amount of oxidation that occurred was
achieved by comparing concentrations in the extracts with
a control sample to which water was added instead of H20 2•

Oxidation products were identified by concentrating the
petroleum ether extracts to 1 mL and analyzing by GC/
MS. The concentrated extracts were also analyzed after
derivatization with diazomethane. The chromatograms
and mass spectra were compared with a standard of 5­
hydroxy-2-chlorobiphenyl (2-chloro-5-biphenylol) obtained
from Ultra Scientific (Providence, RI).

Prior to performing competition experiments using an
Aroclor 1242 mixture, the extent of reactant adsorption
onto the glass walls of the reaction flask was assessed.
These experiments were conducted in triplicate with 100
mL of 0.1 mg/L Aroclor 1242 stock solution added to a
1oo-mL volumetric flask. After a specified time interval,
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Figure 2. GC/MS chromatogram and typical mass spectrum for underivatized products of 2-chlorobiphenyl oxidation.

Table I. Ma•• Spectral Data for Diazomethane-Derivatized Reaction Products from Oxidation of 2-Chlorobiphenyl with
Fenton'. Reagent

mle fragment'
peako RTb [M -CH3CW 1M - CH3CW [M-CW 1M - CH31+ 1M)' ID'

1 25.07 1.00· 0.50 0.78 ortho
2 25.74 0.71 0.38 1.00 ortho
3' 26.96 0.33 1.00 meta
4 27.19 0.43 1.00 meta
5 27.33 0.38 0.50 1.00 para
6 27.59 0.36 0.27 1.00 para
7 27.75 0.37 1.00 meta

oOrder of elution of peaks. b Retention time. 'Tentative identification of hydroxylation position based on mass spectral data. • Relative
intensity of mass spectral peak. 'Retention time and mass spectra correspond to methylated 5-hydroxy-2-chlorobiphenyl standard. '-,
indicates not present.

0.L-_~ .......__.......l.L,.._.uum.__J,...J...~

Fig... 3. GC/MS chromatogram for derivatlzed reaction products from
oxidation of 2-chlorobiphenyl with Fenton's reagent. Peak numbers
correspond to spectra in Figure 4.

because analytical standards for all seven compounds were
unavailable and it was not possible to determine the
amount of each isomer that underwent further reactions
with OH"s. Additional qualitative analysis of the chro­
matogram suggested the possible presence of dihyroxylated
chlorobiphenyls. Other oxidation products were not ob­
served in the chromatograms. However, the existence of
more polar intermediate products resulting from ring
cleavage or additional ring hydroxylation was not dispro­
ven since these compounds might not be amenable to the
solvent extraction and/or gas chromatography procedures
used in this analysis.

Oxidation of PCB Isomers in Aroclor 1242. To test
the effect of chlorine substitution on PCB reactivity, a
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the importance of the reactions in environments where the
Fenton's reagent reaction is an important source of OH"s.
Other common OH" sources may not exhibit the same pH
effect.

Several intermediate compounds isolated from the ox­
idized solutions were identified as hydroxychlorobiphenyls
(HClBps). The GC/MS chromatograms indicated the
presence of several compounds with almost identical mass
spectra (Figure 2), which closely matched the mass spectra
of the 5-hydroxy-2-chlorobiphenyl standard and the NBS
mass spectral library entry for hydroxymonochlorobi­
phenyls. nerivatization of these extracts with diazo­
methane resulted in seven distinct peaks with several
different mass spectral patterns (Figures 3 and 4, Table
I). The mass spectrum for one of the methylated inter­
mediates (peak 3) was similar to that of the 5-hydroxy-2­
chlorobiphenyl standard and the other mass spectra were
similar to those described for hydroxychlorobiphenyls by
Tulp et al. (24). The location of OH substitution on the
derivatized HClBp isomers was determined by evaluation
of the different mass fragments of the compounds in a
manner similar to that described by Tulp et al. (24). The
compound identified as the product of meta hydroxylation
(peak 3) had the same retention time as the 5-hydroxy­
2-chlorobiphenyl standard. In addition, relative retention
times for the identified isomers corresponded to the order
observed by Tulp et al. (24) (i.e., ortho, meta, para).

The seven hydroxychlorobiphenyls result from hy­
droxylation at each of the nonhalogenated sites. Con­
centrations of the different isomers were approximately
the same order of magnitude and were not quantified

Environ. Sci. Technol., Vol. 25, No.8, 1991 1421
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Figure 4. Mass spectra for derlvatlzed reaction products for oxidation of 2-chlorobiphenyl with Fenton's reagent.
the same retention time and mass spectrum as the derivatized 5-hydroxy-2-chloroblphenyl standard.

200 220

Peak 3 was found to have

series of experiments were conducted in which an aqueous
PCB mixture, prepared from a sample of Aroclor 1242, was
oxidized with Fenton's reagent. Relative rate constants
for a group of PCB congeners were measured by moni­
toring congener concentrations in the Aroclor solutions
before and after reaction with OH". Thus, it was possible
to test the effect of chlorine substitution through one ex-

periment rather than through a series of individual mea­
surements for different congeners.

In evaluating reactions involving hydrophobic organic
compounds (such as highly chlorinated PCBs), it is im­
portant to consider adsorption to container walls, which
may result in heterogeneous reactions occurring via dif­
ferent mechanisms at rates different from homogeneous
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reactions. To avoid confounding effects of heterogeneous
reactions it was important to generate OH's only in the
presence of dissolved PCBs. Previously, reaction kinetics
for hydrophobic compounds were conducted in nonaque­
ous solvents such as 1,1,2-trichlorotrifluoroethane to avoid
such heterogeneous reactions (25). Although it is possible
to produce OH's via Fenton's reagent in nonaqueous so­
lutions, we chose to conduct our experiments in aqueous
solutions, because results from experiments in organic
solvents are often difficult to apply to environmental
settings. Analysis of the adsorption kinetics of PCB con­
geners with as many as five chlorines (Figure 5) demon­
strated that insignificant quantities of all congeners were
adsorbed within the first 15 min after addition to the
vessel. Thus, the rapid kinetics of the OH' reactions
relative to adsorption assured that the reaction was com­
plete before any PCBs were adsorbed to the container wall.

The absence of nonhalogenated products in the exper­
iments with 2-chlorobiphenyl and previous experiments
with chlorobenzene demonstrated that dechlorination re­
actions are insignificant relative to hydroxylation reactions
in the initial attack of OH's on chlorinated aromatic
compounds. Furthermore, product analysis showed that
hydroxylation occurred to some extent at all non­
halogenated sites despite steric hindrance and/or reso­
nance effects. If dechlorination reactions (chlorine ab­
stractions) are insignificant relative to OH addition at
nonhalogenated sites, PCBs with fewer chlorines should
be oxidized more readily than the more highly substituted
congeners. Thus, the unreactive nature of the halogenated
site should be an adequate predictor of relative oxidation
rates between homologue groups.

Relative rate constants were calculated from peak areas
for the congeners measured before and after the reactions
with the following equation:

hr• 1 =h2lh. = [In (e2lC2.init))/[ln (e./Cl.init)) (1)

where hr•• is the relative rate constant for congener 2; hi
and h2 are the absolute rate constants for reactions 1 and
2, respectively; Cl and C2 are the final peak areas for con­
geners 1 and 2, respectively; and C••init and C2init are the
initial peak areas for congeners 1 and 2, respectively.

The rate constants for all of the congeners were calcu­
lated relative to 2,3'-dichlorobiphenyl (2,3'-DCB). The
observed trend for the measured relative rate constants

Table II. Results from Competition Experiments with
Aroclor 1242 Mixture

no. abs rate,"
peak" narnell ofCI rei rate' x10" dm' mol-1 S-1

7 2,4-DCB 2 0.88 7.1
6 2,3'-DCB 2 1.00 8.0
5/8 2,3·DCB 2 0.98 7.9

18 2,2',5-TCB 3 0.86 6.9
17 2,2',4-TCB 3 0.93 7.5
24/27 2,3',6-TCB 3 0.94 7.6
16 2,2',3-TCB 3 0.89 7.2
32 2,4',6-TCB 3 0.99 8.0
26 2,3',5-TCB 3 0.78 6.3
25 2,3',4-TCB 3 0.89 7.2
28/31 2,4,4'-TCB 3 0.90 7.2
33 2',3,4-TCB 3 0.89 7.2
22 2,3,4'-TCB 3 0.92 7.4
45 2,2',3,6-TeCB 4 0.83 6.7
52 2,2',5,6'-TeCB 4 0.71 5.7
49 2,2',4,5'-TeCB 4 0.77 6.2
48/47 2,2',4,5-TeCB 4 0.79 6.4
44 2,2',3,5'-TeCB 4 0.69 5.5
37/42 2,2',3,4'·TeCB 4 0.79 6.4
41/71 2,2',3,4·TeCB 4 0.71 5.7
40 2,2',3,3'-TeCB 4 0.76 6.1
74 2,4,4',5-TeCB 4 0.67 5.4
70/76 2,3',4',5·TeCB 4 0.69 5.5
66 2,3',4,4'-TeCB 4 0.63 5.1
56/60 2,3,3',4'-TeCB 4 0.67 5.4
92/84 2,2',3,5,5'-PeCB 5 0.59 4.7

101 2,2',4,5,5'-PeCB 5 0.57 4.6
110 2,3,3',4',6-PeCB 5 0.53 4.3

o Coeluting peaks are listed together. The predominant peak
[according to Manchester-Neesvig and Andren (3)J was used in
model formulation. bAbbreviations: DCB, dichlorobiphenyl; TCB,
trichlorobiphenyl; TeCB, tetrachlorobiphenyl; PeCB, pentachloro­
biphenyl. 'Rate normalized relative to rate for congener 6, value is
average of duplicate experiments. d Estimated rate based upon
competition experiments with congener 6 and biphenyl. Rate used
for biphenyl oxidation is described in text.

(Table II) demonstrates a decrease in oxidation rates for
the more highly chlorinated PCBs. As the number of
chlorines increased from two to five the rate constant
decreased by approximately a factor of 2. The relative rate
constant also varied considerably within each homologue
group. This decrease in reaction rates with increasing
degree of chlorination is considerably smaller than that
predicted by gas-phase structure-activity relationship
(SAR) models that are based upon measurements of re­
action rate constants for biphenyl and monochlorobiphenyl
(19,20).

The relative rate constants were converted to absolute
values by comparing the relative reaction rates for biphenyl
and 2,3'-DCB to measurements of the absolute rate con­
stant for biphenyl. Results from the competition exper­
iment using 2,3'-DCB and biphenyl yielded a relative re­
action rate of 1.12 (hbjphenyI!h2,3'.llCB)' The reported absolute
rate constant for the reaction of biphenyl and OH' is 9.0
x 109 dm3/mol·s (13), which was measured from the for­
mation of radical cations in the reaction of biphenyl and
OH'. This measured absolute rate constant approaches
the diffusion-controlled limit for the reaction calculated
from application of kinetic theory (26).

Structure-Activity Relationships. If the number of
available nonhalogenated sites is the only factor respon­
sible for controlling the reaction rates of OH's with PCB
congeners, then a linear relationship should exist between
the relative rate constants and the number of non­
halogenated sites. A correlation (R2 = 0.95, using a
least-squares simple linear regression model) was observed
between the number of nonchlorinated sites and the ob-
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served average relative rate constant for each homologue
group (Figure 6). The observed slope of the regression
line (0.11) is consistent with the expected results if each
additional chlorinated site prevents 10% of the effective
collisions from resulting in a reaction and the more highly
chlorinated congeners have slightly smaller diffusivities.

Although the relationship between the number of
available sites and the average rate constant for the ho­
mologue groups is consistent with our hypothesized reac­
tion mechanism, it does not adequately explain the high
degree of variability observed within homologue groups.
The most obvious explanations for this variability are
resonance and sterie effects. Structure-activity relation­
ships such as the Hammett coefficient relationship used
for predieting rate constants for gas-phase reactions (19,
20) discriminate between congeners within homologue
groups on the basis of resonance effects. However, such
a model should not be applied to analysis of these data
because it assumes that OH substitutions will occur only
at the most energetically favored site(s), which is clearly
not supported by product analysis.

Measurements of reductive potentials for dehalogenation
half-reactions of PCB congeners (27) have shown that
PCBs containing ortho chlorinated sites are better re­
ductants than other congeners in the same homologue
group. A valid explanation of this effect is that congeners
with chlorine groups adjacent to the ring are subject to
more sterie strain than other congeners and a greater
change in free energy occurs upon dehalogenation. Using
this observation to explain reaction rates of PCBs with
OH·s, we have assumed that hydroxylation in positions
located ortho to the aromatic ring will be less favorable
than hydroxylation at other sites because ortho hydroxy­
lated compounds will experience more steric strain than
meta or para hydroxylated compounds. This effect was
tested by fitting a multiple regression model in which
available ortho sites were treated separately from meta and
para sites. (In cases where coeluting peaks were quantified,
the congener present in higher concentrations was used
in the modeL) The model provided a highly significant
prediction of the rate constants when all of the data were
used (R2 = 0.85; coefficient for substituent location: ortho
= 0.112; meta/para =0.168; intercept = -0.160) (Figure
7). The coefficients for the predictor variables indicate
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Predicted Relative Rate

Figure 7. Relationship of measured relative rates and rates predicted
by separate consideration of ortho and meta/para hydroxylation sttes
for oxidation of PCBs by OW. Line indicates exact agreement.

that meta and para sites were more reactive than ortho
sites.

Prediction of Environmental Decay Rates. To de­
termine the significance of hydroxyl radical oxidation as
a PCB loss mechanism it is necessary to evaluate both the
reaction rate constants and reactant (PCB, OH·) concen­
trations. If the oxidant (OH·) is present at relatively
constant, low concentrations, it may be reasonable to make
a steady-state approximation and model the process as a
pseudo-first-order decay, with a rate constant expressed
as the product of the absolute rate constant (h.) and the
steady-state OH· ([OH·j..) concentration:

-d[PCBj/dt = h.[OH·j ..[PCBj = h'[PCBj (2)

Data on steady-state OH· concentrations are available for
the atmosphere (19) and some surface waters (14, 15) and
may be used to predict PCB decay rates in this manner.

In surface waters, OH·s are produced by processes in­
cluding photochemical excitation of organic chromophores
and photolysis of nitrate ions (15). These OH·s quickly
react nonselectively with many organic and inorganic
chemicals present in the water and very low steady-state
OH· concentrations are typically observed. As a result of
these low oxidant concentrations, reactions of organic
contaminants with OH·s are often relatively unimportant
in surface waters. Persistent contaminants, which are not
amenable to degradation by other processes, may eventu­
ally degrade through OH· reactions. For example, by use
of published rate constant values (21), the half-lives for
aromatic compounds were calculated to range from ap­
proximately 8 to 800 days at the steady-state OH· con­
centrations (14, 15) observed in several freshwater samples.

Steady-state OH· concentrations have not been deter­
mined in cloudwater or rain because processes contributing
to OH· formation and degradation vary considerably over
time and space and calculation of steady-state OH· con­
centrations is very difficult. Consideration of estimated
OH· production rates or fluxes in cloudwater suggests that
aqueous OH·s are among the most important cloudwater
oxidants and may be responsible for the oxidation of hy­
drophilic compounds in clouds. Aqueous OH·s may be
produced in cloudwater via the mechanisms described
above for surface waters as well as via diffusion of OH·s
from the gas phase (28), reaction of Fe2+ with H20 2 (29)
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Table III. Constituents Present in Cloudwater and
Associated Contribution to OB' Removal

component concn/J M fate const,b,c sum

H+ 10-4 NR
SO.- 10-4 NR
NO,- 10-4 NR
NH: 10-4 1 X 10" 1.0 X 10'
Na+ 10-4 NR
CI- 10-4 NR
Fe'+ 10~ 7.9 X 10' 7.9 X 101

MnH 10~ 7.9 X 10' 7.9 X 101

formate 2 X 10-4 3.4 X 10" 6.8 X 10"
acetate 8 X 10-4 2.3 X 10' 1.8 x 10"
phenols 2 X 10~ 1.0 X 1010 2.0 X 10'
alkanes 4 X 1O~ 1.0 X 10" 4.0 X 10"

total 8.9 X 10"

• Concentrations for first eight constituents are upper range
from ref 32; values for constituents ~12 from ref 37. Assumed
molecular weights: phenols, 78; alkanes, 207. bRate constant for
OH' reaction from Buxton et al. (21). 'NR, no reaction.
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Figure 8. Estimated ha~-llves lor PCBs in various environmental media.
Atmospheric vapor phase hail-lives Irom Atkinson (19).

(Fenton's reagent reaction), and photoreduction of ferric
complexes (29, 30). Recent evidence suggests that the
latter two trace-metal-mediated processes may be more
important to liquid-phase OH' generation than previously
believed; A considerable portion of the iron present in
cloudwater (up to 0.2 mM) was found to be in the reduced
form (31), possibly as the result of photochemical reduction
of Fe3+ or reactions of Fe3+ with H02' (32). Reduced iron
in cloudwater readily reacts with H20 2, which is present
as the result of diffusion into c10udwater from the gas
phase, as evidenced by measurements from cloudwater (33,
34) and rain (35).

An evaluation of PCB and OH' reaction rates in fog,
rain, and c10udwaters must also consider the physico­
chemical state of the reactants as well as the presence of
other OH' scavengers. Homogeneous liquid-phase reac­
tions of biphenyl are known to occur. The extent to which
heterogeneous reactions take place is presently unknown.
PCB concentrations in fog, rain, and cloudwaters are
controlled by gas-phase partitioning into water droplets
and by the presence of particle-associated PCBs. Observed
concentrations in rainwater are usually less than 10-15
nglL but are higher than those predicted by Henry's law
coefficients (36). Such deviations are thought to result
from the influence of dissolved organic matter, colloids,
and particulate matter. An average of 50% of the total
PCB mass in 10 precipitation events was found in
"dissolved" (filterable) form. It has also been reported that
fogwater, which is thought to be similar in chemical com­
position to c1oudwater, shows even higher enrichments.
Reported total PCB concentrations are in the range of 7-22
IJ.g/L (37). In our analysis we have not attempted to ac­
count for the effect of sorption on decay rates for PCBs
in cloudwater, fog, or rain. If heterogeneous reactions do
not occur, or occur at much slower rates than homogeneous
reactions, the OH' oxidation reactions will still be im­
portant because a substantial fraction of the PCB mass
is dissolved.

The estimated rate constants and reported or predicted
steady-state OH' concentrations were used to calculate
environmental half-lives in surface water for PCBs with
as many as eight chlorines (Figure 8). The estimates were
not extended to PCBs with more than eight chlorines

because few PCBs with more than eight chlorines are
present in the environment and the model could not be
extrapolated beyond this range. OH' concentrations in
marine surface waters (10-18 M) are approximately 2 orders
of magnitude lower than freshwater because bromide ion
present in seawater at a concentration of approximately
0.8 mM (38) has a reaction rate constant of approximately
109 dm3/mol,s (21) and effectively scavenges OH·s. In the
ocean, low steady-state OH' concentrations and low dis­
solved PCB concentrations probably render this oxidation
pathway insignificant. In freshwater systems, half-lives
range from approximately 4 to 11 days and OW oxidation
could remove a substantial amount of the PCBs in the
water column, provided that residence times are sufficient
and particle-bound PCBs react with OH·s. From a global
perspective, OH' oxidations may not be very important
because PCBs in the water column represent only a small
fraction of the total mass in the environment.

A different method was employed for the calculation of
half-lives of PCBs in cloudwater because estimates of
steady-state OH' concentrations were unavailable. This
calculation is intended to provide a preliminary estimate
of PCB oxidation half-lives and may not account for some
of the factors important to atmospheric modeling efforts.
In the calculation it was assumed that the sole source of
OH's in cloudwater is gas-phase transfer, which Chameides
and Davis (28) estimated to occur at a rate of approxi­
mately 0.5-10 nM/s. Constituents present in the cloud­
water (Table Ill) compete for available OH·s. The pseu­
do-first-order rate constant for oxidation of any PCB
congener by OH's is equivalent to the product of the ab­
solute rate constant and the steady-state OH' concentra­
tion (which is expressed as the rate of OH' production
divided by the rate constant for OH' loss);

k' = k.(rate of OH' diffusion)/L:[ki(i») (3)

where the sum of the rates and concentrations of all re­
active constituents in the rainwater (i) are given by the
data in Table III.

The constituents listed in Table III do not include those
unidentified compounds such as lignins, carbohydrates,
and tannins. These unidentified materials may be very
important in terms of their contribution to dissolved or­
ganic carbon (DOC). However, without any experimental
data it is difficult to assess their reactivity with OH·s. For
the purposes of this analysis it was assumed that these
constituents were unimportant relative to the chemicals
listed in Table II. The half-lives for PCBs may be readily
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calculated by solving for the pseudo-first-order rate con­
stant:
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And, if the sum of the non-PCB constituents in the solu­
tion scavenge OR·s much more effectively than the PCBs
(i.e., Dkj(i)] » kpcB[PCB]), then the half-life can be ex­
pressed as a function of only those parameters listed in eq
3.

The cloudwater half-lives depicted in Figure 8 serve only
as a preliminary estimate of the contribution of OR· re­
actions to the oxidation of PCBs occurring in the envi­
ronment. Factors such as competition for OR·s by un­
identified organic compounds may increase half-lives, while
OR· sources not considered, including the Fenron's reagent
reaction, phorolysis of Fe3+, and other sources of OR·s, will
decrease half-lives. These calculations suggest that
cloudwater half-lives may be as much as 1 order of mag­
nitude lower than half-lives in other environmental media.

Conclusions

Although the half-lives presented in Figure 8 have not
been substantiated with field measurements or a detailed
evaluation of OR· concentrations, they do provide esti­
mates of the importance of these various PCB loss mech­
anisms. From a global standpoint, oxidation by OR·s in
surface waters probably does not remove a significant
quantity of PCBs. In oceans, very low steady-state OR·
concentrations and low aqueous PCB solubility preclude
the removal of large amounts of PCBs. Despite modest
removal rates for dissolved PCBs in lakes and streams,
OR· oxidation reactions in freshwater environments are
not important because PCBs in the water column account
for a small fraction of the global PCB burden. In the
atmosphere, gas-phase oxidation may be an important
mechanism for PCB loss; however, additional measure­
ments or more appropriate SARs are necessary to more
accurately assess half-lives. PCB oxidation by OR·s in
cloudwater could be an important mechanism for PCB
degradation, and further work may provide a sufficient
substantive basis for evaluating the global significance of
this pathway. Absolute oxidation rates may be at least as
high, if not 1 order of magnitude greater than gas-phase
rates, but the hydrophobic nature of PCBs may prevent
large quantities of PCBs from partitioning inro cloudwater
and DOC may effectively compete for OR·s. Further re­
search to more accurately determine cloudwater PCB
concentrations and OR· production and loss rates and to
moniror for the presence of PCB oxidation products in the
environment may provide information necessary for
evaluating the relative importance of these degradation
pathways.

2,3,3',4'-TeCB, 41464-43-1; 2,2',3,5,5'-PeCB, 52663-61-3;
2,2',4,5,5'-PeCB, 37680-73-2; 2,3,3',4',6-PeCB, 38380-03-9; Aroclor
1242, 53469-21-9; hydroxyl, 3352-57-6.
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Continuous Multiligand Distribution Model Used To Predict the Stability
Constant of Cu( I I) Metal Complexation with Humic Material from
Fluorescence Quenching Data
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• We report the use of a pH-dependent continuous
multiligand distribution model to determine the stability
constant between Cu(II) and dissolved humic material.
Fluorescence quenching of the humic material by Cu(II)
is used to produce spectral titration curves. The values
from the titration curves are then fit, by use of a least­
squares fitting routine, to the calculated values produced
by the model. Three titrations at pH 2.5, 3.5, and 4.5 were
conducted using this method, and the observed and cal­
culated values are compared. A single stability constant
for Cu(II) with the humic material is reported. The results
of these titrations are compared with the results of ex­
periments carried out using a new technique that relies on
the spectral properties of the Eu(lII) ion to probe metal
binding sites in humic material.

Introduction

Naturally occurring organic materials, in both terrestrial
and aquatic systems, have been studied by researchers for
many years. The conclusions that can be drawn from these
studies are that the structure and physical properties of
these organic materials, more commonly referred to as
humic and fulvic substances, vary from region to region
and are important in many environmental processes.
Recently, particular interest in humics and fulvics has
increased because of their ability to bind and transport
potentially toxic metals in the environment (1-5).

In an effort to understand and quantify metal humic
complexation, researchers have used an assortment of
techniques. The most common methods used to study the
metal binding characteristics of naturally occurring dis­
solved organic matter (DOM) have been ultrafiltration,
ion-exchange, equilibrium dialysis, and potentiometric
methods (5-11). All of these techniques employ an indirect
method of determining the amount of metal complexed
to the humic material under study. Namely, the free metal
ion concentration is measured and subtracted from the
total metal added to determine the amount of metal
bound.

A more direct method of studying the metal binding
characteristics of DOM would be to examine a property
exhibited by either the humic material itself or a property
of the metal to which it is complexed. In recent years, such
a method was proposed by Ryan and Weber (12). Their

'Technology Application, Inc., U.S. EPA.
I Environmental Research Laboratory, U.S. EPA.
I University of Georgia.

method utilizes the well-documented (12-14) ability of the
Cu(II) ion to quench the naturally occurring fluorescence
of humic material. Ryan and Weber's work included the
development of a model that uses this quenching property
of Cu(II) to determine copper's stability constants with
humic material (12). The major assumption made in em­
ploying this fluorescence quenching technique is that the
quenching varies linearly with bound copper.

The models developed, from both indirect and direct
binding studies, and the binding parameters determined
from the fluorescence as well as the other previously
mentioned techniques all have one thing in common: they
yield conditional constants that are functions of ligand or
proton concentrations. These methods normally produce
conditional binding constants that often vary greatly with
ionic strength and particularly with pH. An example is
a paper by Ryan and Weber (12) that reports the binding
constant of Cu(II) to vary by a factor of 6 as the pH
changed from 5 to 7. These models are of limited utility
for predicting the metal binding properties of DOM over
a wide range of environmental conditions.

In the last few years, however, a new technique that
yields thermodynamic values for metal-humic interaction
has proven useful as a predictive tool in determining
metal-organic speciation. This method, developed by
Dobbs et al. (15), uses the fluorescence properties of the
Eu(III) ion to probe metal binding sites in DOM. The
technique utilizes the fluorescence spectrum of the Eu(III)
ion, which is sensitive to ligation with humic material, to
produce spectral titration curves. This method is unique
in its ability to simultaneously measure both the free and
bound europium concentrations. The spectral data from
this technique are fitted by using a continuous multiligand
distribution model (16) to determine the number of metal
binding sites in the system and to examine the effect of
competition between protons and other metals of interest
with that of the probe metal for the available DOM sites
(17). This model is unique in its ability to determine
binding constants for metal ions with humic material that
are not conditional constants that depend on ligand con­
centration or changing pH conditions. This method has
been used to measure the binding constants of several
metals as a function of pH and ionic strength (17). While
using this technique to study the competition for binding
sites between Eu(III) and Cu(II), we observed very strong
fluorescence quenching of both the Eu(III) and DOM. The
quenching was strong enough to interfere with the signal
being monitored from the bound Eu ion at concentrations
below 10-5 M Eu(III). Although a reasonable fit to the
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titration curve above 10-5 M Eu(III) could be made, we felt
it necessary to confirm our results with another method.

In this paper, we report the use of the continuous
multiligand distribution model to evaluate the fluorescence
quenching effect on DOM by the Cu(II) ion. These ti­
trations were conducted at three different pH values and
the data from the titrations were then fit by use of a
modified version of the continuous multiligand distribution
model, which takes into account ionic strength effects as
well as proton competition for binding sites. This paper
will also try to address the assumptions used in modeling
the fluorescence quenching experiments recently criticized
and defended in the literature (1B, 19).

Experimental Section
Instrumentation. The experimental setup for the

fluorescence quenching experiment is virtually the same
as that used in the lanthanide ion probe technique de­
scribed by Dobbs et al. (20). Some modifications were
made to the system, however; so a brief outline of the
system configuration will be presented here. A Lambda
Physik EMG 101 MSC excimer laser with a power output
of 1.3 J at 308 nm was used to pump a FL3002 tunable dye
laser. The laser dye (QUI) provided the excitation wave­
length of 394 nm. The beam was focused with a 200-mm
lens and directed vertically through a l-cm disposable UV
cuvette. The fluorescence emission was collected 90° off
axis to minimize stray radiation. Two lenses were used
to collect, collimate, and focus the fluorescence onto the
monochromator slits. A GCA/Mcpherson 0.5-m double
monochromator was used to disperse the fluorescence
emission and a gated RCA C31034A02 photomultiplier
tube (PMT) was used for fluorescence detection. A
Stanford Research Systems Model SR535 digital delayI
pulse generator was used to control the timing of the ex­
periment.

The timing sequence and data collection method for this
experiment are virtually the same as for the experiment
outlined by Dobbs et aI. (20). The only modifications were
to change the delay time to zero in this experiment and
to add a circuit that utilized the toggle mode on the box­
cars (Model 510 Stanford Research Systems) to eliminate
any background drift. The circuit allowed the pulse gen­
erator to operate at twice the pulse rate of the laser, to take
a sample between pulses, and to subtract this dark count
from the actual sample signal. This technique helped
reduce electronic noise as well as any base-line drift from
the PMT. The beam from the dye laser was monitored
by splitting a small fraction of the beam onto a photodiode,
and this signal was used as a reference to reduce the effect
of fluctuations in the laser power output. The measure­
ments were taken as a ratio of fluorescence signal over
reference signal.

Reagents and Sample Preparations. The DOM used
in this experiment was obtained from the Suwannee River
in southern Georgia by Serkiz and Perdue (21) in May
1987. Reverse osmosis was used to extract and concentrate
the DOM from the river water; the DOM was then further
processed with XAD resins (21). A concentrated solution
of the DOM was prepared by dissolving 0.55 g of the dry
organic material in 50 mL of deionized water to give an
11 giL solution with a pH <2.6. This solution was kept
in an amber reagent bottle and stored at 4°C. A stock
solution of the DOM was prepared by diluting 200 ItL of
the concentrated solution to 37 mL with deionized water
to give a 60-ppm DOM solution.

A stock Cu(II) solution was made by dissolving 0.672 g
of CuCl2 in 100 mL of deionized water. Eleven serial
dilutions, from 2 X 10-2 to 5 x 10~ M, gave a 4 order of
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magnitude range of Cu(II) solution concentrations. The
pH of each solution was adjusted with dilute HCl or
NaOH.

The samples were prepared by mixing 1:1:1 volumes of
deionized water, DOM, and dilute Cu(II) solutions in order
to give 3 mL of 20-ppm DOM solution with various Cu(II)
concentrations. The samples were continuously stirred
during the monitoring period with a Teflon-coated micro
stir bar (Hellma Model 333 Cuv-o-stir). The fluorescence
from the sample was monitored at 500 nm. Thirty data
points were taken over a 5-min period, and the average
fluorescence signal was recorded. Duplicate samples for
each concentration at the three different pHs were mon­
itored to ensure that the signal did not change significantly
during each run.

Theory
Ryan and Weber have described in detail the fluores­

cence quenching of a ligand by complexation with the
Cu(Il) ion (12). The total fluorescence intensity (l) is equal
to the fluorescence of both the free ligand (lLl and the
bound ligand (lML) in the sample. The equation for this
relationship is

I = XLh + XML1ML (1)

where XL is the mole fraction of the free ligand and XML

is the mole fraction of the metal-ligand complex. The
quantities h and 1ML are, respectively, the maximum and
minimum fluorescence signal that can be monitored in the
sample and are limiting factors in a titration. The quantity
I, therefore, is directly proportional to the number of
binding sites available for metal complexation and can be
expressed in the following form:

EIML;l
I =h -~(h - 1ML) (2)

where MLj is the concentration of metal bound to the ith
site, CL is the total concentration of the ligand, and the
XML is now expressed as the EIML;l over CL • A plot of
the fluorescence intensity, I, vs the log of the metal con­
centration yields a plot that is sigmoidal in form. From
eqs 1 and 2, the total concentration of the bound metal
can be derived as is shown in eq 3. The concentration of

71ML;l =(1- f)(hC~~~J (3)

free metal 1M) can be calculated from the mass balance
equation for the total metal concentration, CM' The total
free metal then can be expressed in the form

1M) =CM - L[ML;) (4)

This analysis of the experimental data provides the means
to determine quantitatively the concentrations of the
bound and free metal species at any point in the titration
process.

As stated previously, the model used in this study is a
continuous multiligand distribution model that works
under the assumption that DOM is comprised of a large
number of various monoprotic acids whose protonated
binding sites are normally distributed with respect to their
log K values. Perdue et al. (22) and Simms (23) have
discussed the validity of this approach thoroughly. The
individual ligand concentrations, Cj , the total ligand con­
centration, CL , the mean log Kj value, It, and the width of
the distribution, (J, for the log Kj distribution of the ligand
sites are estimated by nonlinear regression analysis of the
titration data (15). These parameters are used to func­
tionally describe the metal-humic complexation behavior
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Figure 1. Hydrogen model assumption. Distribution of metal and
proton binding sites.

and may vary from humic material to humic material. The
higher the IJ. value the stronger the metal is bound. The
larger the u, the wider the distribution of the log K i con­
stants that reflect the amount of structural variation of
the humic material.

When the metal-proton competition model is used, an
assumption needs to be made. The distribution of the
ligand sites available for binding are assumed to be the
same for the two species. Since the same set of binding
sites is available for both species, the widths of the two
distributions are equal. (A pictorial representation of this
is given in Figure 1.) This implies that the difference in
free energy associated with binding at site i remains con­
stant for the two species as a function of i. Therefore, the
ratio K Mil K Hi' where K Mi is the binding constant for the
metal at the ith binding site and KHi is the humic acid
ionization constant at site i, remains constant (17).

Once this assumption is made, an expression for [MLil
can be developed in terms of all known variables (17):

KM[MjCi
[MLij = 1 + KM,[~j + KH,[Hj (5)

The Gaussian distribution model yields the following ex­
pression for the ligand distribution:

CLC· = --e- [(•..-logKMi)'j/Z.' (6)
I uy2;

where Ci is the concentration of the ligand of type i, CL
is the total concentration of ligand in the humic substance,
IJ.M is the mean of the metal binding constant, and u is one
standard deviation of the mean.

This expression for Ci then is substituted into eq 5. The
solution to this equation yields the total concentration of
the metal at the ith binding site. To equate the value
predicted by the model to the experimentally observed
values given by the fluorescence titration, eq 5 must be
summed or integrated over all i's to obtain the total bound
metal concentration LJML;]. The summation is expressed
as the following:

L:[ML;] =

CL f+= KM[Ml-- ' e- [(•..-logKMi)'j/Z.' X

uy2; _= 1 + KM,[Mj + KH,[Hl
d log KM (7)

Evaluation of this integral provides an expression for the
total bound metal.

Ionic strength is also a factor that must be taken into
account when the system is modeled. The relation between
concentration quotients KMi and KHi and their respective
thermodynamic constants ](I'Mi and ](I'Hi are given as

IMLil [ML;] gMi

](I'Mi = IMIiLil = [M][L;] gMl?Li = KMif Mi (8)

IHLil [HLil gHi

](I'Hi = IHllLil = [H][L;] gHgLi = KH,fHi (9)

where braces II and brackets [j denote activities and
concentrations, respectively; g then denotes activity
coefficients. Debye-Hiickel theory indicates that the ac­
tivity coefficient ratio f equals 1 at zero ionic strength. K
values, therefore, equal ](I' values at zero ionic strength
and decrease with increasing ionic strength. The ionic
strength effect can be incorporated into the model by
substituting K Mi and K Hi with their respective thermo­
dynamic constants and activity coefficient ratios in eqs 8
and 9 to give the following equation for [ML;]:

(](I'M/fM}[M1Ci
[MLj = ' , (10)

I [1 + (](I'MjfMi)[Mj + (](I'HjrHi)[Hjl

This expression then can be substituted into eq 7. The
effect of ionic strength on the system is discussed in detail
by Susetyo et al. (17).

To fit the data, initial guesses are made for the modeling
parameters IJ.M, IJ.H, CL, and u. The values for the total
metal concentration and hydrogen ion concentration are
known. The integral limits are set at ±4 u, and the re­
sulting expression is evaluated. The modeling parameters
are allowed to vary by using a least-squares fitting routine
until the best possible fit can be obtained between the
actual experimentally observed values and the calculated
values. For fitting these titrations, however, all of the
parameters with the exception of Kcu were held to the
values previously determined (17) for the DOM.

Results and Discussion
The pH-dependent multiligand distribution model was

first used to calculate parameters in conjunction with the
lanthanide ion probe spectrofluorometry technique (15).
This technique utilizes the fluorescence properties of Eu­
(III) to probe the metal binding sites in humic materials
at environmental concentrations. The model was ex­
panded to predict not only proton competition but com­
petition from other metal ions and the effect of ionic
strength on humic material. This technique and model
are described in detail by Susetyo et al. (17). This method
is unique in its ability to simultaneously measure both free
and bound europium metal concentrations, unlike ion
selective electrode methods that measure only the free
metal concentration or fluorescence quenching methods
that measure only the bound metal concentration. As
stated in the introduction, we have used the Eu(III)
fluorescence technique to measure the competition of
Cu(Il) and Eu(III) for DOM binding sites. Because the
fluorescences of the Eu(III) and the DOM were quenched
by Cu(II), our studies could only be carried out at Eu(III)
concentrations greater than 10-5 M, which resulted in a
larger than normal uncertainty in the measured binding
constant (lJ.cu =4.9 ± 0.4). In order to substantiate our
calculated value of the Cu(Il) binding constant, we have
undertaken a fluorescence quenching titration that uses
the same model for metal binding.

Three titrations at different pH conditions were con­
ducted using Cu(Il) as the probe metal. Before the ti­
trations were conducted, speciation studies of Cu(Il) in an
aqueous environment were simulated by using a new metal
speciation model (MINTEQAZ) to determine the pH range
at which all the Cu(II) would remain in solution (24). The
MINTEQA2 simulation runs concluded that at a pH of 6 and
a Cu(Il) concentration of 5 X 10-5 M 96% of the Cu ion
in solution was free Cu(II). If the pH of the solution was
increased to 7, the percentage of the free Cu(Il) ion in
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Table I. Fitting Parameters for Cu(II) Fluorescence
Quenching Technique

The final calculated I'M for Cu(II) that best fits all three
sets of data in Figure 2 was 4.2 ± 0.2. It should be reem­
phasized that the values CL, I'H, and u are the same values
that were used to fit the binding of Eu(III) as a function
of pH and the competitive binding of Al(llI) (17). It
should also be emphasized that the value of I'M determined
for Cu(1I) is the same for all three pH conditions. The
difference in the appearance of the three curves is solely
a result of competitive binding with a proton. The pa­
rameters used to fit the data are given in Table I. It
should also be noted that the value of I ML is constant and
not a function of pH. In the analysis of Ryan and Weber
(12) both the values of IML and Kcu changed significantly
with pH. In addition, we find the value of IML to be zero.
This does not imply that all binding sites are fluorophoric,
but that all (or nearly all) fluorophoric sites have a site
capable of binding Cu(II). The leveling off observed in the
calculated and observed plots of Figure 2 is a direct result
of the competitive LangmuirfGaussian distribution model
employed in the analysis and the competition for binding
sites by protons. There is no need to invoke any as­
sumptions as to "the useful measurement range" of the
fluorescence quenching technique as described in some

solution dropped to 31 % with 62% of the Cu forming
Cu(OH)2' To ensure that all of the Cu in solution exists
as free Cu(II), the three fluorescence quenching titrations
were conducted below a pH of 5.

The data from these three titrations then were fitted to
the calculated data by means of a modified version of our
pH-dependent multiligand distribution model. A plot of
the observed and calculated values is given in Figure 2.
The single set of humic-dependent parameters used to fit
the data were taken from experiments done previously
using the lanthanide ion probe technique. These param­
eters (CL, u, I'H) were held constant and only the I'M for
Cu(1I) was allowed to vary in order to get the best fit
between calculated and observed data. The observed
values are almost identical with the calculated curves for
the three titrations at pH 2.5, 3.5, and 4.5. The large
displacement between the three curves reflects the dif­
ferent pH conditions under which the titrations were
conducted. This is illustrated graphically in Figures 3-5,
where the concentration of copper is held constant at 7 X
10-· M. The area under the upper curve in the graph
represents the total ligand concentration, whereas the other
curves represent the amount of bound copper, bound hy­
drogen, and free ligand. The area under these three curves
sums to equal the area under the upper curve. At the low
pH of 2.5 most of the binding sites are occupied by a
proton due to the large proton concentration in solution,
but at the higher pH of 4.5 and lower proton concentration,
most of the binding sites are occupied by the metal ion.
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recently published correspondence (19).
The value calculated for the I'M of the Cu(II) ion in the

fluorescence titrations was slightly lower than the 4.9 ±
0.4 calculated for Cu(II) by use of the partial titration curve
obtained with the lanthanide ion probe technique. The
difference in the results can be explained if one considers
what is actually being observed in the fluorescence
quenching titrations. When the ability of Cu(1I) to quench
the natural fluorescence of the DOM is used, it is assumed
that all the ligands available for Cu(II) complexation are
ligands that are fluorophoric in nature, and that they lose
their fluorescence upon binding with Cu(II). This is un­
doubtedly not the case. The DOM, in fact, may contain
organic moieties that bind Cu(1I) but do not fluoresce, in
which case the calculated I'M for Cu(II) would be under­
estimated by the fluorescence quenching method. The
values obtained by the two different techniques are, how­
ever, quite close.

Conclusions

The natural fluorescence property of humic material can
be used to study the metal binding characteristics of these
materials. The fluorescence quenching technique when
coupled with the pH-dependent multiligand distribution
model can be used to predict Cu(II) complexation with
different humic materials at different pH and ionic
strength conditions. Additional benefits are that this
technique can be used with samples containing humic
material at environmental concentrations and that mea­
surements can be made quickly and easily.

The results from the fluorescence quenching technique
agree quite well with those from the lanthanide ion probe
technique. The fact that two very different spectroscopic
methods were used to collect the data and that, by holding
all the parameters constant, with the exception of Kcu' the
model was able to fit both sets of data demonstrates the
utility of the pH-dependent multiligand distribution
model. The fact that the two techniques gave a slightly
different Cu(II) binding constant is explained by the de­
pendence of the fluorescence quenching technique on the
complexed ligand being fluorophoric or near a fluorophoric
site. The lanthanide ion probe technique may be a more
precise way of measuring humic metal complexation, be­
cause the fluorescence signal being monitored is from the
bound and free metal and does not rely on the probe metal
being bound to a fluorophoric ligand.

Registry No. Cu(Il), 7440-50-8.
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• A chromic acid digestion extraction technique was
compared to conventional solvent extraction for recovery
of a series of organochlorine compounds (chlorinated
benzenes, polychlorinated biphenyls, DDT, DDE, mirex,
and photomirex) from centrifuged Niagara River water.
The digestion technique was more efficient than conven­
tional solvent extraction. Relative recovery (undigest­
ed/digested) decreased exponentially with increasing log
Kow' This implies that digestion-extraction recovers both
the fraction dissolved and the fraction bound to dissolved
organic matter (DOM), while conventional solvent ex­
traction only recovers the dissolved fraction. As the time
compounds equilibrated with the DOM increased, the
extraction efficiencies by conventional extraction decreased
while the efficiencies by digestion extraction remained
100%. Results obtained with the digestion technique were
also more reproducible than those with conventional sol­
vent extraction.

Introduction

The interactions between humic substances [humic
acids, fulvic acids, humins, and dissolved organic matter
(DOM)] and hydrophobic organic compounds have been
studied by several groups. Cholesterol (1), polychlorinated
biphenyls (PCB) (2-9), phthalate esters (10-14), alkanes
(11-13,15), fatty acids (11,13), polynuclear aromatic hy­
drocarbons (PAH) (5,12, 14-19), mirex (20-22), chloranil
(23,24), DDT (3, 8, 9,14,25-28), and other pesticides (9,
14,29-31) bind to humic substances. Binding interactions
affect bioavailability (5, 16, 18, 32-34), gas exchange (2,
6,7,20,21,35-37), solubility (8, 10, 14, 15,24,25,38),
particle adsorption (35,39-41), photolysis (21,42,43), and
hydrolysis (3D, 44) reactions. Only a few investigators have
looked at how these interactions affect the extraction ef­
ficiencies of hydrophobic compounds from water. Hassett
and Anderson (1) found that the solvent extraction effi­
ciency of cholesterol from water was reduced in the
presence of DOM. Landrum et al. (45) showed that CI8
bonded-phase adsorbents did not remove DOM-bound
compounds from natural water under some conditions.
Carlberg and Martinsen (12) showed that the extraction
efficiencies of alkanes, PAHs, chlorinated hydrocarbons,
and phthalate esters were less than 100% by either solvent
or XAD-2 extraction in the presence of humic acids. The
extraction efficiencies of these compounds decreased as
the time after spiking was increased from 4 to 60 days.
These results indicate the time between spiking and ex­
traction is very important. Preliminary work (46) showed
that the hexane extraction efficiencies of many chlorinated
hydrocarbons from Niagara River water were less than
100%. Some studies (11,13) have shown that methylation
of humic substances increased the recovery of hydrophobic
compounds from water. Fish et al. (46) found that adding
chromic acid to water increased the extraction efficiencies
of many organochlorine compounds. Maguire and Tkacz

(47) found that raising the pH of water to 12 increased the
amount of PCB congeners extracted as compared to yields
at the water's natural pH, while lowering the pH to 1
decreased the extraction efficiencies. There may be two
explanations for this; binding of PCBs to humic acids
decreases with increasing pH (7); also, at low pH humic
acids will precipitate, possibly trapping the PCBs in the
matrix.

In this study, the extraction efficiencies of 22 organo­
chlorine compounds from Niagara River water were de­
termined. Conventional liquid-liquid extraction with
hexane was compared to chromic acid digestion, to break
down dissolved organic matter, combined with hexane
extraction.

Experimental Section
Reagents. All extractions were done with pesticide­

grade hexane or dichloromethane (Baker Chemical) and
digestion extractions used chromic acid cleaning solution
of 90-96% sulfuric acid and 1% CrOs (Mallinckrodt).
Acetone and petroleum ether (30-60 DC boiling range) used
for cleaning were glass distilled. Stock solutions were made
with pesticide-grade benzene (Fisher Scientific). Humic
acid was obtained from Aldrich Chemical.

Standard Compounds. Table I lists the 22 compounds
used with amounts spiked into 1-L water samples (column
A) and the log of the octanol-water partition coefficients
(Kow) (column B) (48-51). Amounts spiked were at least
50 times below the solubility limits of the compounds in
water. Unspiked samples were analyzed at the start of this
project, and the native concentrations were at least 2 orders
of magnitude less than the spiked concentrations. The
chlorinated benzenes were obtained from Aldrich; unla­
beled mirex was donated by the United States Environ­
mental Protection Agency; [l4C)mirex (6.13 mCi/mmol)
was purchased from Pathfinder Lab., Inc.; photomirex was
donated by Environment Canada. All other compounds
were obtained from Ultra Scientific Inc.

Accurate amounts of each standard compound were
prepared by weighing on a microbalance, with the excep­
tion of 1,2,4-trichlorobenzene, which was measured volu­
metrically. Each standard was dissolved in benzene and
diluted to 10 mL. Mixed standards were prepared by
diluting appropriate volumes of the stock solutions with
hexane. One mixed standard contained mirex and pho­
tomirex; the other contained the remaining 20 compounds.

Sampling. Samples were collected approximately bi­
weekly from January 22, 1986, to January 7, 1987, at
sampling stations established by Environment Canada on
the Niagara River at Fort Erie and Niagara-on-the-Lake,
ON. The sites have been described in more detail else­
where (52). Samples were centrifuged on site with
Westfalia continuous-flow centrifuges with a flow rate of
6 L/min. Quadruplicate samples for direct solvent (un­
digested) extraction were collected in 1-L glass Wheaton
bottles with aluminum foil lined screw caps from each site.
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Bottles were weighed before and after sampling to deter­
mine the amount of water collected. Quadruplicate sam­
ples for digestion extraction were collected in 2-L round­
bottom flasks with glass stoppers. The flasks were filled
to an approximate 1000-mL mark, and the exact amount
was determined by weighing.

Spiking. Two samples of each set of four collected in
both Wheaton bottles and round-bottom flasks from both
sites were spiked with 5 ILL of the mirex-photomirex stock
solution and 10 ILL of the other combined standard solu­
tion. The samples were then shaken for 24 h at 25°C.

Undigested Sample Extraction. Samples collected
in Wheaton bottles were extracted by pouring the contents
of the sample bottle into a 2-L separatory funnel, rinsing
the bottle with 70 mL of hexane, pouring the hexane into
the separatory funnel, shaking the funnel vigorously for
2 min, allowing the phases to separate, and removing the
hexane layer. This process was repeated twice more, in­
cluding rinsing the sample bottle. The combined hexane
layers were passed through a column of 8 g of anhydrous
sodium sulfate to remove traces of water and evaporated
to &-10 rnL in a Kuderna-Danish concentration apparatus.
Spiked samples were analyzed without further concen­
tration. Unspiked samples were concentrated further to
~ 100 ILL by evaporating the hexane with slow bubbling
by use of a glass capillary tube and purified nitrogen. All
the compounds used in this study were concentrated
quantitatively with this bubbling procedure.

Digested Sample Extraction. Samples collected in
round-bottom flasks were treated by adding 5 mL of
chromic acid and 200 mL of hexane, fitting the flask with
a reflux condenser, placing the flask in a heating mantle,
and refluxing at the hexane boiling point for 2 h. The
sample refluxed smoothly without boiling chips or stirring.
After being cooled, the sample was transferred to a 2-L
separatory funnel and shaken vigorously. After the phases
separated, the hexane layer was removed, passed through
a column containing 8 g of anhydrous sodium sulfate, and
evaporated to 5-10 mL in a Kuderna-Danish concentra­
tion apparatus. Spiked samples were analyzed without
further concentration. Unspiked samples were concen­
trated to ~100 ILL as above.

Gas Chromatography. Extracts were analyzed by
using a Varian 3400 gas chromatograph with a splitless
capillary column injector, auto injector, a GO-m x 0.25-mm
(i.d.) SPB-1 (0.25-ILm film thickness) fused-silica capillary
column (Supelco Inc.) and a 63Ni electron capture detector.
Data were collected by a Keithley DAS Series 500 data
acquisition system connected to a Leading Edge Model D
microcomputer and stored on floppy disks. Data acqui­
sition was controlled with Labtech Notebook software.
The output from the gas chromatograph was also sent to
a strip-chart recorder. Prior to injection,
2,2',3,3',5,5',6,6'-octachlorobiphenyl was added to the ex­
tracts as an internal standard. The spiked samples re­
ceived 100 ILL (93 ng) and the unspiked 10 ILL (9.3 ng). The
column temperature was held at 60°C for 5 min, raised
to 270°C at a rate of 10°C/min, and held at 270°C for
30 min. Compounds in the unspiked samples were quan­
tified by comparing peak heights to a standard curve and
making volume corrections based on the internal standard
response. Although internal standard was added to all
extracts in the spiked studies, the peaks were compared
to 2,2',5,5'-tetrachlorobiphenyl due to an unknown com­
pound that interfered with the internal standard in some
samples. 2,2',5,5'-Tetrachlorobiphenyl was chosen because
it was quantitatively recovered by both methods in the
uncontaminated samples.
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Time of Equilibration. A humic acid solution was
prepared by dissolving humic acid (sodium salt) in distilled
water adjusted to pH 10 with 2 N NaOH and was then
filtered through a 0.2-ILm cartridge fIlter. The solution was
diluted to obtain a dissolved organic carbon (DOC) con­
centration of 5.0 mg/L. Water from Labrador Pond, Tully,
NY, was collected in 20-L glass carboys and centrifuged
before use. The water had 6.1 mg/L DOC. Ten 4-L bottles
each of humic acid water and pond water were spiked with
14C-Iabeled mirex at a concentration of 28.5 ng/L. Bottles
were stored at 20°C. At intervals of 5 min to 5 days after
spiking, the contents of a bottle of each water sample were
divided into four 1-L aliquots for duplicate solvent and
digestion extraction. The extracts were concentrated to
~1 mL and combined with 15 mL of scintillation cocktail,
and l4C activity was determined with a Packard Series
4000 liquid scintillation counter.

Results and Discussion
This study compared the ease of use, precision, and

accuracy of conventional hexane extraction of Niagara
River water to hexane extraction coupled with chromic acid
digestion. The compounds used in this study were chlo­
robenzenes, PCB congeners, DDT, DDE, mirex, and
photomirex (Table I). Water samples were collected ap­
proximately biweekly from January 22, 1986, to January
7, 1987. Recovery studies evaluated average recoveries,
seasonal variations, spiked vs unspiked samples, and time
of equilibration after spiking.

Centrifugation was used instead of filtration since it
allowed water to be processed quickly and was less likely
to adsorb the compounds of interest. Using the same
model centrifuge, Allan (53) showed up to 70% of the
particles recovered were less than 0.2 ILm, and 90-95% of
the total particles were removed. Kuntz (54) showed that
centrifugation removed 83% of the particulate carbon and
nitrogen from samples collected from the Niagara River.

Often with conventional liquid-liquid extraction,
emulsions form due to the presence of surface-active or­
ganic matter. In this study, emulsions in undigested
samples frequently interfered with separation of the hex­
ane and water phases. The emulsion and phase-separation
problems were never encountered in the digested samples,
suggesting that the surface-active organic matter was de­
stroyed. This lack of emulsions makes the digestion me­
thod easier to use.

One problem with using a digestion extraction technique
is the possibility of degrading the compound of interest.
All the compounds used in this study were stable even at
chromic acid concentrations 10 times greater than normally
used for the digestions.

Spiked Samples. Precision of the two methods was
compared by evaluating the standard deviation. Standard
deviations (8) for recovery of each spiked compound were
estimted from duplicate results (55) as

8 = (LD2/2N)°·5 (1)

where D is the absolute difference between a pair of du­
plicates, and N is the number of duplicates. The data from
both sampling sites were pooled when the standard de­
viations were calculated. Table I lists the standard de­
viations in nanograms, the number of duplicate samples,
and the coefficients of variance for amounts of each com­
pound recovered by each method (columns C-F). Stand­
ard deviations of the two methods were compared with an
F test (Table I). Of the 22 compounds studied, 14 showed
a significant difference at the 95% confidence level. In
every case where there was a real difference, the standard
deviation was lower among the digested samples (Table
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Figure 1. Fraction 01 spiked mirex recovered by the digestion method
vs sampling period.

I columns C and D). These differences ranged from 30%
for 1,2,3-trichlorobenzene to 109% for mirex. When a
Wilcoxon signed rank test is applied, the digestion method
is more precise, overall, than the solvent extraction method
(95% confidence level). The average coefficients of var­
iance of 8.4% for digested and 13.6% for undigested also
show that the digestion method is overall more precise.
The superior precision obtained with sample digestion may
be due to the lack of emulsions, allowing better phase
separation and thus more reproducible recoveries.

The average absolute recoveries and their standard de­
viations are listed in Table I (columns G-J) for both
methods. All the compounds were quantitatively recovered
by the digestion method but not all were by conventional
solvent extraction. The quantitative recoveries by di­
gestion are reproducible over time, as can be seen from the
small standard deviations (Table I, column J). For exam­
ple, Figure 1 is a plot of fraction recovered for mirex by
digestion over the sampling period.

The two methods were also compared by evaluating
relative recoveries. Relative recoveries (R) were calculated
for each sample set by using

R = tu/td (2)

where tu and td are the concentration (average of dupli­
cates) of a compound recovered from undigested and di­
gested samples, respectively. Relative recoveries were used
to nullify any possible variation in spiking and concen­
tration of the stock solution from week to week. Over the
entire study period, 20 of the 22 test compounds were
recovered, on average, less efficiently from undigested
Niagara River water than from digested water (R < 1).
The average relative recoveries ranged from 1.033 for
1,2,4-trichlorobenzene to 0.707 for mirex (Table I, column
K). The number of sample sets for which undigested
extraction was more efficient (nu) was compared to the
number for which digestion was more efficient (nd) for each
compound in Table I. If the results were random, the
average expected outcome would be nu "" nd' The pro­
portions nu:nd range from 14:10 (nearly random) for the
two trichlorobenzenes to 1:36 for mirex and photomirex.
These results show that 13 of the compounds were ex­
tracted better by the digestion method (sign test) while
none were extracted better by undigested extraction
(confidence level of 95%) (Table I, column M).

By use of the standard deviations and the average of
duplicate samples, the methods were compared for indi­
vidual sample dates with a t test (95% confidence level).

lOG Kow

Figure 2. Relative recovery 01 spiked compounds vs log K ow' The
numbers correspond to the compound numbers In Table l. The line
is the nonlinear least-squares mto the data using eq 7.

The number of times that the digestion method was better
ranges from 0 for 1,2,3-trichlorobenzene to 24 for mirex
(Table I, column N). Hexane extraction was not signifi­
cantly better than digestion extraction for any sample set.

Most of the compounds that are recovered less efficiently
with hexane extraction have high octanol-water partition
coefficients (Kow) (Table I, column B), and the relative
recoveries tend to decrease with increasing log Kow (Figure
2). This result may appear counterintuitive, since com­
pounds with high Kow should partition more readily from
water to an organic solvent. It can be explained if some
fraction of a compound bound by dissolved organic matter
was recovered more efficiently from digested samples than
from undigested samples (dissolved organic carbon is
2.1-7.0 mg/L). This could occur due to partial or complete
destruction of the DOM by reaction with chromic acid,
which would release DOM-bound compounds and make
them more available for extraction. Compounds with
higher K ow values tend to be bound to a greater e~te~t by
DOM (14). These results can be explained quantitatively
from

CT = Cb + Cc (3)

where CT is the total concentratioin of the organochlorine
compound in water, Cb is the bound concentration, and
Ccis the free concentration. The binding constant KDOC
is defined as

K DOC = CDOC/Cc= Cb/[CC<DOC)] (4)

where CDOC is the concentration of the bound compound
in the dissolved organic carbon and (DOC) is the concen­
tration of the dissolved organic carbon.

KDOC is related to Kow (56) by an equation that takes the
form

log KDOC = a log Kow + b (5)

Combining eqs 3-5
CT/Cr = (DOC)lola log K_ + b) + 1 (6)

Assuming that the digestion-extraction method extracts
both bound and free compounds (CT), and that solvent
extraction of undigested samples recovers only the free
compounds (Cr), then relative recovery (R) equals Cr/CT,

and
R = 1/[(DOC) lO<a log K_ + b) + 1] (7)

Equation 7 predicts that relative recovery will decrease
with increasing Kow• The line in Figure 2 is the nonlinear
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Table II. Re.ult. or the Un.piked Study

least-squares fit of eq 7 to the experimental points. Com­
pounds 4 (2-chlorobiphenyl) and 6 (4-chlorobiphenyl) are
not included in the regression because of anomalous be­
havior discussed below. By use of an average DOC con­
centration of 4.4 mg/L for Niagara River water, the re­
gression yields a and b values of 0.443 and 1.614, respec­
tively. These values are similar to previously published
results for correlation of Kooc with Kow• Kenaga and
Goring (57) reported a and b values of 0.54 and 1.38 and
Henry and Suffet (9) reported values of 0.59 and 1.37.
These results support the hypothesis that the DOM-bound
compounds are not efficiently recovered from undigested
samples.

Some compounds showed little difference between the
two extraction methods (R "" 1) throughout the study
period. These compounds are 1,2,4-trichlorobenzene,
1,2,3-trichlorobenznee, 1,2,3,4-tetrachlorobenzene, penta­
chlorobenzene, 2,4-PCB, and hexachlorobenzene. Other
compounds such as 2,2/,4,5,5'-PCB show that the digestion
method is significantly better than undigested extraction
(R < 1), but the differences between the two methods are
small. Compounds with larger KowS such as mirex show
that digestion is much better. Figure 3a is a graph of
relative recovery (averages of both sampling sites) vs day
of sampling for mirex. The relative recoveries vary over
time from ~1 to as low as 0.3. The graph of 4-PCB (Figure
3b) shows very interesting results. There was little dif­
ference between the methods for most samples, but for
three consecutive sampling dates (77, 106, and 120) the
differences were large, with relative recoveries less than
0.55. In one sample pair from the Fort Erie site, 4-PCB
was not recovered at all in the two solvent extraction
samples (R =0) yet it was extracted quantitatively from
the digested samples. The fact that the other 20 com­
pounds were recovered rules out improper spiking. The
other monochlorobiphenyl, 2-PCB, showed similar results.
The most plausible explanation for this decrease in relative
recovery is a strong specific association between the two
monochlorobiphenyls and a transient component of the
dissolved organic matter in the river.

Unspiked Samples. Table II lists five compounds
studied in the unspiked samples, the average native con­
centrations by digestion extraction, and the average rela­
tive recoveries and standard deviations, both spiked and
unspiked. These compounds were chosen because they
were always detected in the unspiked samples from both
sites. The unspiked relative recoveries range from 0.844
for p,p'-DDE to 0.675 for 2,3',4,4',5-PCB. Figure 4 is a
graph of unspiked relative recovery (averages of both
sampling sites) vs date of sampling for 2,3/,4,4',5-PCB. For
all of the sampling days, undigested extraction was less
efficient than digested extraction (R < 1).

Relative recoveries from spiked and unspiked samples
were compared to evaluate the use of spiked compounds
as surrogates for native compounds in extraction studies.
The relative recoveries are less from the unspiked samples
than from the spiked samples for all the compounds (Table
II). The differences range from 2% for p,p'-DDE to 34%
for 2,2/,3,4-PCB. Assuming that digestion extraction is

•

quantitative for unspiked samples, hexane extraction ef­
ficiencies in unspiked and spiked samples can be compared

JULIAN DAY

Figure 3. (a) Relative recovery of spiked mirex vs sampling date. (b)
Relative recovery of spiked 4-chlorobiphenyl vs sampling date.
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Figure 4. Relative recovery of unspi<ed 2,3',4,4',5-pentachlorobiphenyt
vs sampling date.

unspiked spiked

reI ree SD reI ree SD

0.696 0.230 0.930 0.087
0.782 0.261 0.916 0.074
0.844 0.132 0.860 0.098
0.675 0.211 0.864 0.112
0.688 0.181 0.848 0.102

1.5
(a)

concn
digested, nglL

0.195
0.475
0.132
0.501
0.589

compound

2,2',3,4-PCB
2,2',4,5,5'-PCB
p,p'-DDE
2,3',4,4',5·PCB
2,2',4,4',5,5'-PCB
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Figure 5. Unsplked/splked solvent extraction efficiency vs sampling
date for 2,3'.4.4'.5-pentechlorobiphenyl.

DAYS

Figure 6. Fraction of mirex recovered by both methods vs time in days
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by dividing the unspiked relative recoveries by those of
the spiked samples. If the ratio is less than 1, the hexane
extraction efficiency is lower in the unspiked sample.
Figure 5 is a plot of this ratio vs date of sampling for
2,3',4,4',5-PCB. Hexane extraction efficiency of each un­
spiked sample is always less than the corresponding spiked
sample. The other PCBs gave similar results, but there
is no difference in the recovery of p,p'-DDE from spiked
and unspiked samples. The explanation for the different
behavior of PCBs and p,p'-DDE could be either differences
in rates of interaction with DOM or different exposure
time to DOM in the environment. As these results show,
the use of spiked surrogate compounds is not a valid me­
thod for determining extraction efficiencies from natural
water samples.

The lower recoveries from the unspiked samples may
be due to lower water concentrations of the pollutants.
This hypothesis seems unlikely since the binding constants
of hydrophobic compounds to particles (Kpod (22) and
DOM (Kooc) (7) do not appear to be concentration de­
pendent. A more plausible explanation for the lower re­
coveries in the unspiked samples is differences in time of
equilibration. The spiked samples were allowed to
equilibrate for only 24 h while the unspiked samples may
have equilibrated in the environment much longer. This
time of equilibration will be important if the association
kinetics between the compounds of interest and the DOM
is on the order of days and not minutes or hours. This
hypothesis is supported by laboratory studies with mirex.
Figure 6 is a plot of the fraction recovered by both methods
for mirex in humic acid and pond water vs time after
spiking. The humic acid water and the pond water had
organic carbon concentrations of 5.0 and 6.1 mg/L, re­
spectively. Immediately after spiking, mirex is recovered
efficiently by solvent extraction, but recovery declines over
a 5-day period. Mirex is quantitatively recovered by di­
gestion throughout the study period. Therefore, time of
equilibration after spiking is very important when ex­
traction efficiencies are studied. These data suggest that
at least 5 days is needed for equilibration.. The report of
Carlberg and Martinsen (J2) also supported this hypoth­
esis, showing that extraction efficiencies of many organic
compounds from natural water decreased as the time after
spiking increased from 4 to 60 days.

Some researchers prefer to use other solvents for ex­
traction. The U.S. EPA priority pollutant method specifies
dichloromethane (58). Extraction with hexane and with
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Figure 7. Extraction efficiency vs log K ow for hexane and dichloro­
methane extraction.

dichloromethane was compared on duplicate Niagara River
water samples. Figure 7 is a plot of extraction efficiency
vs log Kow for both solvents. Extraction with dichloro­
methane was not superior to hexane extraction. Extraction
of mirex from these water samples gave efficiencies of
62.5% and 64.4% for dichloromethane and hexane, re­
spectively.

Conclusion

Emulsions and phase separation were a problem in the
undigested samples. These problems were not encountered
in the digested samples, thus making the digestion tech­
nique easier to use.

The digestion extraction technique is more efficient than
conventional solvent extraction for recovering organo­
chlorine compounds from natural water. The extraction
efficiency for the digestion technique is essentially 100%,
while at times solvent extraction is much less. As the KowS
of the compounds increase, the efficiency of solvent ex­
traction decreases. This decrease is presumably due to
binding of the more hydrophobic compounds to DOM.
The digestion technique degrades this DOM, thus allowing
efficient extraction of these compounds.

The digestion technique is also more precise than con­
ventional solvent extraction. Average coefficients of var-
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iance are 8.40 and 13.6, respectively.
Using spiked compounds as surrogates for estimating

extraction efficiencies is not always valid. Solvent ex­
traction recovery of spiked compounds varies with sam­
pling date, hydrophobicity of the compound, and time after
spiking and does not correspond well to recovery of native
compounds.

Caution

The digestion used in this study does not react violently.
Some strong oxidizing agents present fire and explosion
hazards when mixed with some organic compounds and
other oxidizable substances (59). Therefore, investigators
who want to try other oxidant-solvent combinations are
advised to proceed with extreme caution.
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Comparison of Portable Gas Chromatographs and Passivated Canisters for
Field Sampling Airborne Toxic Organic Vapors in the United States and the
USSR

Richard E. Berkley,' Jerry L. Varns, and Joachim Plell

Atmospheric Research and Exposure Assessment Laboratory, U.S. Environmental Protection Agency, Research Triangle Park,
North Carolina 27711

• Collection of samples in passivated canisters is widely
used in analysis of trace volatile organic compounds in air
because preconcentration is usually required to detect
analytes. Sample integrity can be compromised by dete­
rioration or artifact formation during storage and pre­
concentration. A laboratory-tested portable gas chroma­
tograph (PGC) equipped with a highly sensitive pho­
toionization detector (PID) offers the advantage of near
real-time data without preconcentration, but its limitations
as a field-portable instrument must be recognized. This
paper presents data produced simultaneously by the can­
ister/TO-14 method and by PGCs. Data were obtained
in U.S. and overseas field studies at industrial, hazardous
waste, and roadway sites. Field results suggest that a
combination of canister and PGC methods offers a syn­
ergistic approach to source assessment measurements.

Introduction

The low part per billion (ppb) concentrations of toxic
organic compounds found in ambient air have generally
eluded direct detection, and samples must undergo pre­
concentration prior to analysis. Sample collection may
actually be a preconcentration process in which analytes
are stripped from the air matrix by a cryogenic trap or a
sorbent bed, or whole air samples may be collected in
passivated canisters and kept for later analysis (1). Use
of a portable gas chromatograph (PGC) equipped with a
photoionization detector (PID) of sufficient sensitivity to
detect organic compounds without preconcentration at
sub-ppb levels offers a significant alternative approach to
this difficult analytical problem.

Reviews by Verner and Driscoll (2, 3) in 1984-1985
describe more than a decade of PID applications in gas
chromatography. Several reports describe analyses of
organic vapors in air with PID-equipped chromatographs
that were not portable and required preconcentration
(4-8). Leveson developed a 1O.6-eV photoionization de­
tector with significantly enhanced sensitivity, which was
incorporated into a portable gas chromatograph (9). The
photon source was an electrodeless discharge tube excited
by a radio-frequency oscillator. It was claimed to detect
benzene without preconcentration at 0.1 ppb (10-13).
With this instrument, Berkley estimated a benzene de­
tection limit equivalent to 0.03 ppb. The smallest sample
actually analyzed, 1 iLL containing 1.6 pg of benzene,

produced a 2.3-V-s peak at maximum gain. Linear re­
sponse over a wide range of concentration (0.5-130 ppb
benzene) could be maintained, and air injections as large
as 1 mL could be made without unacceptable loss of
chromatographic resolution. Comparable sensitivities to
other aromatic compounds and chloroalkenes were also
found (14). A portable instrument of such sensitivity
would obviously be suitable for air monitoring, but rela­
tively few reports of such use have appeared (15-17).

Potential sampling errors with canisters include break­
through of analytes from the preconcentration trap,
chemical reactions between collected compounds, and
sample degradation during storage. Sample integrity
during storage in passivated canisters has been demon­
strated in the absence of highly reactive compounds (18),
but HCl, for example, was shown to cause artifact for­
mation (19). Parallel use of a PGC method that does not
store or preconcentrate samples could call attention to the
occurrence of such problems. PGCs are more easily
transported than a large number of canisters and can more
readily obtain a large volume of data in the field. On the
other hand, they are presently limited to low-resolution
chromatography, they identify the limited number of
compounds that they can detect at ambient levels by re­
tention time only, and they require a skilled operator. The
analytical trade-offs in field sampling between the widely
used canister method and the near-real-time PGC are
listed in Table I.

We have operated PGCs in both laboratory and field
tests, (20, 21), but those evaluations included minimal
comparison with data obtained by other methods. The
objective of this report was to compare PGC data with
method TO-14 canister data for volatile organic com­
pounds. Herein are data obtained in two field studies,
conducted in Delaware and Lithuania.

Experimental Section
Canister Analysis. Spherical 6-L electropolished

canisters (SIS, Inc.) were used to collect air samples and
to store PGC calibration standards. Canisters were cleaned
by heating to 90°C while they were evacuated through a
liquid nitrogen trap to a final pressure below 10-"m
(mercury equivalent) for 2 h.

For direct comparison between canister and PGC results,
a canister was held with its inlet less than 10 cm from the
end of the PGC probe and the valve was opened to fill it
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Table I. Relative Advantages of Canister and PGC Methods for Ambient Air Sampling

comparative criteria

no. of compds analyzed
quantitation limit
specificity
data delay
sample integrity
multiple sampling
field screening
critical personnel

canister

typically 41'
typically 0.2 ppbv
identification by retention time, multiple detectors, GCMS'
weeks
samples stored, pressurized, preconcentrated
one simple per canister
analyzes many compounds at one site very slowly
trained analyst remains in laboratory'

portable GC

typically <15
typically <0.1 ppbv"
identification by retention time and 10.6-eV PID
minutesQ

direct analysis, no sample preparation'
multiple samples per GC·
analyzes a few compounds at many sites quickly
trained analyst required at field site

'Indicates which instrument (if any) is best for each criterion.

during the time the PGC sample pump was running. It
should be emphasized that this procedure did not result
in perfectly equivalent sampling. Of approximately 50 mL
of air that entered the PGC sample probe, only 1 mL was
analyzed, whereas the canister analysis was representative
of the entire sample collected (up to 6 L). Nevertheless,
both methods would be expected to produce similar results
from sampling the same air at the same time.

Less direct comparison was made by performing con­
secutive PGC analyses while time-integrated canister
samples were being collected nearby. For time-integrated
measurements, evacuated canisters were fitted with pre­
calibrated mechanical flow controllers, and air was sampled
at 25 mLjmin for 2 h.

Air samples collected in canisters were transported to
a laboratory, cryogenically preconcentrated, and analyzed
by using a modified Hewlett-Packard Model 5880A gas
chromatograph equipped with flame ionization and elec­
tron capture detectors. A Hewlett-Packard Model 5970A
mass selective detector was used for some samples.
GCjMS calibration was based upon 41 organic compounds
cited in the TO-14 method (1). They were analyzed fol­
lowing I:1000 dilution of commercially prepared cylinder
standards (Scott Specialty Gases; 10 ppm each in nitrogen).
The dilution was accomplished by metering the calibration
gases and humid zero-grade diluent air into a manifold
with mass flow controllers. After an 8-h system equili­
bration, 5% of the stream was diverted into a clean
evacuated canister to a positive pressure of 200 kPa (3 atm
absolute) by a steel diaphragm pump. Canister samples
collected in Delaware were analyzed by Battelle Memorial
Institute (Columbus, OH), and canister samples taken in
Lithuania were analyzed at the Environmental Protection
Agency Laboratory in Research Triangle Park, NC.

Portable GC Analysis. The microprocessor-controlled
PGC (Photovac Model 10S70) was equipped with a con­
stant-temperature column enclosure, which contained a
0.53 mm i.d. X 10 m wall-coated open-tubular column, 1.0
m of which was a back-flushable precolumn. A chemically
bonded stationary liquid phase was used, either CPSil5CB
or CPSil19CB (Chrompak). Ultrazero air «0.1 ppm
carbon) was used as carrier gas. An IBM-compatible
laptop computer used vendor-provided software via an
RS-232 interface to automate chromatograph operation
and data storage.

Chromatographic peaks were identified and quantitated
by use of retention times and response factors, which were
stored in the nonvolatile memory of the PGC micropro­
cessor. The calibration library was created by analyzing
mixtures of analytes (10 ppb) produced by flow dilution
of commercially prepared standards, as described above.
Compounds that had ionization potentials greater than
10.6 eV were not detected by the PGCs below 100 ppb.
During sampling, PGCs were automatically recalibrated
every four or five runs with a standard containing a single
compound, chlorobenzene or tetrachloroethylene. These
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standards were prepared by flow dilution as described
above, certified by GCjFID analysis, and shipped to the
site in canisters along with other equipment. After each
field study, the remaining field calibrant was recertified
by GCjFID. No statistically significant change in con­
centration was observed. After each recalibration run, the
microprocessor corrected the retention time and response
factor for the calibrant and then proportionally corrected
retention times and response factors of all compounds in
the library. Retention times and responses of calibrant
peaks were not reported by the PGC during autosampling
runs. Peak recognition windows were set to ±5% of re­
tention time, and minimum peak area was set to 5 mV-so
At this setting, the smallest detectable concentration for
each calibrated compound was below 0.1 ppb.

PGC samples were collected at intervals of 15 min. Air
was drawn into the sample probe (3 m X 2 mm i.d. stainless
steel tubing) for 45 s, then the sample loop was switched
into the carrier stream for 15 s, and finally the sample loop
was removed from carrier flow to minimize peak tailing.
The precolumn was back-flushed by the carrier stream
except when calibrated compounds were actually passing
through it. Calibration runs differed from sample runs
only in that the loop received calibration mixture instead
of an air sample. The 10-s flow of calibrant (120 mLjmin)
ended 2 s before injection. A typical chromatogram with
quantitation list and setup table is shown in Figure 1.

PGCs were sheltered from drafts and direct sunlight
inside an automobile or a mobile laboratory during field
operation, and the stainless steel sample probe was ex­
tended through a window or a sampling port. Before au­
tomatic sampling was started, a stable base line was ob­
served and the library was recalibrated with single-com­
pound standard. Chlorobenzene or tetrachloroethylene
was used as calibrant. A different calibrant was used for
each PGC when two of them were operated together.
External rechargable 12-V batteries (Johnson Controls
GC12800 or PP12120 gel cell and Sears Die-Hard Marine)
were used to supply power. In Lithuania, 240-V 50-Hz
electric current was stepped down with a transformer
(Triad N-9M) and adjusted to 115 V with a powerstat
(Staco Energy Products) for charging batteries.

Field Sites. Samples were taken during April 1989 at
several hazardous waste sites near Wilmington and New
Castle, DE. This was done in cooperation with the Dela­
ware Department of Natural Resources and Environmental
Control as part of a preliminary investigation of airborne
emissions from Superfund hazardous waste sites in the
area. Three of the rural sites were inactive landfills under
Superfund remediation. Others included an abandoned
industrial waste lagoon, a waste treatment and incineration
plant, and a chemical plant that manufactured chlorinated
aromatic compounds.

In June 1989 a field study was conducted near Vilnius,
Lithuanian SSR under project 02.01-12 of the U.S.-USSR
Environmental Agreement, in which Soviet and American



, Name R.T. Area/PPM
1 Unknown 38.4 140 VS
2 Benzene 95.0 1.49 PPB
3 CL3-Elhylene 117.7 1.08 PPB
4 Unknown 155.6 286 mVS
5 Toluene 209.7 3.7 PPB
6 Unknown 327.5 296 mVS
7 Unknown 370.5 16.9 mVS
9 CL-Benzene 430.8 0.611 PPB

10 m,p-Xylene 472.4 1.01 PPB
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37 G·l
200 4OC, 10.5

31.0mV
0.5 Cmlmlnute
16104 mVisecond
5 Percent
5 mVsecond
45.0 second
840.0 second
15 minute

1.0

II)
:=.g 0.5

o
o 2 3

Number
Internal Temp
Gain

Otlset
Chan Speed
Slope Sens.
Wlndow±
Minimum Area
TImer Delay
Analysis TIme
Cycle TIme

4 5 6 7

Seconds x 100

8 9 10

Figure 1. Typical PGC chromatogram showing setup and quanlitatlon list.
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Flgwe 3. PGC and canister comparison at an abancloned waste lagoon
In Wilmington, DE. (0) Tetrachloroethylene was not detected by the
PGC due to a perslslent base-llne disturbance caused by programmed
valve operation.
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road on either side. The speed limit was 100 km/h, and
daytime traffic volume was moderate to heavy without
stop-and-go congestion. No industrial activity was visible
in the immediate vicinity.

Results and Discussion
Delaware Field Study. Figures 2-4 contrast PGC and

canister data from colocated simultaneous sampling in
Delaware. Figure 2 shows samples taken at three Super­
fund sites. Concentrations were low, typical of sub-ppb
ambient background levels in areas remote from vehicular
traffic or other sources, suggesting that these compounds
were not emitted in significant quantities from waste
buried at the sites. Samples taken downwind of a waste
lagoon are shown in Figure 3. Concentrations were low
at this urbani industrial site but slightly higher than at the
rural Superfund sites.

I LJOelow....e Sond Il Grovel

\1 Ern,' ·'-----,---r---PI'~hA rmJIIIr--., F'l""I r.q

~ Conlsl.er

• Porloble Gos Ch-on-ologroph

Grorlf-an Lore

~

j i ~
~ o. ~~• L N

b 7 j ~ ~ ~
~ L ~ H 0 -'l ......x~ •
~ u ~ ~ b? ~
~ ~ ~ ~ 3 ~ ~ b

Figure 2. Comparison of PGC and canister responses at three Su­
perfund s~es near New Castle, DE. (0) Tetrachloroethylene was not
detected by the PGC due to a persistent base-line disturbance caused
by programmed valve operation.

methods of analyzing air pollution from automobile ex­
haust were compared. Benzene, toluene, and higher ho­
mologues were of special interest in this study. Two
identically equipped PGCs were used. Their performance
was compared in side-by-side operation, and then they
were operated as an upwind/downwind pair. Five weeks
in transit, prolonged storage, and use of converted electric
power provided a stringent test of PGC performance at
a remote location.

During the Lithuanian study, samples were taken at a
site on the Vilnius-Kaunas Highway (A-227) ~12 km from
the center of Vilnius. This four-lane divided highway ran
from southeast to northwest through rolling countryside.
A mobile laboratory provided by the Lithuanian Institute
of Physics was placed ~20 m northeast of the highway on
ground that was ~2 m below the level of the roadway.
Open uneven fields extended more than 150 m from the
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Figure 4. PGC and canister responses at the Pigeon Point waste
disposal plant In Wilmington, DE (above) and at Standard Chlorine of
Delaware chemical plant (below). (0) Tetrachloroethylene was not
detected by the PGC due to a persistent base-llne disturbance caused
by programmed valve operation.

The low analyte concentrations in Figures 2 and 3 call
attention to some limitations of PGCs. Sub-ppb to 1 ppb
benzene levels were not always detected by the PGC when
reported by the canister method. The PGC peak recog­
nition algorithm sometimes did not respond to a very small
peak emerging where the base line was tailing from a large
peak or where it had been disturbed by programmed
valving. PGC data for tetrachloroethylene in the Delaware
study were obliterated by such a base-line disturbance.
Also, chlorobenzene, the field recalibrant, persistently
contaminated sample runs at approximately 0.5 ppb due
to a valve leak. PGC and canister comparisons at con­
centrations substantially above 10 ppb were in close
agreement.

Samples taken by both methods near the waste incin­
eration plant at Pigeon Point show toluene and higher
homologues at significant levels (Figure 4). This active
waste disposal operation produced an intense stench
caused by compounds that were detectable by neither
method. Also shown in Figure 4 are high levels of benzene
and chlorobenzene measured downwind of an industrial
complex that produced chlorinated aromatic compounds.

The large relative discrepancies between PGC and
canister results at the lowest concentrations tend to ob­
scure how well they agree overall. In Figure 5 PGC data
are plotted versus canister data for each occasion when a
compound was detected by either method during the
Delaware study. The plot shows that the two methods do
produce equivalent data and enhances perspective on
relative differences at the lowest concentrations. Agree­
ment was reasonably close over the entire concentration
range. It would have been better if more points had been
measured at higher concentrations, but the number of
canisters available was limited, and sites with high-level
emissions were found only after most canisters had already
been filled.

Lithuanian Field Study, Of the 36 canisters taken to
Vilnius, all were dedicated to 2-h time-integrated sampling.
PGC data were compared to canister data by autosampling
during the canister sampling period. Two PGCs were
operated side by side in the mobile laboratory with colo­
cated sample probes extended to a point 1 m above and
18 m northeast of the roadway. Figure 6 compares analyses

CANISTER ppbv
Figure 5. PGC versus canister responses from the Delaware field
study. Inset shows the region near the origin. Slope, 1.141; Intercept,
-0.027; correlation coefficient, 0.996; 41 points.
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Figure 6. Side-by-side downwind PGC responses observed at 15-mln
Intervals during a 2-h time-Integrated canister sampling period at
highway site in USSR.

made by the colocated PGCs which coincided with time­
integrated sampling by canisters placed 3 and 10 m from
the edge of the highway. This comparison was completed
during nonturbulent movement of air across the site and
while traffic density was fairly constant. Average levels
of benzene, toluene, ethylbenzene, m-,p-xylene, and 0­

xylene found by the PGCs were in reasonable agreement
with data from the 3- and 10-m canisters; however, the
PGC levels sometimes exceeded the lO-m average canister
concentrations, even though the PGCs were further re-
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Table II. Retention Time Stability during Vilniu8 Field Study"

benzene toluene m',p·xylene a·xylene

unit peak no. RSD,% peak no. RSD, % peak no. RSD,% peak no. RDS,%

June 1, 1989
PGC·1 5 0.8 5 0.2 5 0.1 0
PGC-2 26 1.3 26 2.4 15 1.1 0

June 2, 1989
PGC-1 16 0.8 16 1.5 14 0.8 0
PGC-2 14 0.2 16 0.4 0 5 0.5

June 4,1989
PGC-l 13 0.7 13 0.5 2 3 0.1
PGC-2 45 0.5 45 0.7 14 0.3 37 0.6

June 6,1989
PGC·1 44 1.5 49 1.8 1 4 3.1
PGC-2 32 0.2 48 0.2 8 0.5 23 0.6

June 7,1989
PGC·2 31 0.4 21 0.7 7 0.4 8 0.9

• RSD, relative standard deviation.
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Figure 8. Toluene/benzene ratios from upwind/downwind PGC data
and time-integrated canister data at highway sne in USSR.

inside a van parked 12 m downwind (southwest) of the
highway while PGC-2 remained inside the mobile labora­
tory. Canisters were again placed 3 and 10 m downwind
of the highway. Data obtained in three PGC runs toward
the end of the canister sampling period are shown in Figure
7. During run 1 the upwind PGC was recalibrating and
reported no data. During run 2 the downwind PGC was
recalibrating. Scheduling constraints allowed only 0.5 h
of PGC sampling to be compared to the canisters, but this
was sufficient to demonstrate (Figure 8) that the range of
T /B ratios detected by the PGCs can be averaged out and
"lost" by a time-integrated technique. PGC quantitative
results were substantially in agreement with the canister
results. Unlike the canister T/B ratios, the averaged T/B
ratio for both PGCs was higher (2.3) and included a much
wider range of values (0.32-3.4).

The T/B ratio discrepancy highlights an advantage of
PGC sampling. Time-integrated canister samples average
data over the duration of the sample period, while PGCs
take a "snapshot" of what is in the air during an interval
of 1 min or less and are influenced by emissions from
vehicles that happen to be passing while the sample is
being taken. In the United States, the T /B ratio in am­
bient air is usually greater than 1, although the ratio of
toluene to benzene produced in combustion/pyrolysis
processes is generally less than 1. This happens in the
United States because hydrocarbon constituents of engine
exhaust are mostly unburned fuel that has eluded emission
control devices. Benzene in U.S. gasoline is limited to 4%,
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Figure 7. Upwind/downwind PGC responses observed at 15-min in·
tervals terminattng at the end of a 2~ time-lntegrated canister sampling
period at highway sne in USSR.

moved (18 m) from the highway. This discrepancy in
source dilution suggested that sampling variation and/or
site influences were being revealed by the near-real-time
measurements of the PGCs. Additionally, the toluene/
benzene (T/B) ratios for the 3- and 10-m canisters were
1.2 and 1.5, respectively, whereas the T /B ratio for the
paired PGCs averaged 2.9. The agreement between the
paired PGCs for toluene and benzene measurements shown
in Figure 6 also suggested that the differences in the T/B
ratio may have arisen from short-term variations in con­
centrations.

For upwind/downwind operation, the PGCs were de­
ployed across the highway from each other with PGC·l
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and averages ~1.3%. Toluene is permitted in higher
concentrations since it is less toxic, and it strongly en­
hances octane rating. Toluene and benzene are not present
in diesel fuel because they are outside its distillation range
(typically CIO-C2S)' Diesel combustion produces more
benzene than toluene, but since gasoline-powered engines
predominate on U.S. highways, the ambient T /B ratio in
the United States is usually greater than 1. Different
circumstances prevail in the USSR. Benzene in fuel is not
regulated, and emission control devices are absent. Die­
sel-powered trucks, buses, tractors, and self-propelled
machinery in enormous variety use Soviet highways, often
outnumbering automobiles. Thus T/B ratios in the USSR
could be more variable than in the United States.

A great advantage of using a 10.6-eV PID is that the
compounds it is best able to detect are volatile aromatics
that are among the most prolific of the volatile toxic
compounds in engine exhaust. Paraffins, which are of
somewhat less concern, are also present and can produce
interferences when universal detectors are used, but they
are not detectable by 10.6-eV Pills at concentrations below
100 ppb. Apparently there were few if any interferences
at the Vilnius site. Evidence for this is shown in Table
II, where relative standard deviations of retention times
for each compound are displayed for each sampling period.
The PGCs were operated in autosampling mode, unat­
tended most of the time, and produced many more data
than were shown in Figures 6 and 7. The number of times
each compound was detected during each sampling period
is displayed with the relative standard deviation of its
retention time during that period. In most cases relative
standard deviations were below 2%. If several compounds
with similar (but not identical) retention times had been
detected, the scatter in retention times would have been
larger. It is unfortunate that these data cannot be com­
pared with retention times from calibration runs, which
were not reported by the PGCs when operating in auto­
sampling mode. Because no data from authentic standards
are included in Table II it can provide evidence that
positive interferences were absent, but it cannot prove it.

Conclusions
On the basis of comparisons with canister data from

domestic and foreign field studies, portable gas chroma­
tographs can rapidly produce valid estimates of ambient
background concentrations of many volatile nonpolar and
semipolar organic air pollutants that ionize below 10.6 eV.
Because of the specificity of the PID detector to com­
pounds that ionize below 10.6 eV, little difficulty is en­
countered with interferences due to coeluting peaks, in
spite of limited chromatographic resolution. Because the
PGC can process data immediately, it is of great value for
rapid screening of hazardous waste sites, chemical spills,
and other sources of airborne organic vapors. Our com­
parison of T /B ratios from the respective methods is one
example of how combined data can yield information on
specific emission sources that might otherwise be missed
by time-integrated sampling.

Results of these studies show acceptable agreement
between PGC data and data from the canister/TO-14
method. They suggest that the canister/TO-14 method
is generally valid for sampling atmospheres not contami­
nated with highly reactive compounds, even when analyses
must be delayed. Combined canister/PGC analyses would
be useful at uncharacterized sites or where highly reactive
compounds are suspected. Positive interferences do oc­
casionally affect canister data and could affect PGC data
as well, but negative interferences would be less likely to
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influence PGCs since they do not store or preconcentrate
samples. Furthermore, when analyses using different
sampling methodologies produce similar results, a pre­
ponderance of evidence is created that the data are sub­
stantially correct.

PGC analysis can be applied to nonpolar organic com­
pounds that ionize below 10.6 eV and that are sufficiently
volatile to elute from the column at 50°C or below.
Comparison of canister and PGC sampling should be ex­
panded to include additional classes of compounds, espe­
cially polar solvents.
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Heuristic Model for Predicting the I ntrusion Rate of Contaminant Vapors into
Buildings

Paul C. Johnson" and Robert A. Enlnger

Shell Development, Westhollow Research Center, Houston, Texas 77251

• The intrusion into and subsequent accumulation of
contaminant vapors in buildings and family dwellings is
of concern for health and safety reasons. When preparing
environmental and health risk assessments, one must be
able to quantify this exposure pathway in order to decide
if site-specific conditions correspond to unacceptable in­
door contaminant vapor concentrations. For cases in which
contaminated-site soil cleanup levels can be negotiated
based on site-specific conditions, a related problem is the
determination of residual contaminant levels below which
associated adverse health effect risks are deemed negligible.
Unfortunately, there are currently no accepted models for
predicting vapor intrusion rates, and there is considerable
debate over which transport mechanisms govern the pro­
cess. This paper presents a heuristic model for screen­
ing-level calculations. It incorporates both convective and
diffusive mechanisms, as well as contaminant soil, and
building foundation properties. Sample calculations are
presented for a range of parameter values to illustrate use
of the model and the relative contributions of individual
transport mechanisms.

Introduction
The intrusion and subsequent accumulation of radon

vapors in commercial buildings and family dwellings has
received considerable attention in the last decade. Of
growing interest is the related problem of vapor transport
from contaminated soils into buildings and dwellings.
When preparing health and environmental risk assess­
ments, regulators may require one to determine a residual
contaminant level below which the associated adverse
health effect risk is deemed negligible. To accomplish this,
however, predictive transport models are required. Despite
the attention focused on radon intrusion, no such validated
models are available.

The current level of understanding is that both diffusion
and convection contribute to vapor intrusion, and specific
site characteristics will determine the significance of each.
Nazaroff et al. (1) attempted to correlate radon concen­
trations in basements with building ambient pressure
differences, wind speed, temperature differences, soil radon
activity, and indoor air-exchange rates. In summary, for
the three dwellings studied, typical building underpres­
surizations (ambient basement pressure drop) ranged be­
tween 1 and 50 Pa, and radon intrusion rates increased
with increasing building underpressurization. Through the
use of a tracer gas and controlled building underpressur­
ization, Nazaroff et al. (2) studied the coupling between
building underpressurization, induced soil depressuriza­
tion, and flow of soil gas to a building. In another field
study, Hodgson et al. (3) studied the transport of vapors
from a landfill to a residential basement; they concluded
that convective transport was negligible for the conditions
at that site. By building a scale model of a building, Arnold
(4) attempted to correlate building underpressurization,
wind speed, soil type, soil gas intrusion rates, and pressure
distributions in surrounding soils.

Attempts to model radon intrusion have produced both
semianalytical solutions and detailed numerical codes.
Landman (5), who considered only vapor-phase diffusion,

modeled radon transport through cracks in slabs and
predicted that a slab with 1% open cracks by area will
reduce the radon flux by 75% relative to the case of a bare
dirt floor. Landman and Cohen (6) later tried to simplify
this analysis and incorporate convective transport. Other
authors, such as Zapalac (7), have attempted to model and
measure radon fluxes through intact (i.e., no macroscopic
cracks) concrete barriers.

Recently, numerical models have been employed by
Garbesi and Sextro (8) and Loureiro et al. (9). The former
model soil gas entry through "permeable" walls, rather than
through cracks and openings, and predict reasonable soil
gas entry rates for the cases studied. The latter couple soil
gas flow field solutions with a contaminant transport model
to predict radon intrusion rates through cracks and
openings in basement floors and walls. It should be noted
that one must be careful when extending results and
conclusions from radon intrusion studies to the problem
addressed in this study. In the case of radon intrusion,
vapors are typically generated within the soil matrix ad­
jacent to the foundation, while contaminant vapors of the
type discussed in this report must migrate from a source
located a distance from the building.

The goal of this work is similar to those of Nazaroff (10)
and Nazaroff and Sextro (11); we want to develop a less
computationally complex screening-level model for esti­
mating contaminant vapor intrusion rates. Nazaroff (10)
outlined a semianalytical approach for predicting indoor
radon concentrations in the limit of convective-dominated
transport, while Nazaroff and Sextro (11) described a more
empirical technique based on a site-specific in situ mea­
surement. Here we utilize the results and observations of
these authors to formulate a heuristic model for predicting
the intrusion rate of contaminant vapors into buildings
through foundations in a more general scenario: contam­
inant vapors originating an arbitrary distance away from
a building. This model can be used as a risk assessment
screening-level tool; it can be used to identify sites, or
contaminant levels, for which contaminant exposures
through a vapor inhalation pathway may cause adverse
health effects. It can also be used as a tool to help identify
sites where more detailed numerical simulations or field
sampling are appropriate. Below, the basis for the model
is discussed, model equations are derived, and sample
calculations are presented that illustrate the use of the
model.

Heuristic Model Basis

While the formal development of the heuristic model
is presented below, it is necessary to identify relevant
phenomena that govern contaminant vapor transport into
dwellings. In the following section, a dimensional analysis
is conducted to assess the relative importance of each
phenomenon. The transport of contaminants through soil
matrices is often modeled by solving the following trans­
port equation:

iJLEjCj

-'-'- + LU-VC = LV·DeffvC + LR (1)at i I I i I I i J

0013-936X/9110925-1445$02.50/0 © 1991 American Chemical Society Environ. Sci. Techno!., Vol. 25, No.8, 1991 1445



and

and

Pe

0.08-{).08
0.08-{).8
0.8--8
8-80

0.01-{).1
0.1-1
1-10
l(}-loo
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where AP, is the reference or characteristic indoor--{)utdoor
pressure difference and * denotes nondimensional varia­
bles:

Inserting eqs 3 and 8 into eq 1 and nondimensionalizing
the resulting equation yields

a'L,fjCt (L)
-j-- - ..!. (V*P*)·(V*C *) =

at* Lo v

[
Dercp.L ]

V*· ---p V*Cv* + 'L,R j* (9)
kvAP,Lo i

Cj * = CJC, v* = LvV P* = PIAP,
t* = t(kvAP,1LpLop.) R j* = RjLpLOp.ICrkvAPr

where C" Lv, and Lp are characteristic concentration,
diffusion pathway length, and convection pathway length
values, respectively, chosen to give the dependent con­
centration variable and derivatives of Cj* and P* magni­
tudes of order unity. Then the dimensionless group

[kvAP,Lo/Deffp.Lp) = Pe (10)

determines the relative significance of convective and
diffusive transport mechanisms. Here Pe is the Peclet
number, expressed in terms of the driving pressure APr.
If Pe » 1, convective transport dominates; if Pe « I,
diffusive transport dominates. Note that the Peclet num­
ber defined by eq 10 contains two length scales Lo and Lp.

This is appropriate for the problem of contaminant vapor
intrusion into buildings, where the characteristic length
scales for diffusion and convection may be quite different.
Logical choices for Lo and Lp are the contaminant
source-basement separation and the distance between
ground surface and the basement floor, respectively.

It is useful to examine the magnitude of Pe before for­
mulating any simpler vapor intrusion models. Based on
the Nazaroff et al. (1, 2) studies, typical values of APr are
1-10 Pa (10-100 g/cm·s2), so we will choose the following
representative parameter values: APr = 10 Pa = 100 g/
cm-s2 = 10-4 atm; Doir =0.087 cm2/s (benzene at 20°C);
DH,o = 1.0 X 10-5 cm2/ s; H =0.18 cm3 of H20/cm3 of vapor
(benzene at 20°C); fT =0.38; Om =0.07 g of H20 / g of soil
(sandy soil at field capacity moisture content); Ph = 1.7 g
of soil/cm3 of soil; p. = 1.8 X 10-4 g/cm·s; Lo =Lp . Table
I presents values for Pe for different soil types. While Om'
fT, Ph, and hence Deff will vary with soil type, it has been
assumed that all soils listed in Table I have similar total
porosities, soil moisture contents, and bulk densities (an
assumption that would not be valid for comparing sandy
and clayey soils). The diffusion coefficients in water and
air are also compound-specific; however, compounds whose
molecular weights range from 70 to 300 have diffusion
coefficients that differ by only a factor of ~2 [Lyman et
al. (14)]. Of the parameters appearing in eq 10, the soil

soil type

silt
silty sand
fine sand
medium sand

"Pe = (hvLlP,Lo/D'''IlLp), where LlP, = 10 Pa = 100 g/em.s' =
to-' atm, D'" =0.087 em'/s (benzene at 20°C); DH,D =1.0 X to-'
em'/s; H = 0.18 em' of H20/em' of vapor (benzene at 20 "C); 'T =
0.38; Om = 0.07 g of H,O/g of soil (sandy soil at field capacity
moisture content); Ph = 1.7 g of soil/em' of soil; Il = 1.8 X to-4
g/em·s; Lo = Lp ; D'" '" D:" = 0.087 em'/s X (0.26,·33/0.38') = 6.8
X to-' em'/s.

Table I. Dependence of Pe on Soil Type"

(8)

(6)

(7)

(4)

(5)

For most compounds (except those with very small Henry's
law constants), the contribution due to diffusion through
the soil moisture will be insignificant in comparison with
vapor-phase diffusion.

For the purpose of this analysis, we also assume that
significant convective transport occurs only in the vapor
phase, and vapor flow is described by Darcy's law:

kv
U v =--VP

p.

A similar equation can be written for the relationship
between sorbed and soil moisture phases, except that H
is replaced by a sorption coefficient. If one assumes that
diffusive transport is significant only in the vapor and soil
moisture phases, then it follows from eq 2 that

'L,V.DjerrVCj =V.(D:rc + DmeffIH)VCv =V.DercVCv (3)

where neff, defined by eq 3, is the "effective porous medium
diffusion coefficient based on vapor-phase concentrations".
The effective porous medium diffusion coefficients (Dmeff
and D:rf) are related to the pure component molecular
diffusivities in water and air, DH20 and [)&i', total soil po­
rosity, fT = (fv + fm), vapor-filled porosity, fv, and mois­
ture-filled porosity, f m , by the Millington-Quirk [Bruell
and Hoag (13)] expression:

where k v is the soil permeability to vapor flow (cm2), p. is
the vapor viscosity (g/cm·s), P is the pressure in the vapor
phase (g/cm·s2), and Uv is the vapor-phase mass-average
velocity (cm/s).

where fmand fvare related to fT, the moisture content Om
(cm3 ofH20/g ofsoi!), and the bulk soil density Ph (g/cm3):

where i is a subscript that specifies the phase (i.e., v =
vapor, s = sorbed, f = free phase or precipitate, and m =
soil moisture), t is time (s), fj is the volume fraction of
phase i (volume of phase i/volume of soil, dimensionless),
Cj is the concentration of contaminant in phase i
(mass/volume of phase i, g/cm3), Uj is the Darcy velocity
vector associated with phase i (cm/s), V is the del operator
(l/cm), Djerr is the effective porous medium diffusion
coefficient of contaminant in phase i (cm2/s), and R j is the
formation rate of contaminant in phase i (g/cm3-s).

For the special case where residual contaminant levels
are low enough that no contaminant free-liquid/precipitate
phase is present in the soil pores, under equilibrium con­
ditions contaminant levels in the vapor, sorbed, and soil
moisture phases are often assumed to be proportional to
each other and the total contaminant level [Johnson et al.
(12»). Equation 1 can then be written in terms of a single
phase concentration. One can assume, without any loss
of generality, that contaminant levels in the soil moisture
and vapor phases are related by a Henry's law constant,
H (cm3 of H20/cm3 of vapor):

Cv =HCm (2)
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Qbuilding - Q soil

Figure 1. Vapor Intrusion scenario.

permeability, kv' is the most variable at any given site; it
is not unusual for kv to vary by 3 orders of magnitude
across a site the size of a typical residential lot. As can
be seen in Table I, Pe ranges between 0.01 and 100 for the
soil types listed there. The significance of this observation
is that any vapor intrusion model based only on either
convective or diffusive transport mechanisms cannot rea­
sonably describe the relevant phenomena over the typical
range of soil types. Any proposed model, therefore, must
include both transport mechanisms.

Formulation of the Heuristic Model
This discussion will be limited to problems in which

chemical or biological transformations are not significant
(i.e., Rj =0). Recall that the goal of this development is
to produce a predictive model suitable for screening-level
calculations. Given that biological transformations in the
unsaturated zone are presently not very well understood,
it is not appropriate to attempt to incorporate them into
this level of modeling. The reader should understand,
however, that degradation due to microorganisms does
occur; any model that includes them will predict lower
intrusion rates than the model presented here (unless the
contaminant of concern is produced by the biological
transformation).

At this point we will restrict the analysis to steady-state
(nondiminishing source) problems, although it will be
shown later how one might adapt the results to diminishing
source problems. Figure 1 presents a simplified sketch of
the problem under consideration, in which a contaminant
vapor source of concentration Coource is located some dis­
tance LT below the floor of a basement or building slab.
We want to predict the intrusion rate of vapors into the
building. To accomplish this, the following assumptions
are made:

(i) Contaminant vapors enter structures primarily
through cracks and openings in the walls and foundation
(electrical outlets, wall-floor seams, sump drains, etc.).

(ii) Convective transport is likely to be most significant
in the region very close to a basement, or foundation, and
vapor velocities decrease rapidly with increasing distance
from a structure.

(iii) Vapor-phase diffusion is the dominant mechanism
for transporting contaminant vapors from contaminant
sources located away from the foundation to the soil region
near the foundation.

(iv) All contaminant vapors originating from directly
below the basement will enter the basement, unless the

floor and walls are perfect vapor barriers.
Assumption i reflects the current thinking that vapor

intrusion is mainly due to cracks, seams, and openings in
basement floors and walls, while ii and iii are based on the
analysis presented above, the Peclet numbers appearing
in Table I, and analogy to known solutions of fluid me­
chanics problems. In this simplistic model, contaminants
volatilize from the source and diffuse toward the founda­
tion. When convection is significant, they are "swept" into
the building through cracks; otherwise, the contaminant
vapors diffuse through the cracks and openings. As­
sumption iv restricts contaminant vapors from leaking
around a building to ground surface and, therefore, adds
a level of conservation to the model. Vapor leakage to the
surface will be significant whenever the resistance to
transport into a building is much greater than the resist­
ance to transport to ground surface, such as buildings built
on relatively intact slab foundations. It should be noted
that the final results will not be limited by the validity of
assumption i; if one follows the analysis below for the case
where vapors are transported through intact porous walls,
the final equations are identical in form with the results
presented below (this will be shown later).

In addition to assumptions i-iv listed above, there are
also assumptions inherent in the simplistic mathematical
models described below. One-dimensional transport
models form the basis for the heuristic model; therefore,
it is assumed that the soil is homogeneous within any
horizontal plane with respect to effective diffusion coef­
ficients (heterogeneity in the vertical direction is accounted
for). Also, it is assumed that convective vapor flow in the
region near the foundation is uniform. This assumption,
however, does not preclude application of the model to
scenarios where there is a uniform layer of gravel adjacent
to the foundation; in fact, the idealization described in
assumption ii accurately represents this scenario, and one
only needs to be sure to predict the soil gas entry rate
based on properties of this region (and not the permeability
of surrounding soils).

In the following, the heuristic vapor intrusion model is
formulated by combining approximate mathematical de­
scriptions of the relevant transport phenomena:

(a) Diffusive Transport from the Source to a Re­
gion near the Structure. As described above, it is as­
sumed that contaminant vapors are transported from the
contaminant source to a region near the structure, pri­
marily by a molecular diffusion through pore vapor and
soil moisture phases. The rate can be approximated by
the expression

E1 = AB (C,ouree - C,oil)DTeff/ L T (11)

where E1 is the mass-transport rate toward the structure
(gjs), AB is the cross-sectional area through which vapors
pass (cm2), Coouree is the vapor concentration at the con­
taminant source (gjcm3), Cooil is the vapor concentration
in the region near the structure (gj cm3), LT is the distance
from contaminant source to foundation (em), and DTerr is
the "overall" effective porous media diffusion coefficient
based on vapor-phase concentrations for the region be­
tween the source and foundation (cm2js).

The cross-sectional area, AB, can be approximated by
the total basement area (floor and walls). Assuming that
convection, when significant, is only dominant in a region
very near the foundation allows us to approximate the total
diffusion length, LT, as the distance between the source
and foundation. The soil permeability to vapor flow,
building underpressurization, and physical setting will
determine the actual thickness of the convection-domi­
nated region, which will increase with increasing permea-
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When eq 16 is written this way, E is the product of the
steady-state diffusive rate of contaminant transport from
a source to a bare dirt floor foundation (first term on

(20)

(19)

where

or equivalently

[ [
DTerrAB ]

a = X
QbuildingLT

ex
p

( ;::l~::::k) ] / [ ex
p

( :;::t~:::k) +

[
DTerrAB] [DTerrAB] [ (QsoilLcrack) ]]

QbuildingLT + QsoitLT exp DcrackAcrack - 1

(21)

Both eqs 18 and 21 depend on three dimensionless groups:

Q,oilLcrack DT"rrAB Qsoil

DcrackAcrack QbuildingLT Qbuilding

The first represents the equivalent Peclet number for
transport through the foundation, the second is the at­
tenuation coefficient (as defined in eq 20) for diffusion­
dominated transport from a constant source to a bare dirt
floor, and the third is the attenuation coefficient for con-

right-hand side) and a factor containing a number of di­
mensionless groups whose significance will be discussed
below.

Indoor Air Quality. Equation 16 can be incorporated
into a steady-state mass balance for a basement (or
building) to produce an explicit expression for the indoor
contaminant vapor. Assuming no other contaminant
sources or sinks (i.e., sorption to walls or furniture) and
a well-mixed building, this expression can be written

QbuildingCbuildilli =E (17)

where Qbuilding denotes the basement (or building) venti­
lation rate, expressed as a volumetric flow rate. Often, this
term is expressed as the product of an "air-exchange rate"
and a basement (or building) volume; however, here these
terms are combined into Qbuilding' Substituting eq 16 into
eq 17 and rearranging yields

Cbuilding = [ C*building X

ex
p

( D~::~~::::k) ] / [ ex
p

( ;::~t~:::k) +

[
DTerrAB ] [DT"flAB ] [ (QsoitLcrack) ]]

Qbuildi~T + Q,oitLT exp DcrackAcrack - 1

(18)

In eqs 18 and 19, C*buildin, represents the indoor vapor
concentration correspondmg to the case where vapors
diffuse from the source to a bare soil foundation. As will
be derived later, this is the limiting case in which Qsoil
becomes very small and the diffusional resistance through
the basement floors/walls is significantly less than the
diffusional resistance through the soil zone between the
contaminant vapor source and building. Equation 18 can
also be arranged to produce the "attenuation coefficient"
a:

(13)
n

DTerrI LT = ['L.LJDierr]-l
i-O

can be substituted into eq 14 to obtain E, the rate of
contaminant entry into a building through the foundation:

E=

(b) Transport from Soil Gas into Building. The
transport of contaminants from soil gas adjacent to a
foundation is assumed to occur by a combination of con­
vective and diffusive transport mechanisms. As a first
approximation, the steady-state, one-dimensional solution
to eq 9 for vapor transport through a crack (or porous
medium) with a constant uniform convective velocity
(Q",u/ AcracJ is used to predict the total rate of contaminant
intrusion into a building:

Q'oil(C'oil - Cbuilding)
E = QsoilC,oil - crack (14)

[1 - eXp(Q,oilLcracklD Acrack)]

where E is the entry rate of contaminant into the building
(g/s), Qsoil is the volumetric flow rate of soil gas into the
building (cm3/s), Dcrack is the effective vapor-pressure
diffusion coefficient through the crack (cm2/s), Lcrack is the
thickness of the foundation (cm), Cbuilding is the contami­
nant vapor concentration in the building (g/cm3) , and Acrack
is the area of cracks/openings through which contaminant
vapors enter the building (cm2).

The only "unknown" in eqs 11 and 14 is the soil gas
contaminant concentration, Csoih which can be obtained
by requiring that the rates E l and E be equal at steady
state. The result

C,oil = [ C,ource[ ~:::~: ] [ exp( D~:::l~::::k) - 1 ] +

]
/

[ [
DTerrAB] [ (QsoilLcrack) ]

Cbuilding Q,oilLT exp DcrackAcrack - 1 +

ex ( Q,oilLcrack )] (15)
P DcrackA

crack

bility to vapor flow and increased building underpres­
surization. In general, the unsaturated soil zone may be
composed of several soil types with varying moisture
contents and porosities, and the effective overall diffusion
coefficient for a region between z = 0 and z = LT is

DTerrI LT =U:L-r dz I Derr(z)r (12)

where Derr(z) is the effective porous media diffusion
coefficient at z, which is a function of the contaminant type
and soil characteristics as defined by eqs 3-7.

For systems composed of n distinct soil layers defined
by thicknesses L i and uniform effective overall porous
media diffusion coefficients D;"rr, eq 12 reduces to
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Sample Calculations

On the basis of the analysis above, it appears that model
predictions fall correctly within the appropriate bounds
for all limiting cases examined. These results, however,

(24)Tcrack « 1
ZcrackQsOil = I [2Z / 1J.L n crack rcrack

Equation 24 is an analytical solution for flow to a cylinder
of length Xcrack and radius Tcrack located a depth Zcrack below
ground surface; this is an idealized model for soil gas flow
to cracks located at floor / wall seams. Here /lP, kv' and
Jl are as defined above. For this sample problem, Zcrack =
2 m (as stated above), Xcrack is taken to be the total
floor/wall seam perimeter distance (34 m), and for con­
sistency Tcrack is given by

Tcrack = I1AB/ X crsck (25)

where the ratio 11 = A crack/ AB, so that 0 ~ 11 ~ 1. For
reference, 11 = 0.01 corresponds to Tcrsck = 4.1 cm for the
values of AB and X crack given above; Tcrack = 1 cm corre­
sponds to 11 =0.0025.

In the Nazaroff et al. studies (l, 2), estimates for Q,oil

are in the 280-2800 cm3/s (1-10 m3/h) range, for induced
building underpressurizations of 5-30 Pa and very
permeable soils (kv > 10-8 cm2). Note that 1 m3/h corre­
sponds to ~ 1% of the assumed total basement air ex­
change rate (0.5/h). For the purpose of this sample cal­
culation we choose /lP = 1 Pa (10 g/cm's2), which is
probably a reasonable long-term average value for
screening calculations.

Figure 2 presents soil gas flow rates predicted by eq 24
for 11 = 0.01 and 11 = 0.001. This figure illustrates the
strong dependence of Q80iI on soil type, and a weaker de­
pendence on crack size (as reflected in the value of 11). For
very permeable soils (kv ?: 10-6 cm2), the predicted Q80iI

values are of the same order of magnitude as the values
observed by Nazaroff (l, 2). For example, Qsoil = 260 cm3/ s
for 11 =0.01 and kv =1 X 10-6 cm2. For reference, medium
sandy soils correspond to 10-7 < kv < 10-6 cm2•

Figures 3-5 present predicted attenuation coefficients
Ct, for 11 = 0.01, and 11 = 0.001, as a function of kv, for LT

Table II. Parameter Values Used To Generate Figures 2-5

As = 7 m x 10 m + 2(2 m x 7 m) + 2(2 m x 10 m) = 138 m' =
138 X 10' em'

Lcrack = 6 in. = 15 em
Qbuildin, = 7 m X 10 m X 3 m X 0.5 volume exehanges/h = 105

m3/h = 2.9 X 10' em3/s
D'" = 0.087 em'/s (benzene)
DH,o = 1.0 X 10-5 em'/s
H = 0.18 em' of H,O/em' of air (benzene)
8m = 0.07 g of H,O/ g of soil
'T = 0.38 em3/ em3 of soil
Pb = 1.7 g/em3

M' = 1.0 Pa = 10 g/em·s'

give no indication of what "typical" values of these di­
mensionless groups might be. It is useful at this point,
therefore, to examine model predictions for a sample case.
Consider a 10 m X 7 m X 3 m (length X width x height)
basement whose floor lies 2 m below grade. It is assumed
that the floor/wall cracks and openings are filled with dust
and dirt characterized by a density, porosity, and moisture
content similar to that of the underlying soil. Model pa­
rameters AB, Lcrack, Qbuilding, IJ8ir, DH,o, H, Om' (T, and Pb are
given in Table II. The remaining unspecified parameters
are the convective flow rate from the soil into the base­
ment, Q80ih the area of cracks, Acrack' and the distance
between the contaminant source and the foundation, LT'
The soil gas flow rate, Q80ih is likely to be dependent on
the basement crack area, A crsck' soil type and stratigraphy,
building underpressurization, and basement geometry. For
simplicity, however, we will estimate Q80iI as suggested by
Nazaroff (10):

2", /lPkvXcrack

(23)

(22)I
. Q ,oilLcrack
1m -- CD

DcrackACfack

vective transport from a source located adjacent to the
building.

At this point it is useful to examine the behavior pre­
dicted by eq 21 in certain limiting situations, in order to
verify that the mathematics represents the phenomena
incorporated into their derivation and that the results fall
within appropriate bounds:

(a) (Q80ilLcrack/DcrackAcrack) -+ 00. In this limit con­
vection is the dominant transport mechanism through the
basement (building) floor and walls. Equation 21 becomes

[
DTeffAB ]

Qbuilding!.T

Equation 23 contains two dimensionless groups. As dis­
cussed above, DTeffAB/Q~ represents the attenuation
coefficient for diffusive transport to a bare dirt floor. The
second dimensionless group, DTeffABLcrack/DcrsckAcrackLT'

is a measure of the diffusion rates through the soil relative
to those through the floor and walls. If DTeffABLcrack/

Dcr,ckAcrackLT« 1, then Ct -+ DTeffAB/Qbuilding!.T because
DTeffAB/Qbuilding!.T will typically be much less than unity
unless ~~a~ding -+ O. IfDTeffA~crack/pcra~Acrah»1, t~en
Ct -+ D Acrack/ Qbuilding!.crack, which IS the appropnate
attenuation coefficient for transport from a source located
adjacent to the floor and walls. When DTeffABLcrsck/
DcrackAcrackLT» 1, then diffusion through the floor and
walls is the rate limiting mechanism, and there is a vapor
concentration "buildup" below the building or basement.

(c) Qbuilding -+ O. This limit corresponds to a perfectly
sealed basement, Q,oil must also approach zero, and the
model predicts that Ct -+ 1; that is, the indoor contaminant
vapor concentration approaches the contaminant vapor
concentration in the soil gas.

If the source lies directly beneath the foundation (LT -+

0), then Ct -+ Q,oil/Qbuilding, which is the proper result for
convection-dominated transport of a vapor stream with
concentration C,our' If the source is "far" from the
basement (i.e., DTartAB/Q'OiILT -+ 0), then transport is
limited by diffusion from the source to foundation, and
Ct -+ DTaffABiQbuildingLT' Note that in the limit
Q80ilLcrack/Dcrac Acrack -+ 00 the results are independent of
the cracked area of the floor and walls. This is because
contaminant vapors are swept into the building as fast as
they are transported to the soil adjacent to the floor and
walls.

(b) (Q soilL crack/ DcrackA crack) -+ O. In this limit diffusion
is the dominant transport mechanism through the base­
ment floor and walls, and eq 21 reduces to

I· Q,oilLcrack 01m -+

DcrackACfack
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=0, 100, and 1000 em. Recall that ex =Cbuilding/Caouroe, and
it is a measure of both the indoor contaminant vapor
concentration and contaminant vapor intrusion rate. The
results are plotted in this way to facilitate comparison with
numerical modeling results presented by Loureiro et al.
(9). Figure 3 corresponds to the case where the contam­
inant vapor source lies adjacent to the building foundation
(LT =0) and is roughly equivalent to the radon intrusion
scenario modeled by these authors. The screening model
predicts results that are in good qualitative and quanti·
tative agreement with the detailed numerical modeling
results [i.e., see Loureiro et al. (9), Figure 11); both predict
that a (and hence the intrusion rate) is independent of kv
for "small" values of kv and becomes proportional to kv at
"large" values of kv' The transition between these two
regimes occurs near kv =10-11 cm2. For k v < 10-11 cm2, the

10·'.-----------.,

soil gas flow rate through the cracks becomes so low that
diffusion is the dominant transport mechanism and a is
therefore independent of kv' For kv > 10-8 cm2, on the
other hand, containment vapors are swept into the building
primarily by convection. In this limit, a - QooitlQbuilding
and becomes proportional to the resistance to flow (as
measured by kv)' In this case the proposed screening
model predicts 0.001 < a < 0.01 for 10-7 < kv < 10-11 cm2,

which happens to fall in the range of values typically reo
ported for radon intrusion studies. Figure 3 also indicates
that the screening model predicts a dependence of intru·
sion rate and attenuation on the size of the crack, with the
effect being more pronounced at lower permeabilities. As
the crack size decreases, resistance to both diffusive
transport and soil gas flow increases; thus, ex is always
predicted to be less for '1 =0.001 than for '1 =0.01. The
decrease in flow rate predicted by eq 24 is apparently not
as significant, however, as the increased resistance to
diffusion through foundation cracks. Thus, for practical
purposes, it can be concluded that the effect of crack size
on contaminant vapor intrusion rates will be relatively
insignificant in the limit of convective-dominated trans·
port.

Figures 4 and 5 present model predictions for cases
where the contaminant vapor source is located some dis­
tance LT away from the foundation. In each figure the
dependence of ex on kv is a sigmoidal-shaped curve, where
ex becomes independent of kv in the limits of "large" and
"small" soil permeabilities. In the limit of less permeable
soils, soil gas flow rates are so low that vapor intrusion is
governed entirely by the relative rates of diffusion through
the soil and foundation. As the soil becomes more
permeable, the "sweeping" of contaminant vapors into the
building by soil gas flow increases the intrusion rate. At
some point, however, diffusion from the containment vapor
source to the region of soil gas flow limits the rate of
contaminant vapor transport. For highly permeable soils,
therefore, a becomes independent of kv and only weakly
dependent on foundation properties. The transition be­
tween Figures 4 and 5 also illustrates that ex and the in·
trusion rate become less dependent on foundation prop­
erties as LT increases. This is evidenced by the conver·
gence of the "low" and "high" kv asymptotes, and the '1 =
0.001 and '1 =0.01 predictions as LT increases; in the limit
LT ~ 00, diffusion through soil becomes the limiting
transport mechanism.

Figures 3-5 illustrate the necessity of developing models
that incorporate both convective and diffusive transport
mechanisms. Single transport process based models can·
not predict the wide range of behavior exhibited in these
figures, nor can they explain the difference in the obser·
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where 0, t, and L~ denote the "depletion zone" thickness
(0 = 0 at t = 0) (em), time (s), and initial contaminant­
building floor separation (cm), respectively. Equation 28
can be rearranged and rewritten in the form

sired and it is unlikely that the source will remain constant
for a long period of time (usually ~70 years for most
exposure estimates). Many processes can contribute to an
unsteady source, including the depletion due to transport
away from the source, biodegradation, and chemical re­
action. Of the three processes, the depletion due to
transport is most often modeled, due to the current un·
certain quantification of the other two. A first-order es­
timate of whether or not significant changes will occur over
a given time period Tis obtained by calculating the mass
of contaminant emitted from the source over that time
period (TE) and comparing it with the initial residual
contaminant mass in the soil directly below the building
(PbCRMicAB):

(29)

(30)

(27)

0* =o/L~

do* /dt = if;j({3 + 0*)

where

where CR and Mic denote the average residual contami·
nant level in the soil (g/g of soil) and the thickness of the
vertical interval (cm) over which the contaminant is dis­
tributed, respectively, and E is given by eq 16. If the
left-hand side of eq 27 is greater than the initial mass of
contaminant right-hand side, then it is possible that the
contaminant lying beneath (or adjacent to) the building
will eventually volatilize and enter the building. The va­
lidity of this assumption will depend on site characteristics.

The simplest extension of the model is derived by in·
voking the quasi·steady-state assumption used by Thibo­
deaux and Hwang (15) for single-component contaminants
or mixtures of compounds having similar vapor pressures
and molecular weights. In this approach it is recognized
that the source-building separation increases with time
due to depletion; however, it is assumed that the rate at
which a steady-state vapor concentration profile is estab­
lished is much greater than the rate at which depletion
occurs. At any time, therefore, the emission rate is given
by eq 16 with LT replaced by the source-building sepa­
ration at that time. Implicit in this approach is the as·
sumption that depletion occurs first from the layers of
contaminant closest to the building floor and walls, and
a hypothetical "depletion zone" grows with time. In a
sense, the mass of contaminant incorporated in the soil
"dries up", beginning at the edge closest to the building.
This is a reasonable assumption for diffusion-dominated
transport to the building-soil interface, but not valid for
convection-dominated transport from contaminated soil
adjacent to a building floor. With this limitation in mind,
eq 16 combined with a mass balance provides a mathe­
matical expression of the quasi-steady-state assumption:

C A ~ = [DTeIIABC,ource] [ex ( Q.oilLcrack ) _
Pb R B dt (LO + 0) p DcrsckA

T crack

[
CbUilding

] ]/[ [ DTellA B ]

C.ource Q80iI(L~ + 0) X

[
eX ( Q.oilL"ack ) _ 1] + ex ( Q.oilLcrsck )] (28)

p DcrackA p DcrackC
crack crack

Extension of the Theory to Transient Problems
Equation 21 provides a screening estimate of indoor

vapor concentrations, but does not account for depletion
of the contaminant vapor source. This assumption is
reasonable when short-term exposures are being estimated
and does provide a conservative (upper bound) estimate
for long-term exposures. There are situations, however,
when more realistic long·term exposure estimates are de-

vations of Nazaroff (1, 2) for radon intrusion, and those
of Hodgson et al. (3) for vapor transport of contaminant
vapors from a landfill. The sample calculations also il­
lustrate that the soil type can have a significant impact
on the indoor vapor concentration, since Q.oil will be de­
pendent on the soil permeability, and the effective porous
media diffusion coefficient is sensitive to changes in soil
porosity and moisture content. Being an analytical solu­
tion, eq 21 is easily used to study the sensitivity of model
predictions over a range of reasonable soil and building
characteristics. The major limitation to practical appli­
cations of the model is the lack of site-specific '7 values.
It is not likely that such values can be easily measured;
however, one can use the model to examine predictions for
a realistic range of such values in order to determine the
effect of this parameter at any given site. Clearly, pre­
dictions are insensitive to '7 in the limit of "permeable" soils
and large source-foundation separations. A realistic range
for '7 can be proposed by considering physical realizations
corresponding to specific values of '7. For example, '7 =
0.01 corresponds to a 1-cm-wide crack running the length
of basement floor/walls every 100 cm.

It should be noted that Figures 2-5 contain model
predictions for specific soil characteristics and building
dimensions and are presented for illustrative purposes.
The results should not be extrapolated to other sites not
corresponding to the chosen parameters.

Extension of Theory to Relatively Permeable
Foundation Walls

In the work of Garbesi and Sextro (8) it is assumed that
vapor intrusion occurs through permeable below-grade
walls, rather than through foundation cracks and openings.
On the basis of this assumption, one can follow the ap­
proach used to derive eq 21 to obtain the following
equivalent expression:

which is similar to eq 21, except Acrack is replaced by AB,
Dcrack is replaced by DF, the effective diffusion coefficient
through the porous foundation floor and walls, and Lcrack
is replaced by the foundation/wall thickness LF. Equations
4-7 and 12 should be used to calculate DF. While eqs 26
and 21 appear similar, they can predict quite different
results. Equation 26 is independent of the area of
cracks/openings because intrusion is assumed to occur
uniformly over the floor/wall area. For a given Q80ib
therefore, the soil gas velocity through the floor/walls is
lower for the permeable floor/wall case. The impact of
this is that eq 26 may predict that transport through the
foundation is diffusion dominated, while eq 21 predicts
that it is convection dominated, for a given Q80il and ncrack

= DF.
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The time TO required to deplete a contaminated zone of
thickness t:..Hecan be obtained from eq 33, by setting o·
= t:..HelL~

In this analysis it is assumed that the residual contaminant
level in soil CR is uniform, Deff is constant as 0 increases,
and the ratio Cbuilding/C,ouree «1. Equation 29 can be
solved to obtain

Equation 34 predicts that TO increases with increasing L~
and CR; increasing L~ decreases the initial diffusive driving
force, while increasing CR increases the contaminant ca­
pacity of the contaminated soil zone. If T~ TO, the average
emission rate into the basement (E) over the time period
TO is obtained by a simple mass balance:

(E) =PbCRt:..H"AB/T (35)

over- or underpredict the actual Coource value by orders of
magnitude.

Conclusions
We have derived and illustrated the use of a heuristic

model of the intrusion rate of subsurface contaminant
vapors into buildings through basement, or foundation,
floors and walls. The model provides an exposure as­
sessment screening-level tool; it can be used to identify
sites, or contaminant levels, where contaminant exposures
through a vapor inhalation pathway may cause adverse
health effects. It can also be used to help identify sites
where more detailed numerical simulation, or field sam­
pling, is appropriate. The model was used to make pre­
dictions of basement vapor concentrations over a range of
realistic parameters. It is clear from the wide range of
results that field data will only be correlated by models
such as this that incorporate both convective and diffusive
transport mechanisms.

Currently, there are few reported experimental studies
that are sufficiently detailed to compare with model pre­
dictions. However, the range of behavior, dependence on
relevant parameters, and limiting bounds of the model are
in qualitative agreement with published case histories. At
this point, more detailed field studies and numerical sim­
ulations are needed to help validate this screening-level
model.

(34)

(33)o· = -{3 + V{32 + 2J/;t

[t:..He/L~ + f3F - {32
TO = 2J/;

For time periods .:STO' the average emission rate is given
by

(E) = PbCRt:..HeAB(!i)[({32 + 2J/;T)l/2 - {3] (36)
T t:..He

which can be derived by substituting eq 33 for o· (01L~)
into the right-hand side of eq 28 and then averaging the
resulting expression over the time period T. As expected,
eq 36 predicts a decrease in (E) with increasing T. The
corresponding long-term average attenuation coefficient
(a) is then

(a) = PbCRt:..H"AB (!i)[({32 + 2J/;T)l/2 - {3] (37)
QbuildingC80UrCeT t:Jlc

While eqs 28-37 form a more sophisticated model than eq
21, one must be aware that increasing the level of so­
phistication usually increases the amount of site-specific
information required. More sophisticated screening
models are usually also based on additional assumptions,
and one must be careful to ensure that these assumptions
are valid for specific site characteristics.

Vapor Equilibrium Models

The models presented above require an estimate of the
source vapor concentration, Coource' Two main approaches
are used in vapor transport modeling; in the first C,ouree

is assumed to be proportional to the residual level in the
soil, and in the second Csource is independent of the residual
level, but is a function of composition. The former is
applicable in the limit of "low" residual levels where com­
pounds are sorbed to the soil, dissolved in the soil moisture,
and present in the vapor space; the latter is applicable for
"high" residual levels where free-phase liquid or precipitate
is trapped in the soil interstices. A more detailed de­
scription of this topic can be found in Johnson et at. (12),
and it is not appropriate to repeat the discussion here. It
is important to note, however, that if one chooses an in­
correct model for predicting C,onree' then it is possible to
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Biodepuration of Polynuclear Aromatic Hydrocarbons from a Bivalve Mollusc,
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• Mercenaria mercenaria, exposed in vitro for 48 h to nine
parent polynuclear aromatic hydrocarbons (PAHs) found
in waste crankcase oil (WeCO) and analyzed by multi­
parametric analysis over a 45-day depuration period in an
activated carbon filtration aquaria system, did not depu­
rate PARs, but rather maintained them at detectable
levels. Uptake of PARs was shown to be directly related
to clam weight. A cluster analysis of empirical results
r~affirmed a biostabilization in PAR groupings in clam
tissue over a 45-day depuration period and exhibited no
evidence of a decreasing trend in total PARs when sub­
jected to ANOVA. Due to the commercial importance of
hard-shell clams, the practices of clam depuration and clam
relaying are reviewed in light of potential long-term public
health exposures to low-level xenobiotics and the impli­
cations for human consumers.

Introduction
Oil pollution of our coastlines and estuaries continues

to be a chronic global environmental problem. A consid­
erable quantity of the petroleum hydrocarbons, estimated
at 0.86 million metric tons annually (1) entering the marine
environment from the land via storm and sanitary sewers
and urban and river runoff, can be attributed to waste
crankcase oil (WeCO) (2, 3). Polynuclear aromatic hy­
drocarbons (PARs) are found in weco (4,5). Impacts
from waste petroleum hydrocarbons may be considerable
when one takes account of the fact that the estuaries and
coastal seas receiving these wastes, despite comprising only
10% of the total global marine environment, support ap­
proximately 99% of the total world fish population and
shellfish production (6). weco contains heavy metals and
volatile organics, as well as a variety of PARs formed by
the high-temperature combustion in automobile engines
(7). PARs are a class of compounds that are toxic, car­
cinogenic, and mutagenic. Table I shows the distribution
of 10 common PARs found in weco as well as other
media. The presence of PARs in the natural environment
is a global phenomenon (8) with absolute concentrations
being highest for samples taken in the vicinity of human
activity and lowest for samples taken from more primitive
environments. Mueller et al. (9) noted that urban runoff,
which contains a considerable quantity of weco, is re­
sponsible for a substantial portion of the petroleum-related
hydrocarbons entering the marine environment of New
York.

The availability of petroleum-related pollution from
PARs to commercially important marine organisms is of
major concern to many coastal ecologists (10). Chronic
petroleum pollution of commercial shellfish species has
been suggested to be so widespread that carcinogen con­
tamination of seafoods may occur not only in obviously
polluted waters, but also in waters deemed suitable for
commercial seafood production (11).

t National Park Service.
I Polytechnic University.
I Present address: Carpenter Environmental Associates, Inc., 70

Hilltop Road, Ramsey, NJ 07446.

The shellfish industry in New York has been adversely
affected in recent years by a host of anthropogenic pollu­
tants as well as the overharvesting of available shellfish
stocks. Because of the possibility of contamination by a
variety of pollutant sources, the clamming industry has
developed several practices to aid in the rejuvenation of
shellfish harvesting. One practice, called "relaying", in­
volves the removal of clams from "contaminated" natural
waters and placement of these organisms in "certified"
natural waters to allow depuration, or self-cleansing of
bacteria, and then commercial harvesting of the trans­
planted clams for human consumption. Bacteriological
standards for the human consumption of shellfish are
assumed to have been met by clams depurated in certified
waters (waters that meet coliform test standards and water
temperatures of 50 OF or better) for 21 days. Rowever,
PARs, such as those in weco, react similarly to other
lipophilic compounds and accumulate in biological tissue.
Moreover, PARs may not be subject to the normal meta­
bolic processes exhibited by filter-feeding bivalves. Thus,
the potential persistence of compounds such as PARs
beyond a 21-day bacteriological depuration period is highly
probable (12).

It is also possible that shellfish and other organisms
taken from areas with a history of oil contamination have
levels of compounds that, in turn, "bioactivate" other
complex compounds found in weco into mutagens and
carcinogens (13). Neither the mechanism nor the quan­
titation of partitioning of PARs between aqueous media
and various types of lipid tissue has been fully explored,
and the long-term public health risks of ingestion of sea­
food containing subtoxic levels of chronically contributed
xenobiotic contaminants such as PARs is lacking (14).
Since seafood is a major source of global food, the impact
of bioavailable, bioconcentratable, petroleum-related
compounds such as PARs to human health was a major
concern of this investigation. In an effort to investigate
the ability of naturally occurring bivalves to cleanse
themselves after exposure to a variety of PARs (all found
in WeCO), a laboratory experiment utilizing the bivalve
mollusc Mercenaria mercenaria was designed.

Experimental Section

Nine parent PARs frequently exhibited in weco, yet
only a small part of the host of PARs found in any pe­
troleum product (4, 32) was of interest in this study:
naphthalene, biphenyl, fluorene, phenanthrene, fluoran­
thene, pyrene, chrysene, benzo[a]pyrene, and benz[a]­
anthracene. In order to establish the aqueous stability of
the nine PARs, a UV-fluorescence spectroscopy syn­
chronous excitation technique (15, 16) was used to pre­
screen total PARs added to a control synthetic seawater
aquarium tank (no clams) over 45 days.

Laboratory exposure of bivalve molluscs (Mercenaria
mercenaria L.) to the nine reference PAHs was carried out
in three additional20-gall (75.7-L) glass aquarium tanks
each with 20 clams. A 1.147 ppm PAR standard acetone
solution (Supelco Co., Inc.) in seawater (Instant Ocean
Aquarium Systems, Inc., Eastlake, OR) was added to each
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Table I. Mean Percentage Distribution of Waste Crankcase Oil PAH Characterizations·

Peake and Parker (4) Hoffman et al. (32) Tanacredi'
PAH WCCO urban runoff atmos fallout STP' sediment WCCO

naphthalene NO 1.3 0.7 32.0 0.5 45.2
biphenyl NO 0.8 0.5 1.7 0.4 4.4
fluorene 6.0 2.7 2.9 2.4 1.2 4.4
phenanthrene 32.1 10.0 15.7 4.7 7.1 13.8
fluoranthene 17.9 25.2 33.5 3.0 17.9 4.5
pyrene 27.5 12.6 10.3 2.9 18.3 NO
benz[alanthracene 3.6 11.6 8.7 0.2 7.4 4.7
chrysene 10.2 15.8 3.4 0.7 13.2 21.4
benzo[a]pyrene 1.4 4.8 3.0 0.2 17.3 1.5
anthracene 1.3 NT NT NT NT NT

• NO, none detected. NT, not tested. 'wcco from oil change in 1978 Ford with 107200 miles and a previous oil change after 4023 miles.
10W/40 SAE oil analyzed by HPLC for this investigation. 'STP, sewage treatment plant.

Table II. Summary of HPLC Findings. PAHs Extracted and Distributed in M. mercenaria from Exposure Tanks

Naph
Bi
Fl
Phen
Flor
Pyr
BaA
Chr
BaP

PAH totals

Naph
Bi
Fl
Phen
Flor
Pyr
BaA
Chr
BaP

PAH totals

Naph
Bi
Fl
Phen
Flor
Pyr
BaA
Chr
BaP

PAH totals

Tank 2 (Postexposure Sample Taken)

2h IOh 2 day 14 day 30 day 45 day total

101.0 22.0 55.0 29.0 21.0 0.0 228.0
51.3 34.8 79.2 54.1 64.0 73.3 356.7
61.2 20.7 32.7 47.3 48.1 65.2 275.2

1040.0 94.7 169.0 390.0 633.0 392.0 2718.7
1320.0 241.0 199.0 3760 663.0 335.0 3134.0
470.0 131.0 61.9 205.0 201.0 203.0 1271.9

25.9 18.8 25.5 27.3 33.5 13.4 144.4
166.0 78.3 26.5 61.3 48.4 100.0 480.5
260.0 72.2 46.6 97.8 99.4 67.8 643.8

3495.4 713.5 695.4 1287.8 1811.4 1249.7 9253.2

Tank 3 (Postexposure Sample Taken)

2h 2 day 7 day 14 day 30 day 45 day total

0.0 NO 57.0 117.0 52.0 48.0 274.0
84.1 87.2 114.0 72.0 45.5 68.5 471.3
39.3 68.1 62.2 42.4 34.3 45.2 291.5

161.0 548.0 766.0 316.0 221.0 415.0 2427.0
265.0 521.0 757.0 239.0 511.0 730.0 3023.0
201.0 300.0 NO' 128.0 126.0 243.0 998.0

20.9 25.5 4.7 16.8 19.8 19.0 106.7
31.6 255.0 13.9 81.7 222.0 15.7 619.9
52.3 147.0 52.8 127.0 43.5 211.0 633.6

855.2 1951.8 1827.6 1139.9 1275.1 1795.4 8845.0

Tank 4 (Postexposure Sample Taken)

2h 10 h 2 day 7 day 14 day 30 day total

114.0 95.3 NO 438.0 0.0 119.0 766.3
63.0 48.7 76.9 285.0 65.6 48.0 587.2
58.0 39.8 32.3 89.8 75.1 51.0 346.0

368.0 892.0 193.0 442.0 612.0 300.0 2807.0
195.0 1010.0 364.0 423.0 779.0 1450.0 4221.0
113.0 223.0 104.0 28.2 359.0 97.2 924.4
33.0 43.0 20.5 15.8 33.3 9.7 155.3

877.0 163.0 93.8 9.9 204.0 90.5 1438.2
131.0 368.0 313.0 48.6 250.0 67.5 1178.1

1952.0 2882.8 1197.5 1780.3 2378.0 2232.9 12423.5

• All values in nanograms per gram of wet tissue weight. 'NO, not detected.

tank. Filter systems were operated initially without any
carbon for 48 h in order to afford maximum uptake and
exposure of PAHs to clams. "Mother-stock" clams were
maintained in separate tanks from which the experimental
exposure clams were randomly selected. Because the stage
in the life cycle of organisms at the time of analysis may
influence hydrocarbon distribution, all clams were 7-8
years old, or in the commercial "cherrystone" age group,
though this age differentiation can be variable from estuary
to estuary. The mean wet weight (MWW) for exposure
clams was 32.9 ± 5.14 g. All tanks were maintained in the
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dark and kept at constant temperature (21.5 ± 1°C), pH
(8.2), and salinity (S%o) (27 ppt). All parameters were
monitored every other day.

Two clams, selected randomly from each tank, were
established as "background organism" samples, shucked,
and extracted. The remaining clams were left in the ex­
posure tanks for the 48-h PAH exposure time. Carbon
filters were added to the filter pumps only after the 48-h
exposure period. Two clams were sequentially, yet ran­
domly, removed for HPLC analysis (Table II). Each
two-clam sample from each of the three exposure tanks
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Results
The control tank (T5) contained PAH-contaminated

water, no clams, and no carbon filtration system. Results
of UV-fluorescence analysis (Figure 1) were corroborated
by GC/GC-MS quantification of the nine PAH standard
concentration of 1.147 ppm added initially to the control
tank T5 water. This was done to establish total PAH
concentration stability over a 45-day clam depuration
period as a control reference for bioavailability to clams
in exposure tanks (T2, T3, T4). The total PAH concen­
trations retained in nanograms per gram of wet tissue
weight and detected by HPLC in organisms over the 45­
day depuration period are shown in Figure 2. For each
interval there were three replicates, each composed of two
clams, providing for six clams per depuration time sample.
Measured concentrations from each two-clam sample were
then averaged for further analysis, yielding 18 sample data
points for each PAH (Table II and Figure 2).

The means and standard deviations (probable error) for
the averaged PAH values (N = 18) exhibited a diverse

uated for each compound by comparing the center
standard to the upper and lower standards and calculating
the percent relative error. The relative percent error for
each parameter was consistently less than 15% for all
compounds and was considered acceptable.

A synchronous excitation (SE) fluorescence spectro­
scopic method was used, which was previously described
by Frank (17) and Frank and Gruenfeld (18). All UV­
fluorescence analyses were conducted on a Perkin-Elmer
MPF-3 UV-fluorescence spectrophotometer with two in­
dependent monochromators, a 150-W xenon arc light
source, and 1O-mm path length. Synchronous excitation
of the individual water sample was accomplished by ex­
citing it at 20-nm wavelength intervals between 240 and
480 nm. The excitation wavelength was maintained 20 nm
less than the emission wavelength during the synchronous
scan.

~~~~ " ~~§~~~~
EMISSION WAVELENGTH

Figure 1. Synchronous fluorescence excitation emission spectra for
control tank 5 water samples.

represented the pooled clam sample for that particular
sample "depuration" time. Water samples of exposure
tanks were periodically analyzed for quality assurance/
quality control (QA/QC) purposes by GC-MS after carbon
filtration and during the clam depuration period.

All exposure aquaria had Instant Ocean seawater pre­
viously recirculated continuously for 60 days through ac­
tivated charcoal, 250 L/h pump rate, Eheim filtration
pump systems (Ehiem Filter Co., Inc.) prior to clam ex­
posure experiments. All water samples were extracted with
methylene chloride in separatory funnels. All organism
samples were Soxhlet extracted for 8 h in research grade
hexane. (Fisher Scientific, Inc.)

The sample extracts were rotary evaporated to 35 mL.
In order to reduce a variety of interferences, sample ex­
tracts were applied to a chromatographic column (1 %
water-deactivated silica/alumina gel) and the benzene­
methanol elutriate was collected for analysis. All extracts
were concentrated to 1-2 mL and subjected to either
HPLC (clams) or GC-FID/GC-MS (water, activated­
carbon extracts) analysis. Clam specimens were rinsed
several times in distilled water, blotted dry, and weighed
for total wet tissue weight (TWTW). Original clam tissue
was stored in a freezer at -10°C. Extraction for analysis
started within 48-52 h of removal from exposure tanks.
Three times the TWTW of anhydrous sodium sulfate was
added to each two-clam sample. The sample was blended
and ground for 2 min at high speed. Tissue homogenates
were placed in hexane-prewashed Soxhlet thimbles and
Soxhlet extracted for 8 h at approximately 20 cycles/h.

Water and periodic control clam samples were analyzed
by gas chromatography on a Perkin-Elmer Sigma 3 and
a Hewlett-Packard 5880A gas chromatograph, both
equipped with capillary glass columns and flame ionization
detectors (FID). The columns were 0.25 mm X 30 m DB-1
glass capillaries attached to a spitless injector. Temper­
ature programming was initiated at 80 °C (held for 2 min),
and programmed temperature increases of 4°C/min were
maintained to a final temperature of 310°C and held for
12 min isothermal. Injector port temperature was 260 °C
and detector temperature was 310 °C. All peak resolution
and identification were accomplished by comparison of
retention times for eluted compounds to retention times
of eluted internal standard PAHs.

The GC-MS analysis conducted on water and on in­
vertebrate food extracts was done by using a computerized
Perkin-Elmer GC-MS equipped with a 6 ft x 0.1 in i.d.
glass capillary column packed with 1% SP-1000 on Car­
bopack B (60/80 mesh). The GC-MS was capable of
scanning from 20 to 260 amu every 7 s, utilizing 70-V
electron energy in the electron impact ionization mode.

HPLC analyzes of exposure clam extracts were con­
ducted on a Hewlett-Packard 1084B HPLC (U.S. EPA ID
167831), with a 25 em x 4.6 mm i.d. Vydac 201TP column.
A calibration range for the HPLC-UV detector system was
prepared and analyzed by using Supelco PAH mixture
610M. The solvent and oven temperatures were 30°C.
The gradient used was 50% acetonitrile and 50% water
for the first 2 min, then increased to 100% acetonitrile by
15 min, and held there for 5 min. The UV-fluorescence
detector was set at 254 nm, the instrument flow rate was
1.50 mL/min, and a 25-f.lL injection size was used on each
sample run. When chromatograms posed matrix inter­
ferences, direct quantification of the analyses was made
impossible by either area estimation or by peak height
measurements. Under these circumstances the sample was
diluted by one-fourth and analyzed by a method of
standard additions. The linearity of the range was eval-
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Table III. Hierarchical Cluster Analysis Summary of All
Results

A • Co81111!: S1a11arUJ CoefficIent Metrb

Variable SUBl SUB2 SUB3 SUB4 SUBS SUB6 SUB7 SUB8

SUB2 .8496
Sua3 .6775 .8974
SUB4 .5467 .7250 .1l976
SUB5 .5258 .6471 .8398 .9044
SUB6 .3371 .5811 .8305 .8709 .B2
SUB7 .5004 •5905 .7748 .7172 ... .7091
SUB8 .4102 .4558 .6274 .5430 .45 .5355 .5513
SUB9 .3947 .5873 .7634 .8490 .'0 .8515 .6990 .5466

B. Dendrograa

Rescaled Distance At Which Clusters Combine
Days

Figure 2. Days of depuration In actlvated-carbon-fl~ered aquaria.

pattern of standard deviation values, prompting some
concern regarding the stability of statistical results for
individual PAHs. Furthermore, it was strongly suspected
that the results from some PAHs were significantly cor­
related, possibly due to the similarity in chemical structure.
Specifically, the mean values of each compound in Figure
3 exhibited a general clustering of compounds across de­
puration times samples, and Figure 4 shows this clustering
is consistently observable within each exposure tank.
Nevertheless, it was also clear that both inter- and intra­
tank variability exists in measured concentrations. Though
tanks 2-4 were exposure tank replicates, intratank clam
extracts exhibited a variance between amounts of each
PAH individually retained (Figure 4). Further work on
the specific mechanism driving the depuration kinetics of
PAHs in clam tissue is clearly required.

To address the above concerns, a hierarchical cluster
analysis was performed on the known PAHs. Basically,
this type of analysis classifies PAHs with similar patterns
and levels of nanogram per gram concentrations across the
eight sequential time samples (2 h to 45 days). Technically,
the objective measure of similarity used is the cosine of
the angle between two octuple vectors representing the
nanogram per gram levels per time sample for two com­
pounds. PAH pairs with smaller angles (i.e., cosines near
1.0) are considered to be more similar. Note that this is
an empirical, rather than analytical, grouping process and
may not replicate for other types of organisms. The cluster
analysis method is then used on a 9 X 9 similarity matrix
to construct groups with high internal similarities of PAHs
and low external similarities to PAHs in other groups.

When this similarity matrix, given in Table III, was
analyzed with the unweighted pair group average
(UPGMA) method (19,20), three groups emerged between
a rescaled distance 10 and 15 of the dendrograms in Table
III (phen + Flor + Pyr + BaP + BaA), (Naph + Bi + Fl),
and (Chr). This grouping is somewhat parallel to a logical
grouping based on molecular weight, solubility, and ring
structure. In particular, group I compounds (Naph + Bi
+ Fl) have the highest solubilities, lowest molecular
weights, and two-ring structures; group II compounds
(Phen +Flor + Pyr) have intermediate values for solubility
and molecular weight, and three- or four-ring structures;
finally, group III compounds (BaA + Chr + BaP) have the
lowest solubilities, the highest weights and four- or five-ring
structures. Given this parallel to the empirical results, and
the small sample size, the logical grouping probably makes
more sense. Therefore, results were pooled within these
groups for the following analyses.

In Figure 5, a graphic representation is given of depu­
ration rates in the three PAH logical clusters. The locally
weighted regression technique is used to smooth the actual
data points to enhance interpretability of the trend. An
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examination of the smoothed data trends reveals no evi­
dence of a decrease in total PAHs from clam tissue. Group
II shows the highest overall readings although there is a
slight dip in the trend at intervals 2 and 4. Group III
shows some downward trend, but levels off at interval 4.
Group I readings are uniformly low throughout the time
sample sequence. It is important to note that the total
sample is dominated by Group II (Phen + Flo + Pyr) since
this group accounts for the majority of the detected PAHs
(Figure 3).

A statistical analysis was also performed to test the null
hypothesis that the nanogram per gram concentration
maintained a uniform value across time intervals (i.e., HO:
!Ll = !Lz = ... = !Ls)· The null hypothesis was rejected only
for biphenyl at a = .05. This result was probably due to
an unusually high reading for the 7-day sampling, which
was 100% higher than the next largest reading. Thus, the
ANOVA results show no evidence of a downward trend
across the eight time intervals, which corresponds to the
graphical results in Figure 5. However, average PAH
concentrations for every PAH did test as significantly
different from O. These findings strongly suggest that
PAHs (1) do accumulate in clam tissues and (2) do not
depurate significantly within a period of 45 days. Thus,
the nine PAHs at the detectable bioavailability values were
sequestered and appear to have been stabilized in clam
tissue over the entire 45-day depuration period. Detectable
levels of all nine reference PAHs were recovered in clam
tissues after the full 45-day period. Clams in all exposure
tanks were observed with extended siphons so that normal
pumping or filtering activity by the clam species continued
after exposure.

Discussion
The majority of previous investigations have shown that

marine organisms are able to release petroleum hydro­
carbons from their tissues rapidly when they were returned
to petroleum-free environments, (21, 22). Boehm and
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Quinn (23), however, have reported that M. mercenaria
L. chronically exposed to petroleum hydrocarbons accu­
mulated them to high levels in their tissues and failed to
release them when returned to clean seawater over a
120-day depuration period. They suggested that hydro-

carbons released from molluscs exposed to xenobiotics for
long periods of time would be extremely slow due to (1)
an accumulation of hydrocarbons in a more stable tissue
compartment (e.g., lipids) and (2) the organisms being in
a positive nutritional balance. In this investigation, clams
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exposed to the nine PAHs, mostly found in WCCO and
associated with urban-influenced estuarine ecosystems,
were not supplementally fed over the depuration period
and yet the accumulated PAHs were still not depurated.
The nine PAHs were immediately sequestered (i.e., within
48 h) and remained at relatively constant concentrations.
Elimination of PAHs over the 45-day depuration period
was not achieved. The results lend evidence to PAH
maintenance being initiated in hard-shell clams over rel­
atively short term periods. Unlike other marine taxa, this
"sequestering" in molluscs may support the apparent in­
ability of molluscs to metabolize PAHs to more water
soluble and thus easily secreted polar metabolites. This
increased "stabilization" and accumulation of parent PAHs
is in agreement with Brown and Pancirov (24) and may,
as they have suggested, show a long-term selective uptake
of these specific aromatics. With PAH adsorptive ability
and low water solubility, investigations have suggested that
estuarine colloids contribute considerably to materials
available for ingestion by filter-feeding bivalves (25).

These findings are also in agreement with those of Stein,
Hom, and Varanasi (26), who showed that one PAH, BaP,
reached steady-state concentrations in tissue by the first
day of exposure in a fish (Parophrys retulus, English sole),
known to be able to metabolize BaP. Food-web transfer

is a major concern in the commercial fishing industry, one
that may be warranted in light of the results of this in­
vestigation.

The generalization noted by Fowler (27) that there is
an initial rapid discharge of PAHs, followed by a much
slower loss of those PAHs associated with a more stable
compartment within the organism, appears to be borne out
to some degree in this work, but not according to statistical
analysis of data in Figure 5, for example. Clams in this
research had been maintained in carbon-filtered clean
waters for over 1 year prior to initial exposure to the nine
PAHs for 48 h, so the clams cannot be considered to be
"chronically exposed" to PAHs. In addition, chromato­
graphic profile background control checks of nonexposed
background clams did not reveal any of the nine parent
PAHs. There was no evidence that clams contaminated
with PAHs for 48 h were able to rapidly eliminate these
compounds in 1-5 days as observed by Lee et al. (22).

There is little knowledge of the effects on humans from
ingestion of petroleum hydrocarbons, especially PAHs at
subtoxic levels. Though previous research has emphasized
the effects of single PAHs, it is possible that parent PAH
byproducts and substituted PAHs may playa more im­
portant role in the environment, with some organisms
acting as reserves for these compounds (28). Dunn and
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street runoff is a major source of high molecular weight
PAHs to the estuary with a contribution of over 70% of
the high molecular weight PAHs.

Jackim and Wilson (34) exposed Mya arenaria to 14C_
labeled no. 2 fuel oil, and testing concentrations of six
PAHs after 51/ 2 weeks concluded that depuration rates
were appreciably slower after chronic exposure than after
an acute exposure. These observations are not in agree­
ment with the present work since once a stable residual
equilibrates, depuration of the range of PAHs, even after
an acute 48-h exposure time, did not occur. Previous
depuration experiments involved removal of clams from
either "polluted" waters and transferring the clams to
"clean" waters in continuous flow-through filtered seawater
systems for depuration of contaminants. The use of carbon
filtration systems in this experiment eliminated the need
to move organisms at any time during their depuration
periods, thus avoiding any metabolic stress to the clam or
their pumping rates. In addition, a "closed-system
aquarium" provides an ideal observation environment for
in situ exposure and mass balance tracking.

An ancillary finding from this study was that heavier
clams tended to collect higher concentrations of PAHs.
The initial accumulation by bivalves of PAHs influenced
by clam weight with possible correlations of PAH asso­
ciations based upon lipid content is in general agreement
with Fong (35) and supports the uses of bivalves as sentinel
organisms for monitoring xenobiotics in coastal waters (36).

Fee (I1) noted that commercial seafood contained low-level
PAH contamination, and Pruel et al. (29) noted that there
was a consistent level of PAH content in commercially sold
M. mercenaria ranging from 1.5 to 17.0 ng/g based upon
100-g wet tissue weight for analysis. Mercenaria may very
well be considered an "estuarine quality" indicator based
upon its PAH levels. Values of PAHs after exposure, acute
or chronic, are important if we are to attempt to establish
a public health exposure threshold for PAHs in bivalves.

Depuration has been described by several investigators
as being different for different hydrocarbons and different
organisms. Neff and Anderson (28) demonstrated depu­
ration of hydrocarbons from exposure to no. 2 fuel oil for
8 h although small quantities of substituted naphthalenes
remained in oyster tissues 672 h (28 days) after exposure.
Naphthalene and phenanthrene percent distribution values
in WCCO were higher than any of the other seven PAHs
(Table I). In the literature, however, they consistantly
provide low (naphthalene) and high (phenanthrene) values
in clam tissue (29, 30). Lee et al. (22) noted that Mytilus
edulis took up 20 fJ.g of [l4C]naphthalene and [3H]-3,4­
benzo[a]pyrene from a seawater solution but after 24 h in
fresh seawater had discharged 80% of these compounds.
This investigation exhibited that 94 % of the subsequently
recoverable P AH initial concentrations were retained in
the closed aquarium system; most previous work utilized
a seawater flow-through system or a considerably less so­
phisticated exposure system (Figure 6). The PAHs in this
investigation were either sequestered by siphoning or­
ganisms or adsorbed to glass or activated carbon filters
(Figure 7).

Similar to work of Dunn and Stitch (31), BaP in this
investigation was sequestered by M. mercenaria at a low
concentration and biostabilized by not depurating over the
45-day depuration period. Phenanthrene and fluoranthene
consistently exhibited higher values in clam extracts
throughout the sampling period, and though this result has
been expressed in sediment values of previous investiga·
tions (32, 33), its significance for bivalves is unclear. As
noted by Hoffman et al. (32), urban street runoff PAHs
(WCCO) are similar in composition to atmospheric fallout
PAHs, but different from municipal effluent PAHs. Urban
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Pearson correlation coefficients were computed between
combined weight of the two-clam sample and the PAH
concentration; eight out of nine were positive. Fluorene
and benz[a]anthracene had the highest correlations, 0.57
and 0.47, respectively; both were significant at the 0.05
level with a two-tailed test.

Phenanthrene, fluoranthene, and pyrene were detected
in clam tissues at higher concentrations per sample time
in relation to the other six PAHs. In most cases, these
three PAHs exhibited the highest values for the sample
under study at any particular depuration time. The most
recoverable PAH from clam tissue extracts was fluoran­
thene, and BaA was the quantitatively least recovered
PAH. Neff and Anderson (28) found phenanthrene was
accumulated most rapidly by Rangia cuneata and released
most slowly. For this compound, this investigation appears
to be in agreement. Most previous investigations have
concentrated on the water-soluable fraction (WSF) of
petroleum products, specifically naphthalene and phen­
anthrene. Farrington et al. (37) found that phenanthrene,
fluoranthene, and pyrene in bivalves were indicative of
waste petroleum input. A propensity to bioaccumulate a
particular PAH may reflect PAH bioavailability, previous
exposure extent and duration, and PAH variable volatility
and solubility.

Conclusions

The most important implication of the present study is
that consumers of bivalve molluscs chronically exposed to
persistent levels of PAHs at or above ambient PAH con­
centrations in urban estuaries may be at higher than
normal health risk. Programs in highly urbanized estua­
rine ecosystems advocating the relaying or transferring of
bivalves from "marginal waters" for ultimate commercial
harvesting to "approved waters", while well intentioned,
may be unduly exposing the shellfish-consuming public to
higher than normal levels of PAHs. Even though indi­
vidual clams may have "low or acceptable" PAH levels
(levels difficult to establish and for which there are no
present U.S. FDA or WHO threshold standards), cumu­
lative effects of consumption could provide the necessary
threshold concentrations of these carcinogenic/mutagenic
PAHs in human lipid tissue potentially resulting in long­
term health concerns. The usual 21-day depuration or
relay period for bacteriological quality improvement in
bivalve molluscs appears to be inappropriate and insuf­
ficient for chemical depuration. Due to the relative sta­
bility of PAHs in clam tissue under ideal depuration
conditions, in situ depuration environments may never
afford acceptable exposure concentrations of PAHs for
consumers of shellfish from urban systems.

The following are recommended:
(1) Clam relay programs in urbanized estuarine systems

should be reevaluated in light of potentially increased
long-term public health risk from xenobiotics.

(2) Research should be undertaken to investigate the
complexity of a myriad of compounds bioaccumulated by
bivalve molluscs and their level of biomaintenance in lipid
tissue compartments.

(3) Future investigations should concentrate on trophic
transfer of low-level, chronic concentrations of a complex
group of petroleum-derived compounds attributable to
WCCO PAHs because WCCO has been established as the
major contributer of PAHs in urban estuarine ecosystems.
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• Microbial consortia enriched from subsurface sediments
contaminated with chlorinated hydrocarbons proved ca­
pable of degrading mixed-organic wastes. Methane and/or
propane as foodstock enabled aerobic mineralization of
greater than 20 mg L-I trichloroethylene (TCE) plus 1 mg
L-I vinyl chloride, benzene, and toluene in cell suspension
or bioreactor experiments. The microbial consortia de­
graded S0-95% of TCE at 20 mg L-I within 5 days in
continuous-recycle expanded-bed bioreactors requiring
50-100 mol of foodstock/mol of TCE degraded. When the
bioreactors were challenged with groundwaters contami­
nated with mixed-organic wastes, the microbial consortia
degraded greater than 99% of the benzene, toluene, xylene,
vinyl chloride, and nine chlorinated hydrocarbons, S5 %
of the TCE, and 60% of the tetrachloroethylene within 21
days, while requiring SO !Lmol of methane plus propane per
micromole of mixed-organic waste degraded. The potential
for bioremediation of groundwater contaminated with
mixed-organic wastes was demonstrated in laboratory re­
actors.

Introduction

Chlorinated and aromatic hydrocarbons are major com­
ponents of mixed-organic wastes contaminating soils,
sediments, and groundwaters (1-6). As a consequence of
high usage and improper disposal technologies, many soils
and subsurface aquifers are contaminated; some containing
greater than 1000 mg L-I chlorinated hydrocarbons, often
in combination with other organic wastes (2, 6, 7). Re­
mediation of subsurface contamination may require long
treatment times and considerable expense (3,4, 8). Some

'Institute for Applied Microbiology, University of Tennessee.
I Oak Ridge National Laboratory.
I Department of Microbiology, University of Tennessee.

treatments often result in the mere transfer of wastes from
poorly controlled environments to storage sites (2). Waste
storage facilities or atmospheric venting may alleviate an
immediate concern without detoxifying the waste. Re­
mediation technologies that destroy or mineralize toxicants
on-site would be more desirable than transfer of wastes
from one environment to another.

Bacteria capable of utilizing aromatic hydrocarbons as
sources for energy are well documented (1,5, 9) and suc­
cessful examples of bacterial remediation of contamination
plumes have been demonstrated (1, 3, 8). Chlorinated
alkenes such as trichloroethylene (TCE) are degraded
fortuitously or cometabolically by methanotrophic (10, II)
and heterotrophic microorganisms (6, 12, 13). Methane
and propane have been shown to stimulate biodegradation
of trichloroethylene in soil columns (10, 14) and bioreactors
(15-17). Several microorganisms have the capability to
degrade specific chlorinated or aromatic compounds, but
in this study we investigated the ability of microbial con­
sortia to degrade a mixture of organic toxicants. Mixed­
organic waste degradation in continuous-recycle expand­
ed-bed bioreactors was successful. Biological degradation
of organic waste from groundwater, which contained TCE,
benzene, toluene, xylene, and several other chlorinated
aliphatic hydrocarbons, is reported.

Materials and Methods
Bioreactor Design and Operation. Each bioreactor

consisted of two borosilicate glass chromatography columns
(Pharmacia, Piscataway, NJ) linked in series (Figure 1).
The expanded bed consisted of 70 g of 6o-SO-mesh crushed
glass and a liquid displacement of 45 mL. Bed expansion
was 20 mL at a flow rate of 20 mL min-i. Liquids flowed
upward through the expanded bed, into the gas recharge
column, and through the peristaltic pump. A detailed
description of the bioreactor construction, maintenance,
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Figure 1. Diagram of expanded-bed bioreactor and gaseous recharge column. Recirculation was accomplished by peristattic pumping through
Vtton tubing.

and operation has been given (IS). Each bioreactor con·
tained 230 mL of medium to which mineral salts and 2.0
mM phosphate/bicarbonate buffer were added, and the
pH of the medium was 7.2. Temperature was maintained
at 22 °C. Resazurin, 2 mg L-I, was added as a redox in­
dicator. Bioreactors were fed methane (5% v/v) and/or
propane (3% v/v) as foodstock while oxygen served as the
terminal electron acceptor (IS). Methane and propane
were added daily by syringe to maintain their respective
concentrations unless stated otherwise. Each day samples
were obtained from the headspace sampling port. Losses
of TCE, methane, and propane from the inhibited control
reactor averaged less than 5% of the initial concentrations
after 20 days. The control reactor was inhibited with 0.2%
sodium azide plus 0.5% formalin. Contaminated
groundwater was obtained from a shallow monitoring well
in a waste disposal site near Oak Ridge, TN. Field mea­
surements indicated the groundwater had a pH = 6.5,
temperature of 18 °C, oxidation-reduction potential of 26
mY, and dissolved oxygen concentrations of 1.2 mg L-I.

Bacterial Cultures. Three consortia with TCE-de­
grading capabilities were used as inocula. Culture SRP
was isolated from the Savannah River Site and was capable
of degrading TCE at concentrations exceeding 100 mg L-l
(6). The PM-M culture contained mixtures of propane­
and methane-oxidizing cultures obtained from soils near
the vicinity of Ada, OK, in addition to the TCE·degrading
consortium from SRP. The additional methane- and
propane-oxidizing cultures added to the PM-M consortium
appeared incapable of degrading 20 mg L-I TCE. A
methanotroph capable of degrading TCE at concentrations
less than 1 mg L-I (I 1) was also added to the PM-M con­
sortium. Consortium SM-l consisted of the SRP con­
sortium plus the TCE-degrading methanotroph (I 1).
Consortium SM-l and PM-M had been maintained in the
continuous-recycle bioreactors for >3 months (IS). Culture
maintenance and cell suspension studies utilized crimp-top
serum vials with Teflon septa as previously described (6).
Cultures for cell suspension studies were centrifuged and
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resuspended in 10 mL of 2 mM phosphate plus 10 mM
bicarbonate-buffered medium at an approximate density
of 1.0 g dry weight L-I. Duplicate vials of controls and cell
suspensions were sacrificed at each time point.

Analytical Procedures. TCE was analyzed by
headspace analyses using a Hewlett·Packard 5890 gas
chromatograph (GC) equipped with a 50 m x 0.2 mm
Hewlett-Packard ultraperformance cross-linked methyl­
silicone column and an electron capture detector (6).
Benzene, xylene, and toluene were analyzed from liquid­
phase samples by use of a similar GC and column equipped
with a flame ionization detector. Propane and methane
in headspace gases were analyzed with a Shimadzu GC-9A
equipped with a packed column and flame ionization de­
tector. Standard calibration curves used the same
headspace/liquid-phase ratio as the columns. Analyses of
multiple chlorinated hydrocarbons were performed from
water samples collected in 40-mL Teflon sealed vials in
accordance with U.S. EPA procedure 624. Analyses were
conducted by Oak Ridge National Laboratory (ORNL).

Results and Discussion
Cell Suspension Studies. Our laboratory previously

demonstrated degradation of greater than 99% of 50 mg
L-1 TCE to carbon dioxide by mixed populations of het­
erotrophic microorganisms (6). Nelson et al. (I2) reported
that heterotrophic TCE-degrading microorganisms could
be induced by toluene, suggesting that microorganisms
may possess the ability to simultaneously degrade mix­
ed-organic wastes. Results in Table I show that cell sus­
pensions of microbial consortia were capable of degrading
mixed-organic wastes. Cell suspensions inhibited with
0.1 % sodium azide and 0.5% formalin did not degrade the
mixed-organic wastes in the 10-day experiment when
compared to uninoculated controls. Increased benzene and
toluene in the inhibited suspensions after 10 days was
attributed to variability of the uninoculated and inhibited
controls when compared to standard curves. Suspensions
of the SRP consortium degraded >80% of the mixed-or-



Table I. Removal of Organic Contaminants by Cell Suspensions"

mixed-waste componentb (initial concn)

toluene
(1 mg L-l)

+27
90
99

>99

vinyl chloride benzene
(1 mg L-l) (1 mg L-l)

11 +7
82 87
96 93
99.9 >99

TCE
(20 mg L-l)

26
85
87

>99.99

suspension

inhibited cells
SRP consortium
reactor consortium
SRP consortium maximum

from separate expts

"Experimental procedure: Stationary-phase cultures were centrifuged and resuspended into duplicate 10-mL volumes of 2 mM phosphate
plus 10 mM bicarbonate-buffered basal medium to which one or more toxicants were added. Oxygen (10 mL) was added to each suspension
and the 28-mL vials were sealed with Teflon septa. Results were analyzed after 10 days and the average value was reported. The SRP
maximum values represent results obtained in similar experiments performed in different months. b Data reported as percent loss of initial
concentration relative to controls containing no cells.

Table II. Utilization of TCE and Propane during
Degradation of Mixed-Organic Wastes"

TCE, TCE loss, propane loss,
day reactor ILg L-l ILmol ILmol

0 control 2200 0 0
PM-M 2200 0 0
SM-l 2200 0 0

3 PM-M 2000 0.5 700
SM-l 1900 0.5 600

6 PM-M 1300 1.7 1300
SM-l 1300 1.6 1300

15 PM-M 560 3.0 2000
SM-l 420 3.1 2000

21 control 2400 0 70
PM-M 440 3.3 2700
SM-l 400 3.3 2600

"Experimental conditions: Each reactor (Figure 1) contained
230 mL of groundwater from a contaminated site. Control reactor
was inhibited with 0.1 % sodium azide plus 0.5% formalin. Cul­
ture PM-M contained the SRP consortium plus several methane­
and propane-oxidizing cultures. Culture SM-l consisted of the
SRP consortium and a TCE-degrading methanotroph. Propane
was maintained at 5% (vIv) and bioreactors were recirculated for
21 days.

ganic wastes in these experiments. In other experiments
performed in different months, the SRP consortium
maximally degraded >99.9% of the toxicants (Table I).
The reactor consortium included the PM-M consortium
plus uncharacterized microorganisms that colonized the
reactor after it was challenged with groundwater containing
a diverse microbial community in addition to mixed-or­
ganic wastes. The reactor consortium, which was inocu­
lated with more methane- and propane-oxidizing cultures

than the SRP consortium, appeared to degrade toxicants
to a greater extent than the SRP consortium alone (Table
I). In previous bioreactor experiments fed methane plus
propane (17), TCE degradation by the PM-M consortium
was significantly greater than the less complex SM-l
consortium (95% level by Student's t test) (17). Fur­
thermore, the difference between the consortia was sig­
nificantly greater than zero at the 99% confidence level
with a Z score (standard error of the mean) of 3.4 (data
not shown) (17). These results suggest that complex mi­
crobial consortia may have a greater ability to simulta­
neously degrade mixtures of organic wastes (11-13, 17)
than pure cultures. However, the addition of pure cultures
to a consortium may further enhance its ability to degrade
mixtures of organic wastes.

Bioreactor Experiments. Previous reports described
the ability of these consortia to degrade 20 mg L-l TCE
in expanded-bed bioreactors (17). Table II illustrates the
utilization of TCE and propane after bioreactors were
challenged with groundwaters contaminated with mixed­
organic wastes. Laboratory analyses determined the
bioreactors contained 2.2 mg L-l TCE at the time of in­
oculation. TCE loss within the reactors averaged 115 ",g
L-l day'l for the first 15 days versus 12 ",g L-l day-l for
days 15-21. The TCE degradation rate thus decreased by
1 order of magnitude while propane consumption de­
creased 50%, possibly due to limiting availability of in­
organic nutrients. However, in other experiments when
the concentrations of phosphate, nitrate, and minerals were
doubled, the propane consumption rate was linear for >8
days (data not shown) but the rate of TCE degradation
decreased to <60% of the initial rate and 50% more
propane was required per micromole of TCE degraded

Table III. Degradation of Mixed-Organic Wastes by a Propane-Fed Bioreactor

toxicant concn in raactors," ILglL

control control control PM-M SM-l
organic wastes day 0 day 0 day 21 day 21 day 21

vinyl chloride 4000 4400 1200 10 10
chloroethane 27 30 13 10 10
methylene chloride 10 11 9 1 1
1,I-dichloroethylene 690 780 5 <5 <5
1,I-dichloroethane 1100 1200 820 <5 <5
1,2-dichloroethylene 3000 3100 3600 29 13
1,2-dichloroethane 21 23 18 <5 <5
1,1,1-trichloroethane 1200 1300 940 15 6
trichloroethylene 1700 1900 2600 435 235
1,1,2-trichloroethane 52 54 46 <5 <5
tetrachloroethylene 2100 2300 2100 805 860
benzene 86 90 49 <5 <5
toluene 49 51 26 <5 <5
xylene 26 28 10 <5 <5

'Analyses performed by ORNL in accordance with EPA procedure 624. Values below detectable concentrations are noted by "<".
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Table IV. Comparison of TCE and Mixed-Organic Waste Degradation in Recycled BioreactorsO

initial TCE total wastes foodstock foodstock/TCE loss,
experiment concn,l'g/L degraded, I'mol consumed, I'mol I'mol/ilmol

TCE control 20000 2 nab nab
TCE with propane plus methane' ooסס2 31 3700 123 ± 16
TCE with propane and methane at day = 0 only' ooסס2 31 1730 55 ± I
TCE with propane' ooסס2 29 2650 91 ± 12
TCE with propane plus methane 4000 4.1 860 215 ± 40
mixed organics 1700 32 2700 84

with propane 1900 34 2600 76

a Experimental design: Each reactor contained 230 mL of medium, which in the mixed-waste experiments was replaced with well water.
Propane and methane were maintained at 3-5% (v Iv) in the headspace. Experiments receiving propane and methane at day = 0 only did
not receive additional methane or propane after initiation of the experiment. Standard deviations were calculated for those experiments
repeated four times. bna, not applicable. 'Data summarized from Phelps et al. (17).

(17). These results agreed with other studies (16, 17) which
suggested that microbial degradation of TCE in bioreactors
becomes slower and less efficient as TCE concentrations
decrease to approximately 500 jJ.g L-I.

Degradation of mixed-organic wastes in the expanded­
bed total-recycle bioreactors is shown in Table III. The
analyses performed by EPA procedure 624 showed TCE
to be 1700-1900 jJ.g L-I in the reactors versus 2200 jJ.g L-I
by headspace analysis. Variability between replicate
samples analyzed by EPA procedure 624 rarely varied by
more than 10%, as shown by the day =0 controls. Results
after 21 days are expressed as averages of duplicate
analyses. Seven of the 14 toxicants present in the
groundwaters were degraded to the detection limits of the
methods employed. Vinyl chloride and 1,1-dichloro­
ethylene were the only toxicants whose concentrations
decreased more than 60% in the control reactor. In the
experimental reactors vinyl chloride was reduced >99%
to concentrations less than the detection limits. The EPA
procedure 624 analyses, which were in agreement with
Table II, showed that >80% of the TCE was degraded in
both bioreactors. Dichloroethylenes and ethanes were
decreased >99.5% to nondetectable concentrations.

Tetrachloroethylene decreased 60% in both test reac­
tors, but less than 5% in the control reactor. In prelim­
inary experiments in which cell suspensions of these con­
sortia have been exposed to <0.6 mg L-I tetrachloro­
ethylene, loss of tetrachloroethylene has been observed
under aerobic conditions. However, due to the low specific
activity of [l4C]tetrachloroethylene, verification of degra­
dation products has not been achieved (data not shown).
It was also possible that tetrachloroethylene degradation
in these bioreactors occurred via reductive dechlorination
in anaerobic microniches as observed previously (18).
Although the bulk-phase liquid remained oxidized, as
monitored by the blue color of resazurin, it is likely that
anaerobic microniches existed within biofilms.

Benzene, toluene, and xylene were also degraded in the
bioreactors. Nelson et al. (12) reported that a hetero­
trophic toluene degrader could degrade TCE when induced
with toluene. Inducers were not required for TCE deg­
radation by these consortia (6), nor did the presence of
methane and propane eliminate the degradation of aro­
matics and chlorinated hydrocarbons. In all, greater than
91 % of the total mixed-organic contaminants were de­
graded. Chlorinated intermediates of TCE decomposition
such as dichloroethylenes and vinyl chloride did not ac­
cumulate within the bioreactors. These results substan­
tiated previous studies, which accounted for >60% of
[14CjTCE being converted to carbon dioxide by the SRP
consortium (6).

Foodstock Utilization. Previous studies (6, 17) showed
that these consortia could use methane or propane as
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foodstock for bioremediation of chlorinated hydrocarbons,
but efficiency per mole of foodstock and degradative rates
were less with methane alone. Table IV compares the
efficiency of TCE degradation and mixed-organic waste
degradation in expanded-bed total-recycle bioreactors.
When 20 mg L-I TCE was the only contaminant present
and propane plus methane were continuously available as
foodstocks, each mole of TCE degraded required an av­
erage of 123 mol of foodstock. When no methane or pro­
pane was added, 10% of the TCE was lost during starva­
tion of the consortia. During pulsed feeding of the con­
sortia, when methane and propane were provided only at
day =0 and the reactors depleted their foodstocks, stable
and reproducible TCE degradation proceeded for 5 days.
Pulsed feeding reduced methane and/or propane con­
sumption by half with no adverse affect on degradation
of TCE with an efficiency of 55 mol of foodstock con­
sumed/mol of TCE degraded (Table IV). When propane
was the foodstock, 91 mol of propane were required per
mole of TCE degraded. As the TCE concentration de­
creased, the TCE degradation rate and degradative effi­
ciency decreased. At 4 mg L-I TCE, 215 mol of propane
plus methane were required per mole of TCE degraded
versus 123 mol at higher TCE concentrations (Table IV).
Degradation efficiencies for TCE from Table II correspond
to an approximate foodstock/TCE ratio of 500 for the first
15 days versus a ratio of 5000 for the final 6 days; however,
mixed-organic wastes were also degraded.

A total of 33 jJ.mol of mixed-organic wastes (2.6 jJ.mol of
TCE plus 30.4 jJ.mol of other contaminants) were degraded
in the mixed-organic waste experiments requiring 2650
jJ.mol of propane or 80 jJ.mol of foodstock per micromole
of contaminant degraded. If TCE had been the only or­
ganic waste, the expected foodstock/TCE ratio for TCE
at 2 mg L-I would have been >200 (Table IV). The ob­
served ratio of 80 suggests that mixed-waste degradation
may require fewer moles of foodstock than TCE degra­
dation. Possible explanations for the apparent efficiency
of mixed-waste degradation include the following: (1) less
chlorinated hydrocarbons may be more readily degraded
than TCE (16) or PCE, (2) degradative products may be
available as energy or carbon sources, (3) toxicants such
as benzene, xylene, or toluene could serve as energy
sources. Bioremediation of gasoline and jet fuel plumes
supports the notion that light aromatics can serve as
substrates for bioremediation (J, 5, 8), and toluene is
known to induce TCE degradation by Pseudomonas sp.
(12). The groundwater used in these studies contained 161
jJ.g L-I light aromatics, an amount that would be insig­
nificant as an energy source for the reactor biomass. The
apparent efficiency of mixed-waste degradation by these
consortia likely resulted from the less chlorinated aliphatics
being more susceptible to oxidation (4); consequently they



may have readily undergone transformations by fortuitous
or cometabolic processes (16).

Each bioreactor contained approximately 20 mg dry
weight of biomass as estimated by phospholipid fatty acids
(17). When TCE was degraded at a concentration of 20
mg L-\ each milligram of biomass degraded an average of
40 /lg of TCE each day with a maximum of 80 /lg of
TCE/mg of biomass each day (calculations not shown).
During mixed-waste degradation at 2 mg L-I TCE and 230
mL of groundwater per reactor, the daily TCE consump­
tion was 1.3 /lg of mixed-organic wastes (mg of biomasst1

day·l. When considering all contaminants, the average
degradation rate was 7 /lg of mixed-organic wastes (mg of
biomasstl day-I. Although the quantity of foodstock re­
quired per micromole of contaminant degraded was similar
between the mixed-organic waste and TCE experiments,
the biomass required more time to degrade the lower
concentration of mixed-organic wastes. As shown in Tables
II and III, several weeks were required to decrease the TCE
concentration 80%, with little degradation occurring over
the final 6 days. These results suggest that as the con­
centration of TCE decreases, degradation rates decrease
dramatically. Results also suggest that highly chlorinated
constituents, such as PCE and TCE, may decrease the
degradation rate and the metabolic efficiency of mixed­
waste bioremediation, while lesser chlorinated aliphatics
or light aromatics may be degraded more rapidly and ef­
ficiently. Fortunately, degradation of many components
of mixed-organic waste may not require additional nu­
trients or degradative time and may even contribute to
foodstock pools and energy flow.

Conclusions

Bioremediation of mixed-organic wastes from contam­
inated groundwaters was demonstrated in laboratory
bioreactors. The feasibility of remediating organic waste
mixtures including PCE, TCE, less chlorinated aliphatics,
benzene, toluene, and xylene from groundwaters by mi­
crobial consortia fed gaseous hydrocarbons was established.
Degradation required less than 100 mol of methane or
propane/mol of contaminant degraded. The closed-system
reactors appeared well suited for perturbation and meta­
bolic studies. Future plans include use of these systems
to assess the resiliency and efficiency of bioremediation
processes.
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Effects of a CO2 Pressure Process on the Solubilities of Major and Trace
Elements in Oil Shale Solid Wastes
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Wyoming Water Research Center, P. O. Box 3067, University Station, Laramie, Wyoming 82071, and Department of Geology
and Geophysics, University of Wyoming, Laramie, Wyoming 82071

• Processing of oil shale at high temperatures produces
a highly alkaline solid waste. The waste can be stabilized
by a recarbonation process. In order to test a method for
accelerating the recarbonation process, we exposed three
moist oil shale solid waste (OSSW) samples to 5 psi CO2
pressure for 1 h. The treated and untreated sam~les were
equilibrated with water for 7 days and the chemICal com­
position of the aqueous extracts determined. Before CO2
treatment, the Ca2+ and Mg2+ concentrations appeared to
be controlled by silicate phases present in the waste such
as wollastonite (CaSiOa), forsterite (Mg2Si04), and talc
(MgaSi40 lO(OH)2), which buffered the pH at -12.0. The
CO2treatment lowered the pH from 12.0 to -9.~ through
the formation of calcite. The Ca2+ concentratIOns from
CO2-treated samples suggested a close approach to satu­
ration with respect to calcite (CaCOa) whereas the Mg2+
concentrations appeared to be controlled by either mag­
nesite (MgCOa) or possibly a silicate. The CO2treatment
generally decreased F and Mo concentrations in aqueous
extracts. The F- concentration before and after CO2
treatment appeared to be controlled by fluorite (CaF2).
Our results demonstrate that the CO2pressure process is
an effective means of reducing the pH and the concen­
trations of F and Mo in aqueous extracts from alkaline
solid wastes.

Introduction

Oil shale contains mainly kerogen and carbonate min­
erals. Oil is recovered from the oil shale by thermally
degrading the kerogen at elevated temperatures, which
results in production of large amounts of oil shale solid
wastes (OSSW). These solid wastes are often alkaline
(typical slurry pH may range from 10.0 to 13.0) and often
contain elevated levels of toxic elements.

Reclamation of OSSW is often affected by the high pH
and high solubilities of toxic elements. In addition, soluble
toxic elements may leach from the disposal environment
and migrate to groundwater (1-8).

During the processing of oil shale, high temperatures
drive off CO2 from carbonate minerals resulting in the
formation of oxide and silicate phases. These phases react
rapidly with water, and as a result, the pH of aqueous
extracts of OSSW approach 12.0, and this affects the
solubility relationships of many elements. The high pH
increases the solubility and mobility of anionic trace ele­
ments, e.g., As, B, F, Mo, and Se (1-fJ). Among these trace
elements, F and, to some extent, Mo have shown consid­
erable mobility in OSSW disposal environments (4).

The high pH of OSSW decreases slowly as the CO2­
deficient materials absorb CO2from the atmosphere (re­
carbonation). However, natural recarbonation of OSSW
occurs slowly, and this may hinder reclamation efforts
intended to minimize potential pollution of natural re­
sources (land/water) associated with the disposal of these
materials.

t Wyoming Water Research Center.
I University of Wyoming.

The objectives of the research were as follows: (1) to
investigate a process for accelerating the recarbonation
process by reacting moist oil shale wastes under CO2
pressure; (2) to examine the effects of CO2 pressure
treatment on the pH and solubilities of major (e.g., Ca and
Mg) and trace (e.g., F and Mo) elements in aqueous ex­
tracts.

Materials and Methods

The samples used in this study were Western Reference
Green River Formation oil shale from the Piceance Creek
Basin in Colorado, which had been processed at 770, 1000,
and 1295 K to produce PP3, Lurgi, and PP6 oil shale solid
wastes, respectively. More details regarding the processing
conditions are reported in Merriam et al. (9) and Nowacki
(10).

Samples were ground to pass a 0.25-mm sieve to enhance
the recarbonation process. However, under oil shale pro­
cessing conditions samples may vary in particle size. For
CO2 pressure treatment experiments, a pressure vessel was
designed (Figure 1) to react oil shale solid waste sam~les.

The reaction vessel consisted of 30 cm by 30 cm polyvmyl
chloride (PVC) cylinder with an o-ring seal lid and a
pressure release valve to control the internal pressure. A
stainless steel screen covered with filter paper was placed
in the middle of the reaction vessel to hold samples. The
gas inlet of the reaction vessel was connected to a CO2 tank
through a distilled Hp flask to saturate the CO2 with H20.

Fifty grams of each sample containing 15-20% moisture
was spread over the filter paper. Before the gas outlet was
connected to the pressure gauge, CO2 from a gas tank was
bubbled through distilled H20, using a sparger, to purge
the initial air from the reaction vessel. Approximately 5
psi pressure was maintained inside the reaction vessel.
Mter a reaction period of 1 h, the sample was removed and
sufficient distilled H20 was added to the sample to prepare
a saturated paste. The saturated paste was immediately
measured for pH. After few days, samples were air-dried
and subjected to solubility measurements. For solubility
measurements, duplicate 20-g samples of treated and un­
treated samples were placed into 250-mL Nalgene bottles
with 100 mL of distilled-deionized H20. Three drops of
toluene was added to each bottle to suppress microbial
activity. Each sample bottle was tightly capped, placed
on a mechanical shaker, and reacted in an incubator at a
constant temperature of 25°C (298 K). Mter 3- and 7-day
reaction periods, sample suspensions were filtered through
0.45-l-'m Millipore filters under an atmosphere of argon gas
to prevent uptake of atmospheric CO2,

Each filtered solution was divided into two subsamples.
One subsample was acidified to pH 5~ with HNOa. The
other subsample was left unacidified. The unacidified
samples were analyzed immediately for pH and concen­
tration of carbonate species. The acidified samples were
analyzed for Ca, Mg, Na, K, F, Mo, Cl, S04' and Si.

The pH was measured with an Orion combination pH
electrode. Ca, Si, Mg, and Mo were measured with in­
ductively coupled plasma optical emission spectroscopy
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Figure 1. Experimenlal design of CO2 pressure process to hasten recarbonation process of oil shale solid wastes

Table I. Effect of CO. Treatment on pH and Concentrations of Different Elements in Aqueous Extracts of Oil Shales·

PP3 Lurgi PP6

raw oil shale BRb AR' BRb AR' BRb AR'

3 Days
pH 7.93 10.28 9.00 11.62 9.05 11.65 9.07

Ca 108.0 0.22 11.04 156.0 18.32 205.0 252.0
Mg 44.0 0.24 12.18 BD" 313.0 BDd 266.0
Si 10.0 1.0 0.45 8.5 1.7 10.0 1.1
C' 176.0 351.0 157.0 1.4 68.0 4.2 5.3
F 3.5 15.1 9.5 8.5 1.9 2.13 6.74
Mo 0.43 1.6 1.45 1.1 0.83 4.80 1.10

7 Days
pH 8.21 10.68 8.83 12.07 9.10 12.10 9.13

Ca 139.0 7.63 6.96 179.0 14.0 50.50 201.0
Mg 53.1 0.24 10.13 0.22 266.0 0.21 232.0
Si 9.7 0.77 0.40 3.87 1.77 17.32 7.05
C' 113.6 367.0 202.0 2.02 76.8 3.51 21.10
F 8.10 25.63 10.68 5.12 1.9 3.79 6.74
Mo 0.60 1.70 1.35 0.90 0.95 2.58 0.76

• Mean of duplicate analyses, units are milligrams per liter except for pH. bBefore CO2 treatment. ' After CO2 treatment. dBD, below
detection limit of 0.001 mg/L. 'Total carbonate and bicarbonate species measured as CO2,

(lCP-OES); Na and K were measured with atomic ab­
sorption (AA) spectrometry. F and CI were measured with
specific ion electrodes, and SO. was measured by BaCI2
precipitation. Carbonate and bicarbonate species in the
aqueous extracts were analyzed by the CO2 gas release
method (11) to avoid possible interference from inorganic
and organic anions. In this method, solutions were acid­
ified to pH 4.5 and evolved CO2(g) was trapped in a basic
solution under an atmosphere of argon. Aqueous extracts
of OSSW were also analyzed for B, As, and Se, but the
concentrations of these elements were found to be less than
0.01 mg L-t. The Ca2+ activity in aqueous extracts was
analyzed with a specific ion electrode to test for possible
effects of organic complexation on Ca2+ activity (11).

The total elemental concentrations and pH of aqueous
extracts were used as input to the GEOCHEM (12) speciation
model to calculate ion activities. Solution species (e.g.,
HSiOl', SiOl', CaH3SiO/, NaMoO.o, CaMoO.") that may
be significant in alkaline solid waste solutions were added
to the GEOCHEM database (13). From ion activities, ion
activity products (lAPs) were calculated and compared

with solubility products (K,.,s) to evaluate the solid phases
controlling the solubilities of Ca, Mg, F, and Mo before
and after CO2 treatment. We assumed that lAPs within
±0.50 log unit of K,ps of solid phases represented equi­
librium, and that the solid phase was a probable control
on the concentrations of the ions involved.

Results and Discussion
The effect of CO2 treatment on the pH and the solu­

bilities of major and trace elements in aqueous extracts
of oil shales is presented in Table I. The complete results
of the chemical analyses are reported in Reddy et aI. (14),
and only data from the 7-day reaction period will be dis­
cussed here. The chemical analyses of aqueous extracts
of raw oil shale are also included in Table I for comparison.

The processing of raw shale at different temperatures
caused significant differences in the chemical composition
of the aqueous extracts both before and after CO2 treat­
ment. The CO2 treatment had least effect on the PP3
sample, presumably because it was processed at a tem­
perature low enough for carbonates to be preserved.

Environ. Sci. Technol., Vol. 25, No.8, 1991 1487



Table II. Saturation Indexes Indicating Potential Controls on the Solubilities of Ca, Mg, F, and Mo in Aqueous Extracts of
Oil Shales·

saturation indexb

PP3 Lurgi PP6

solid phase log K.p' AR' AR' AR'

-2.52
0.08

-1.92
-{l.25

-{l.33

-{l.17
0.01

-3.34
0.28

0.03
0.33-{l.32

CaSi03 (wollastonite) 13.27
CaC03 (calcite) -8.48
Mg,SiO, (forsterite) 28.87
MgSi03 (clinoenstatite) 11.42
Mg3Si,OIO(OH), (talc) 22.26 0.44 0.17 0.14
MgC03 (magnesite) -7.46 -{l.29 0.85 -{l.44
CaF, (fluorite) 10.42 -{l.09 -{l.42 0.41 -1.84 -{l.39 0.23
CaMoO, (powellite) -8.05 -2.13 -1.60 -{l.32 -2.30 -{l.85 -1.17

• Mean of duplicate analyses. blog (lAP/K.p)' 'Values were taken from Reddy et al. (13) and Reddy and Drever (20). Values for calcite
and powellite were taken from Plummer and Busenburg (21) and Essington (5), respectively. dBefore CO, treatment. 'After CO, treatment.

Potential solubility controls on Ca, Mg, F, and Mo in
aqueous extracts from treated and untreated samples are
presented in Table II. A complete list of saturation in­
dexes for different solid phases are reported in Reddy et
al. (14), and only the few solid phases relevant to the
comparison of before and after CO2 treatment are dis­
cussed here. Before CO2 treatment, lAPs for the PP3
sample extracts show a close approach to saturation with
respect to calcite and talc. These results suggest that
concentrations of Ca2+ and Mg2+ in PP3 aqueous extracts
are probably controlled by calcite and a magnesium silicate
phase such as talc. The lAPs for Lurgi and PP6 samples
show a close approach to saturation with respect to wol­
lastonite. The lAPs also show a close approach to satu·
ration with respect to forsterite (for PP6) and talc (for
Lurgi). These results suggest that silicate phases formed
during high·temperature processing are controlling the
concentrations of Ca2+ and Mg2+ in aqueous extracts from
untreated Lurgi and PP6 samples.

Park et al. (15), Reddy and Lindsay (22), and Reddy et
al. (13) have reported that processing raw shale at elevated
temperatures causes production of oxides (e.g., CaO, MgO)
and several silicate phases including wollastonite and
forsterite. The oxide phases are more soluble than silicate
phases and often dissolve upon contact with moisture. The
lAPs of oxide phases for untreated Lurgi and PP6 samples
also indicated a high degree of undersaturation. Thus,
silicate phases produced during the process of heating
usually buffer the pH and control Ca2+ and Mg2+ con­
centrations. However, for the PP3 sample, which was
produced by processing raw shale at moderate tempera·
tures (to minimize decomposition of carbonates), calcite
is probably buffering the pH and controlling the concen­
tration of Ca2+ in aqueous extracts.

The CO2 treatment effectively lowered the pH of OSSW
aqueous extracts from 12.0 to -9.0 (Table I). The lAPs
for the PP3 samples show a close approach to saturation
with respect to calcite. The lAPs for Lurgi and PP6
samples show a high degree of undersaturation with re­
spect to wollastonite and a close approach to saturation
with respect to calcite. These results suggest that CO2
treatment caused dissolution of wollastonite (and probably
other silicate phases), precipitation of calcite, and reduction
of pH.

Several other studies have also reported a decrease in
pH of OSSW aqueous extracts due to recarbonation. Bell
and Berg (16) reported that exposing OSSW to the at­
mosphere over a period of 20-160 days lowered the pH of
extracts from 11.4 to 9.0 by recarbonation. Harbert et al.
(17) attributed the decrease in pH of OSSW aqueous ex­
tracts to the precipitation of calcite. Reddy et al. (3)
reported that bubbling CO2 through aqueous extracts of

OSSW for 6 months caused dissolution of silicate phases,
precipitation of calcite, and reduction of pH from 12.0 to
-8.0. In our experiments, reacting moist OSSW under
slightly elevated CO2 pressures for 1 h accelerated the
recarbonation process and lowered the pH through the
precipitation of calcite.

The Mg2+ concentrations in aqueous extracts of OSSW
after CO2 treatment appeared to be controlled by either
the silicate or carbonate phase, the lAPs show a close
approach to saturation with respect to talc, clinoenstatite,
and magnesite.

The CO2 treatment caused a decrease in the concen­
tration of F for PP3 and Lurgi extracts, but not for PP6.
The CO2 treatment also caused a decrease in the concen·
trations of Mo for PP3 and PP6 samples. Reddy et al. (3)
reported that lowering the pH of OSSW causes reduction
in the concentrations of F and, in some cases, Mo in ex­
tracts. Garland et al. (7) and Essington and Spackman (23)
have reported similar results. Thus, the decrease in the
concentrations of F and Mo in CO2, treated samples is
probably due to the reduction in the pH of extracts. The
lAPs both before and after CO2 treatment show a close
approach to saturation with respect to fluorite (except
Lurgi after treatment) and a high degree of undersatura­
tion with respect to powellite (except Lurgi before treat·
ment). These results suggest that fluorite may be con­
trolling the solubility of F, and that powellite does not
control the solubility of Mo in aqueous extracts from either
treated or untreated samples.

Stollenwerk and Runnells (2), Reddy and Hasfurther (6),
Essington et al. (18), and Essington and Spackman (19)
have reported that fluorite and powellite probably control
the solubilities of F and Mo in aqueous extracts of OSSW,
respectively. However, our study and that of Essington
(5) suggest powellite does not always control the solubility
of Mo in OSSW extracts.

Conclusions
The processing of oil shale at high temperatures results

in production of large quantities of oil shale solid wastes.
These waste materials are often alkaline and often contain
elevated levels of toxic elements. Before CO2 treatment,
the solubility measurements suggested that silicate phases
including wollastonite and forsterite (produced during the
heating process) buffer the pH and control Ca2+ and Mg2+

concentrations in aqueous extracts of OSSW. Reacting
moist OSSW at 5 psi CO2 pressure for 1 h lowered the pH
from 12.0 to 9.0 through the precipitation of calcite and
also decreased the concentrations of F and Mo in aqueous
extracts. The Ca2+ concentrations in CO2-treated samples
were controlled by the solubility of calcite. The Mg2+

concentration appeared to be controlled by silicate and
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carbonate phases. The F- concentrations from treated and
untreated samples suggested a close approach to saturation
with respect to fluorite. The MoOl- concentrations ap­
peared to be highly undersaturated with respect to pow­
ellite.

The CO2 pressure process described in this study in­
volves treatment of waste materials in a solid phase con­
taining moisture, not a slurry or an aqueous solution phase,
and requires only short reaction times (e.g., 1 h) to effec­
tively lower the pH and the solubilities of F and Mo. Since
this process uses CO2, which can be obtained either from
the combustion process itself or from other sources, an­
other potential benefit is that it may help to minimize
emission of CO2 into the atmosphere. Further detailed
research to examine the efficiency of the CO2 pressure
process for chemical stabilization of alkaline solid wastes
(e.g., coal combustion solid waste) is needed.
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• More than 25000 individual aerosol particles in 51
particulate matter samples, all taken from a research vessel
over the North Sea and the English Channel, in a time
range of 4 years, were analyzed by automated electron
probe X-ray microanalysis (EPXMA). Multivariate
methods were used to reduce the total data set. Single­
particle analysis combined with hierarchical cluster
analysis yields nine major particle types. The North Sea
aerosol is predominantly composed of sea salt, sulfur-rich
particles, silicates, and calcium sulfate particles. Their
abundance is dependent on meteorological conditions and
sample location. Differences between all samples were
studied on the basis of the abundance variations by using
principal component analysis. Three factors explain 91 %
of the total covariance between the samples. The first
component represents the marine-derived aerosol fraction
and is more important as wind speed increases or at more
remote sampling locations. The second component dif­
ferentiates anthropogenically derived CaSO.-rich samples.
Their relative abundance is much more pronounced as the
sampled air masses spend longer residence times over the
south of England. The samples of the third cluster are
related to high silicate and sulfur abundances. Source
apportionment of this group was obtained by a second
principal component analysis. Two different clusters
separate mixed marine/continental samples from pure
continental-derived silicate and sulfur-rich particulate
samples.

Introduction
Since the North Sea is surrounded by the western and

northern parts of the European continent and by Great
Britain, it undergoes strong influences from industrial,
agricultural, and domestic activities. On a long term, ac­
cumulation into the North Sea could change the chemical
environment. Therefore, attempts are made to estimate
the impact of the surrounding anthropogenic activities on
the North Sea. The man-made pollutants can reach the
North Sea by several pathways including river transport,
direct discharges by pipelines, dumping activities, and
atmospheric transport. The North Sea aerosol is a mixture
of many components, some derived from the sea itself and
some having descended from aloft.

Because of internal heterogeneity of the aerosol samples
(i.e., the chemical diversity of the particles as a conse­
quence of their different production mechanisms), indi­
vidual particle analysis can advantageously be applied for
the source identification of various atmospheric pollution
processes. The relative percentage abundance of the
specific particle types can be a measure for the source
strength. Besides source apportionment, microanalysis can
also be useful for the investigation of the behavior of
particles during transport (e.g., gas-to-particle conversion,
coagulation processes, etc.). A reduced sampling time and
the small amount of material needed for individual mi-

croanalysis can be advantages in the study of different
dynamic processes.

Experimental Procedure

Samples and Sample Preparation. A total of 51
aerosol samples were collected over the North Sea and
English Channel during various cruises in a time range of
4 years (1984-1987) aboard the R/V Belgica. Atmospheric
aerosols were sampled on 47-mm-diameter Nuclepore
filters with a pore size of 0.4 I'm. The filtration units are
provided with a hat-type inlet to avoid the collection of
large droplets and rain. The whole is mounted in the mast
on the foredeck of the ship, 6 m above deck, 11 m above
the sea surface, and facing 0.5 m upwind from the mast
itself. When the relative wind direction to the ship is
unfavorable, or not within +45 to -450

, the power supply
of the pump is cut off in order to avoid contamination by
the vessel. Figure 1 shows different tracks for the various
cruises. Comparison of the particle sizes for samples si­
multaneously collected with and without the hat-type inlet
showed no differences in size range below 15 I'm (1).

Depending on weather conditions and sampling area, the
sampling time was -8 h in order to collect 5-10 m3 of air.
For sampling sites near coastal regions, smaller sampling
volumes are needed compared to 'off-shore" locations. In
contrast, higher sampling volumes are necessary during or
after rain events because of reduced particle number
concentration in the air by "rain-out" effects. To reduce
chemical changes as well as compositional and morpho­
logical transformations of the atmospheric aerosol, each
filter was immediately put between Petri dishes and stored
in a refrigerator. A part of the Nuclepore filter was
mounted on a plastic ring that fit into the electron mi­
croprobe sample holder. All samples were coated with a
thin carbon layer of approximately 40 nm to improve
electrical conductivity.

Instrumentation. Single-particle analysis was per­
formed by electron probe X-ray microanalysis (EPXMA)
using a JXA-733 superprobe of JEOL (Tokyo, Japan).
This superprobe is equipped with energy- and wave­
length-dispersive X-ray spectrometers, a secondary and
transmission electron detector, and two simultaneously
operating backscattered electron detectors (for topographic
and compositional imaging). The probe is automated with
a Tracor Northern TN 2000 system and an LSI 11/23
microcomputer controlling all EPXMA parameters. The
obtained data can be stored either on magnetic tape or on
double-density floppy discs. All information can, at any
time, be transferred to a VAX 11/780 computer for ad­
ditional off-line data processing.

Automation Methodology. During the execution of
the automated particle recognition and characterization
(PRC) program, the electron beam scans over a preset area
of interest. When the backscattered electron intensity of
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Figure 1. Different sampling routes on the North Sea, English Channel, and Cenic Sea.

the particle contour exceeds a predefined threshold value,
the object is considered detected. Size parameters such
as the perimeter, average diameter, and shape factor
[(perimeter)2/4" area) are calculated. The diameter
measured by EPXMA is based on the projected area of
the particle and might differ from the aerodynamic diam­
eter. An X-ray spectrum can be accumulated at the center
of the particle or by performing cross scans over the
particle. Subsequently an X-ray spectrum is calculated
and deconvoluted. Thus, the whole PRC program is set
up in three sequential steps: localizing, sizing, and chem­
ical characterization, after which the beam scans for the
next particle.

For each aerosol sample, ~5oo particles in a size range
from 0.2 to 15 /Lm were automatically analyzed. X-ray
spectra were accumulated for 15 s with a beam current of
1 nA and an acceleration voltage of 20 kV. This whole
operation takes less than 3 h per sample and yields a huge
data set. To reduce the data, two hierarchical and one
nonhierarchical cluster analysis were applied for each
sampling campaign (2). First a hierarchical cluster analysis
performed on the elemental composition data of 500
particles resulted in an average composition data set. For
this, every particle i is presented in a N-dimensional space
as an object vector with coordinates according its N-ele­
mental composition. Here N is the number of variables
and equals the number of different elements detected in
one sample. The method starts from m objects (m =500
particles) that are to be classified, and at each step the two
most similar objects (particles) or already formed clusters
are merged into a single cluster. The similarity between
two objects was derived from the Euclidian distance
coefficient between the objects. The Ward method (error

sum of squares method) was used for the calculation of the
distances between newly formed clusters and the remaining
objects and/or clusters. So, the more close two objects or
clusters are, the more similar they are. A second hier­
archical clustering was performed on the average compo­
sition data of the samples and resulted in a set of training
vectors (centroids) that are representative for that sam­
pling campaign. Finally, a nearest centroid sorting (non­
hierarchical cluster analysis) is used to classify all particles
from one campaign according their distance from the
centroids of the clusters. The method of Forgy (3) min­
imizes the sum of squares of the distances to the centroids
for a fixed number of clusters. This procedure results in
an average composition data set for each North Sea sample
according the centroids of the corresponding campaign.

The whole particle classification procedure involves thus
a series of cluster analyses and is followed by a principal
component analysis (PCA). The purpose of the PCA
method is to represent the variations present in the data
in such a way that, without losing significant information,
the dimensionality is reduced. To achieve this, new var­
iables (components) are constructed, according to a linear
combination of the original variables, in such a way that
the newly formed principal components are uncorrelated
and that they are constructed with decreasing degree of
importance. The principal components obtained in this
way represent the linear indepenent variance present in
the data of original variables. The most important sources
for the variance in the data are examined by studying the
first principal components. General information about the
PCA technique can be found elsewhere (4). Several papers
discuss expert systems to sort out individual particle data
(2,5-8).
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Table I. Range for the Particle Identification Bases on the
Mean Percent Abundance for Each Cluster Group

The accuracy for the X-ray measurements is close to 1%
for abundant elements. The reliability (211 values) of the
relative abundances of the particle types can be calculated
from binomial statistics and is between 2 and 5% absolute
when 500 particles are measured. It has been shown (9)
that the variability on the composition of the clusters is
almost entirely due to the variation in the particles' com­
position and is therefore a reliable measure for the hete­
rogeneity of the clusters. The accuracy of particle sizing
depends mainly on two differnt factors: (a) threshold
setting of the backscattered image signal and (b) the
magnification used. Accuracies within 20% are obtained
(10). The reproducibility for particle sizing using the
backscattered electron image is within 6% for the mean
diameter.

Results and Discussion

Conventional X-ray microanalysis makes it possible to
detect elements from Z ~ 11. The measured X-ray output
data consist of relative peak intensities obtained by a fast
filter algorithm (FFA), namely, a symmetrical convolution
function by the Hardeman transformation (11). The
relative percent X-ray intensity expresses the ratio of the
net X-ray intensity of that element to the total net X-ray
intensities collected from that particle. This information
is important for chemical intercomparison of particles and
can thus be used for the assignment of particles to various
particle types. The hierarchical clustering procedure ap­
plied to the elemental composition of more than 25000
particles collected from different parts over the North Sea,
the English Channel, and the Celtic Sea resulted in the
identification of nine major relevant plL'ticie types. Some
low-abundance particle types were encountered; although
their abundance cannot be determined with high accuracy,
their occurrence in the aerosol can be important with re­
gard to the deposition and source apportionment of some
specific trace elements. The characteristics of these minor
particle types will be discussed separately. Table I gives
an overview of the nine major particle types with the range
of the average composition of the groups for each sampling
campaign. These data give an idea of the criteria by which
a particle was assigned to a specific particle type by hi­
erarchical cluster analysis. Note that the relative X-ray
intensity of Na in NaCI is much lower than that of Cl.
Indeed, Na has much lower sensitivity due to physical
effects and because the absorption effects of the X-ray
signal by the detector window are more important for Na
than for Cl. Typical relative percent X-ray ratios of 1/12
~ Na/Cl ~ 1/8 are observed.

Relative abundances or particle number concentrations
(expressed in percent) of each particle type for every in­
dividual sample are given in Table II. The standard
deviations of the relative abundances are given by binomial

particle type

sea salt
aged sea salt
sulfur-rich
calcium

sulfate
calcium-rich
alumino-

silicates
quartz
titanium-rich
iron-rich

criteria: based on relative X-ray intensities

CI> 75% 7% < Na < 10%
24% < S < 44% 38% < Cl < 60%
S > 71%
23% < Ca < 45% 46% < S < 60%

12% < Ca < 90% 5% < P < 58% S < 16%
17% < Al < 30% 50% < Si < 62% 4% <

Fe < 8%
88% < Si < 91%
72% < Ti < 82%
72% < Fe < 91%

statistics. For the individual EPXMA measurements,
where a total of 500 particles were analyzed, the standard
deviations are between 1 and 5% on a 95% confidence
interval.

The number concentration of particles present in 1 m3

marine air can be derived from the number of particles
analyzed, multiplying these with the ratio of the fllter area
to the analyzed area. Table III tabulates the range of
number concentrations of particles between 0.2 and 15 lim
above the North Sea calculated for the 51 samples ana­
lyzed. Accuracies were estimated to be -10% as based
on uncertainties in analyzed filter area and sampled air
volume. The findings of these data are in good agreement
with aircraft measurements performed over the North Sea
at sea level (12). There is clearly a tendency of increasing
particle number concentration as the sampled air masses
originate from over the continent. Knowing the total
number concentrations of aerosol particles above the North
Sea, the percent abundance of each particle type, the as­
sumed density for each particle class, and the mean
equivalent spherical diameter of each particle belonging
to that particle class, one can calculate the mass concen­
trations for each particle type. However, the accuracy for
mass concentrations is worse than 60% and is highly de­
pendent on the accuracy for the diameter determination.

The nature, source and relative abundance variations
for each particle type will subsequently be discussed in
more detail.

Different Particle Types. (1) Sea-Salt Particles.
A particle type is defined as sea salt when the average
content of CI exceeds 75% in relative X-ray intensity. No
other element, except Na, is of any significance. It is
postulated that the total contribution of freshly generated
NaCI present in the marine atmosphere is attributed to
a marine source. The main process for the generation of
fresh sea salt into the atmosphere is the breaking of waves.
This process is more effective as the wind speed increases
(13).

Very large variations in number concentrations for
sea-salt aerosols are found ranging from 0 to 94% of the
total number fraction. High sea-salt abundances were
found in the August campaign of 1985 when samples were
taken under stormy southwest winds: whitecap formation
and sea spray induced by wind action are predominantly
responsible for the ejection of sea salt into the atmosphere.
The anthropogenic particle fraction is not necessarily low
but is totally suppressed by the domination of sea salt.
Contrarily, for the cruise of May 1986, the air mass tra­
jectory went through the Channel, via the south coast of
England, until the influence of the Atlantic Ocean was
clearly observed. Nearing more westerly regions is re­
flected by an increase in sea-salt concentrations. Back­
trajectories of the sampled air evolved from far over the
Atlantic Ocean without continental interferences. No
anthropogenically derived particulate matter was detected.

(2) Transformed or Aged Sea-Salt Particles. This
particle type is rich in S and Cl. Also mixtures of NaN03,

Na2S0., and NaCI are possible (14). These S- and CI-rich
particles are identified as aged sea salt. They are formed
by the conversion of NaCI into Na2S0. by S02, implying
the release of HCI in the marine atmosphere. These results
are consistent with the findings of other authors (15-18).

The contribution of S enrichment in sea-salt aerosols
is more pronounced in the samples for which an important
anthropogenic influence on the marine atmosphere is ex­
pected. The mixing of air masses is always observed on
passing from continental conditions toward more marine
ones or vice versa. This was clearly observed for the
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Table II. Relative Percent Abundances of Nine Particle Types for 51 Nortb Sea Samples

aged alumino-
date sea salt sea salt S-rich CaSO, Ca-rich silicates Si-rich Ti-rich Fe-rich

Dec 84 0 2 19 0 20 47 4 0 8
63 10 4 0 9 3 0 0 10
33 7 7 0 7 36 4 0 5

0 0 35 0 15 12 2 0 36
Aug 85 77 0 2 11 0 6 4 0 1

26 0 3 9 1 50 5 1 6
8 0 2 8 0 71 8 0 3
0 0 5 5 0 74 7 1 7
0 0 33 21 0 6 9 1 30
0 0 11 48 2 14 8 0 18

Mar 86 0 0 61 0 0 18 10 0 12
0 0 32 4 0 42 11 0 11
0 0 67 3 0 14 5 0 11
0 0 61 3 0 21 8 0 7
1 0 24 12 0 27 8 0 29

May 86 18 0 53 5 10 5 5 1 5
20 20 35 3 10 6 3 0 3
60 27 0 3 2 7 0 0 0
52 40 0 2 5 1 1 0 0
68 17 3 2 9 0 0 0 0
84 8 4 1 3 0 0 0 0
91 6 2 0 1 0 0 0 0
77 4 4 5 7 2 2 0 1
94 5 0 0 1 0 0 0 0
91 9 0 0 1 0 0 0 0
83 14 0 0 2 1 1 0 0
90 4 0 2 2 2 1 0 0
77 12 1 2 5 3 0 0 0
56 26 7 4 8 0 0 0 1
11 11 32 18 7 18 2 0 1

2 0 38 9 1 32 5 5 8
June 87 0 0 13 82 0 4 1 0 0

0 0 69 17 0 6 2 2 4
0 0 12 5 0 59 21 1 3
0 0 19 72 0 4 4 0 0
0 0 2 94 0 2 0 0 1
1 0 33 50 0 9 7 0 1
0 0 21 68 0 3 7 0 1
0 0 4 84 0 10 2 0 0
0 0 85 6 0 3 6 0 0
0 0 32 13 0 36 17 0 2

Oct 87 3 2 21 37 0 30 0 0 7
2 36 8 8 0 46 0 0 1
1 42 6 3 0 47 0 0 1
1 4 41 14 0 39 0 0 0

Nov 87 0 1 43 17 0 24 0 4 10
0 1 38 9 0 11 0 37 4
1 0 60 19 0 8 0 9 3
0 0 50 13 0 24 0 8 5
0 0 56 8 0 6 0 27 2
0 0 35 20 0 22 0 19 4

(diam),llm 0.8 0.7 0.7 0.8 0.8 1.3 1.3 1.0 0.8

reactions and form SOlo. Anthropogenic emissions likeTable III. Particle Number Concentrations (m-') Observed
for Three Types of Sampled Air Masses above the North combustion of fossil fuel constitute the main source for the
Sea SOl- release into the atmosphere. Often NH/ is present

air mass
in continental aerosols in concentrations high enough for

type range mean
partial or complete neutralization of H2S04with the for-
mation of various ammonium salts as (NH4hS04, (NH4)-

marine (7.9 ± 0.2) x 103-(6.9 ± 0.7) x 10' (3.9 ± 0.4) x 10' HS04, and (NH4laH(S04)2 (21). Similar particles were
mixed (2.9 ± 0.3) x 10'-(4.7 ± 0.7) x 1()6 (2.5 ± 0.5) x 10' found in the Phoenix urban aerosol (22), where the only
continental (8.7 ± 0.9) x 1()6-(2.9 ± 0.6) x 10· (1.9 ± 0.7) x 10· detectable element was S. Here, several of these Phoenix

S-bearing particles were detected, indicating that the cores
campaign of May 1986. The corresponding back-trajectory are soot. It was also observed (23) that biological particles
(Figure 2) shows originally marine air traveling over the (composed of light elements, such as H, C, 0, and N) with
southern part of England. their complex morphology and wet surfaces provide an

(3) Sulfur-Rich Particles. In general, the S concen- attractive nucleating surface for S02 absorption and con-
tration is greater than 70% for this particle type, and no version to sulfate. In analogy to the North Sea aerosol,
associations with Ca are present. Studies on particulate probably S-rich compounds have condensed onto or re-
S present in urban sites showed that numerous secondary acted with existing carbonaceous particles that have acted
reactions can take place (19, 20). Industrial S02 gas as condensation nuclei. The shape of the spectrum with
emissions are oxidized in homogeneous or heterogeneous its very high background is typical for organic and bio-
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Figure 2. Air mass back-trajectory lor aerosols collected during the
May 1986 campaign. The shaded area corresponds to ca. 36-h air
mass back-trajectories calculated lor a height 01 10 m above the North
Sea. The air masses have traveled Irom point A toward B.

logical material, although carbon X-rays cannot readily be
detected with conventional EDX analysis (23). However,
X-ray spectra can distinguish between carbonaceous
particles and, e.g., crustal particles, whereas morphology
studies often differentiate botanical particles from soot
(24). Signals from organic particulate matter can exceed
the backscattered electron image threshold above the
Nuclepore filter necessary for the localization of particles.
The image signals from the filter backing material are
normally completely suppressed by this threshold setting.
So, if a localized and detected particle is composed almost
entirely of elements lighter than Na, the organic nature
can be ascertained from the relatively noisy background
in its collected X-ray spectrum (25, 23). However, one
must keep in mind that the total X-ray counts are still
much lower than what is observed for, e.g., mineral par­
ticles.

Carbonaceous particles enriched in (NH4)HS04 and
(NH4)2S04 or mixtures at their surface are present over
the North Sea as was also inferred from laser microprobe
mass analysis (LAMMA) results (14). Most of these S-rich
particles have a diameter in the submicrometer range.
This might be an indication that they are formed by
gas-to-particle conversion processes. Combustion processes
are almost exclusively responsible for the high pollution
gaseous sulfur compounds, although a smaller fraction can
have a marine origin, as is the case for dimethyl sulfoxide
(DMSO) and derived compounds. For the most westerly
located sampling place of the May 1986 campaign, where
only pure marine conditions were encountered, low con­
centrations of marine S-bearing compounds were detected.

The S-rich particulate matter was the most important
particle type encountered in the sampling campaigns of
March 1986 and November 1987. In March 1986, the
atmosphere above the North Sea had been influenced by
a long period of easterly wind and at the time of sampling
the sea surface was smooth and the visibility strongly re­
duced due to a persistent fog. The particle concentration
was very high, because of the presence of an inversion
layer. The 36-h air mass back-trajectories (Figure 3)
showed a steady supply of continental air traveling over
West Germany, The Netherlands, and Belgium. For the
November 1987 cruise, no fog and inversion conditions
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Figure 3. Air mass back-trajectory lor aerosols collected during the
March 1986 campaign.

were observed. All filters have collected air masses ori­
ginating from above Eastern European countries. Com­
parable S concentrations were found in the June 1987
campaign, although the air masses had long residence times
above the south of England. Consequently, high S emis­
sions must be related to industrial and automotive sources
from all over Europe.

(4) Calcium Sulfate Particles. Both Ca and S are
present in the same particles, with their elemental com­
position ranges given in Table I. These particles are very
often found in both marine and continental aerosols. They
are identified as CaS04' Some possible marine formation
mechanisms are postulated (27), e.g.: (1) CaS04 can be
produced by fractional crystallization of marine aerosols,
a process that is especially efficient with high relative
humidity. Possibly breakup of the caS04crystal from the
sea-salt aerosol particle takes place either by impaction
on the fJ.lter or during its atmospheric residence. (2) caS04
could result from the aerosol interaction between marine
or airborne CaC03 with atmospheric S02 or H2S04, e.g.,
within clouds.

The abundance of caS04particles under purely marine
conditions (May 1986) does not vary proportionally with
sea salt. Furthermore, in the samples with highest caS04
contributions, NaCl is virtually absent. Actually much
higher abundances are present in the samples influenced
by the continent (June 1987). The March 1986 and June
1987 campaigns were both characterized by high S-rich and
Ca-rich particle number concentrations. For the reaction
of particles with S02 and/or SOi-, particles need to have
the appropriate surface chemistry (in this aspect, calcite
scores better than clay minerals and much better than
silicates) and long suspension times in the air (23). Such
sampling conditions, high humidity, persistant fog, and an
inversion layer, were observed for the March 1986 sampling
campaign, favoring such transformation reactions. It is,
however, not evident that in the June 1987 campaign acid
transformation reactions between CaC03 (may partly be
derived from the cliffs of Dover) and S02 or SOl- com­
ponents are dominant for the formation of caS04particles.
If such reactions would have taken place, it implies that



Figure 4. Air mass back-trajectory for aerosols collected during the
October 1987 campaign.

all CaC03 particles had been fully transformed. Indeed,
in the June samples with exceptionally high number con­
centrations of CaSO., the Ca-rich (CaC03) particle type,
which is the obvious precursor for caSO., was not observed
at all. This means that CaSO. is predominantly emitted
by anthropogenic sources such as combustion processes
and by eolian transport from the continent to the North
Sea. CaSO. has also been found in the fly ash particles
collected from coal power plants (28). It is remarkable that
all CaSO.-rich filters were influenced by continental air
masses traveling over the south of England (June 1987 and
October 1987) (Figure 4). In some particular samples, the
relative intensity of S is much higher than what is normally
measured for CaSO•. Hence, this particle type can partly
be identified as caSO. enriched with S, in the form of, e.g.,
(NH.)2S0•. The formation of CaSO.·(NH.)~O. aerosols
can be explained by the coagulation of CaSO. particles
with submicrometer sulfate aerosols (19). These results
were confirmed by LAMMA measurements (14).

(5) Calcium-Rich Particles. For the Ca-rich particle
type, we can only postulate that they are mainly charac­
terized as CaC03 although C and °cannot be detected by
our method.

All Ca-rich aerosols that contain less than 16% S are
classified in this group. They can originate both from the
marine environment and from continental sources.

As seawater evaporates, various dissolved salts begin to
crystallize out sequentially. First calcite (CaC03) and
dolomite [CaMg(C03)2] precipitate, then gypsum
[CaSO.(aq)], followed by halite (NaC!), and finally the Mg
salts (29). If this crystallization effect takes place in an
aerosol droplet, CaSO. as well as other salts (e.g., the re­
maining residues) would be detected on the filter. Only
Ca-rich particles, CaSO., and NaCI were identified. Mg
was detected in low abundances, never as the major cation
in individual particles. Mg is mostly associated with Ca­
rich or Ca-S-rich particles. Probably also the mixed salt
[CaMg(C03h] can undergo further reaction with gaseous
S-rich components. A small fraction of Ca-rich particles
show up to 15% S in the relative X-ray spectrum but are
not classified in the CaSO. group according to the criteria
of Table I. This can be an indication of the initiation of
Ca-S-rich particle formation from CaC03 and/or derived

Figure 5. Air mass baCk-trajectory for aerosols collected during the
November 1987 campaign.

components with atmospheric S02 or H2SO.. According
to the obtained data set, Ca-rich particles above the North
Sea cannot unambiguously be apportioned to one source
type.

(6) Aluminosilicate-Rich Particles. These particles
are characterized by the presence of AI, Si, S, K, Ca, and
Fe as major elements and Ti, Cr, Mn, Ni, and Zn as minor
ones. This mineral type of particle finds it origin on the
continent. X-ray spectra cannot distinguish whether these
particles are soil dust or fly ash derived. Only morphology
can sometimes differentiate their source. The soil dust
particles have variable shapes and diameters ranging from
submicrometer to -5 I'm. However, sometimes 40% or
more of all aluminosilicates have a smooth and nearly
perfect spherical shape. This is especially true for the
November 1987 cruise, when the sampled air masses were
influenced by Eastern European emissions (Figure 5).
Hence, these particles must be fly ash derived. They are
formed during high-temperature combustion processes of
fossil fuel and obtain their typical shape after solidification
of the molten material. Smaller fly ash contributions are
also observed during air mass trajectories over England
and western Europe. In -5% of all aluminosilicates, a
rather high S concentration was present in the aerosol
during the March 1986 campaign. Because meteorological
conditions favored high continental influences over marine
ones, anthropogenic S from S02 emissions is very likely
to be responsible for secondary reactions. H2SO. derived
from S02 emissions can have long residence times during
calm weather conditions at high relative humidities.
During long fog periods, high humidity, and inversion layer
conditions, mineral particles that were initially hydro­
phobic can most probably be wetted with acidified water
droplets and are left behind as possible cloud condensation
nuclei (CCN) for further reactions (27). These CCN can
in an initial state be composed of an aluminosilicate nu­
cleus covered by a S-rich surface coating. But further
transformation of element-specific extractio 1 processes are
also possible. Such reactions are responsible for the further
breakdown of silicate mineral particles, forming silicon-rich
clusters.

(7) Silicon-Rich Particles. In the Si-rich group, the
Si-K X-rays constitute more than 88% of the character-
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istic X-ray spectrum. These mineral quartz particles are
irregularly shaped. They can be derived from soil dust and
therefore are often found in the presence of alumino­
silicates. Another fraction of the quartz particles are em­
itted during the combustion of coal in power plants (30,
31). Most of the Si-rich particles are present in the size
range below 1 ",m. The fact that these particles, just as
the Fe-rich particles, are found in the smallest size range
could strengthen the hypothesis that they are formed
during combustion processes.

(8) Titanium-Rich Particles. For some North Sea
samples (November 1987), rather high abundances of
Ti-rich particles were observed. The mean relative X-ray
intensity for Ti ranges between 65 and 85%.

The mean diameter of the Ti-rich particles is 1.0 ",m and
the shape factor of 3 deviates far from 1 for spherical
particles. The main source for Ti release into the atmo­
sphere is pigment spray, but minor pollution processes and
sources such as soil dispersion, asphalt production, and
coal-fired boilers and power plants are also known (6).
Sometimes chromium is detected in this particle group
beside some contributions of Si, Zn, Pb, and Ba.

(9) Iron-Rich Particles. The samples taken near the
continents show high contributions of Fe-rich particles.
Within this cluster, three different Fe-rich particle types
are recognized. The first subgroup consists of pure iron
oxide. Most of these particles are spherical, but irregularly
shaped particles are found as well. They are mainly pro­
duced by ferrous metallurgy processes. The second sub­
group consists of Fe-Zn-Mn-rich particles. Within this
group, the abundances for Zn and Mn are much more
pronounced. They are derived from ferrous manganese
furnace processes. Very often S is associated with Fe-rich
particles: the Fe-S-rich particles constitute the third
subgroup. These particles, probably pyrite and iron sul­
fate, can be formed by reaction between iron oxide and
sulfuric acid, during their release in ferrous metallurgy
related combustion processes.

(10) Minor Particle Type. Rare particles are also
interesting because they can sometimes be apportioned
unambiguously to one specific source.

Characteristic X-ray spectra showed that some S-bearing
aerosols have P and CI as detectable elements. Also, a very
high X-ray background is often observed originating from
an organic matrix. Organic phosphorus is primarily formed
through biological activities. Bubble bursting can cause
enrichments of P in the sea-salt aerosol particles by frac­
tionation out of the sea surface microlayer (32). When
these P-rich particles mix with anthropogenic air masses,
the S components can also react with these sea-salt par­
ticles forming aged sea salt enriched in P. The major
sources for particulate P in marine aerosols of New Zealand
(33) are soil particles containing both naturally occurring
and fertilizer-derived P, as well as sea-salt particles and
industrial emissions. Na, AI, and V were associated with
P as indicators or markers for, respectively, a marine
source, a crustal weathering source, and an anthropogenic
pollution source (e.g., burning of biological material). For
the North Sea samples, no association between P and Al
or V was detected and hence these particles probably have
a marine origin.

Alternatively, the presence of P is often associated with
Ca. These particles are classified into the Ca-rich group,
although their percent abundance of relative X-ray in­
tensities from Ca and P are, respectively, 13 and 55%.
This particulate matter can be fertilizer derived or is a
residual from biological material (e.g., pollen) and can be
transported over the North Sea by wind action. Ca- and
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Table IV. Cumulative Eigenvalues and the Loadings Cor
the First Three Principal Components Derived Crom the
Covariance Matrix Cor Two PCA PerCormed on the North
Sea Data

principal components

for all for the
samples (51) third cluster (29)

1 2 3 1 2 3

cum % 54 75 91 61 80 88

variables loadings

sea salt 0.99 0.01 -0.09
aged sea salt 0.42 -0.10 0.22
marine fraction -0.50 0.86 -0.10
sulfur -0.66 -0.40 -0.62 0.97 -0.04 -0.21
calcium sulfate -0.41 0.91 -0.01 0.25 -0.13 0.06
calcium-rich 0.24 -0.19 0.00 -0.08 0.29 0.39
aluminosilicates -0.41 -0.39 0.80 -0.90 -0.37 -0.22
quartz -0.39 -0.18 0.26 -0.21 -0.46 0.01
titanium-rich -0.23 -0.14 -0.23 0.29 -0.06 0.02
iron-rich -0.33 -0.21 0.00 0.11 -0.22 0.90

P-rich particles were also found in aerosol samples taken
above the equatorial Pacific Ocean where only marine
influences were expected (31). The relative X-ray inten­
sities of 60% for Ca and 30% for P, compared to what we
found here, suggest indeed an other, still unidentified
source.

For some samples, higher abundances of heavier ele­
ments like Pb and Br together with CI were detected.
These Pb-rich particles originate from automobile exhaust
emissions. Pb is added to the gasoline together with
ethylene dihalide compounds (Br, cn. Pb/CI/Br com­
pounds can be identified as 2PbBrCI·NH4CI (34). The
emitted lead halides can readily be converted to lead
sulfates by reaction with S02' H2S04, or (NH4)2S04 with
the loss of HBr (35). However, none of the transformed
lead halide particles were observed in spite of the very high
S concentrations present in the sampled air masses.

Principal Component Analysis
To study variations in the abundance data set, principal

component analysis (PCA) was applied using a software
package, the so-called Data Processing Program (DPP)
(36). We used the relative percent abundances of nine
particle types (nine variables) for 51 North Sea samples
from Table II as input data for the PCA. The covariance
matrix was used for the calculation of the principal com­
ponents. The first three principal components explain
91 % of the total variance present in the original data set.
The loadings of the first three principal components, listed
in Table IV, are plotted in Figure 6a, while the scores are
represented in Figure 6b. Three main clusters are recog­
nized. The first group with a high score on the first
principal component contains 14 samples with high
abundances of sea salt and aged sea salt. A second cluster
of eight samples is separated by the second principal
component. The samples in this cluster are characterized
by high CaS04 abundances. Because of the low negative
score on the first principal component, the emission of
CaS04 particles has to be related to continental anthro­
pogenic sources. The third cluster of 29 samples is elon­
gated in the direction of the first and third principal
components. The third component is related to high sulfur
and aluminosilicate abundance variations. To validate the
robustness of these identified clusters, a hierarchical cluster
analysis (Ward's method, unstandardized variables) was
performed on the data. When the result was studied at
a three-cluster level, exactly the same clusters were found.



Table V. Mean Relative Percent Abundances of Each Particle Type Calculated for the Four Clusters That Were Formed by
Principal Component Analysis

aged alumino-
type no. sea salt sea salt S-rich CaSa, Ca-rich silicate Si-rich Ti Fe MF"

marine 14 76 13 2 2 4 2 1 1 100
CaSa, 8 1 16 67 9 4 4 1
mixed 7 16 17 21 7 5 30 3 3 37
Sfsilic 22 1 41 9 2 27 6 5 9 1
mean 51 23 6 23 16 3 18 4 2 5 33

• MF, marine fraction.

CaSC4

PC I

PC I

PC2

PC2

Figure 6. (a, top) Loadings of the first three principal components (51
samples), obtained by peA of EPXMA of North Sea aerosol results.
(b. bottom) Component scores of the first three principal components
(51 samples), obtained by PCA of EPXMA of North Sea aerosol results.

analyses of 51 North Sea aerosol samples, four different
aerosol groups could be differentiated on the basis of their
composition. These groups were apportioned according
to distinct particle emission sources.

More than 21 % of all particles detected above the North
Sea and surrounding waters represent sea-salt particles.
Within this group, the marine contributions for S-rich,
CaSO" and Ca-rich particles were estimated to be 0.5, 0.6,
and 1.1%, respectively. Anthropogenic-derived S-rich
particles and aluminosilicates represent 21 and 16%, re­
spectively, of the aerosol composition, whereas industri­
al-derived CaS04 contributes almost 15% of all particles

marine fraction (%) = d ) X 100
(ss + age ss marine cluster

Conclusions

The aerosol concentrations near sea level vary greatly
depending on proximity to natural and man-made sources.
From the data set resulting from 25000 individual particle

ss and aged ss represent the abundance of, respectively,
the sea-salt and aged sea-salt particle type for each sample,
and (ss + aged sS)marinecluater is the mean of the sum of the
sea-salt and aged sea-salt particle-type abundances for the
marine cluster. The calculated value for the latter was
89%.

The loadings of the resulting first three principal com­
ponents, listed in the three columns at the right side of
Table IV, are plotted in Figure 7a and the scores are
represented in Figure 7b. This figure shows two distinct
clusters. One of them, with high score on the second
principal component, consists of seven samples, and all
have a high marine fraction (mean marine fraction of
37%). This means that these analyzed particles originate
from mixed marine/continental air masses. The other
identified cluster contains nearly 100% continent-derived
particles (22 samples), e.g., mean marine fraction of 1%.
Variations in this group are mainly due to a different
silicate/ sulfur ratio. Principal component 1 describes this
and even a negative linear relationship between the silicate
and sulfur is present (r =-0.82). The determination of
the silicate/sulfur ratio reflects the contribution ratio of
their respective emission sources. The mixing ratio com­
bined with bulk trace metal analysis can probably be used
to determine the trace metal content of the distinct
emission sources. Besides the relative importance of the
silicate and sulfur particulate sources, iron particulate
source contributions are superimposed (principal compo­
nent 3). In the mixed marine/continental group, the same
dependency on the silicate/sulfur ratio is found.

Table V summarizes the relative particle abundances
for each of the four cluster groups as well as the mean
abundance for all particles analyzed. Also the marine
fraction is calculated and listed. Note that the marine
fraction obtained for the mixed continental/marine sample
group has a value of 37%, whereas the mean marine
fraction for all samples is 33%. This suggests that the
mean of all samples taken during the six campaigns is also
representative for mixed sampling conditions.

The third group, however, cannot be attributed unam­
biguously to a specific source. Therefore, further separa­
tion within this group is necessary to differentiate marine
influences from continental ones.

A second PCA was applied to these 29 samples. To
enhance the difference between marine and continental
aerosols, a new variable, the marine fraction (%) was in­
troduced, replacing the sea-salt and aged sea-salt variables.
The marine fraction was defined as

(ss + aged ss)
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PC,

PC'
Figure 7. (a. top) Loadings of the first three principal components.
obtained by a second PCA on the third cluster (29 samples) resuijing
from the first PCA. (b. bottom) Component scores of the first three
principal components. obtained by second PCA on the third cluster (29
samples) resuijing from the first PCA.

analyzed. About 13% of all North Sea particles is a
mixture of particles from both marine/natural and con­
tinental/anthropogenic emission sources. For all other
particle types detected, their contribution is less than 5%
of the total North Sea aerosol and they are derived from
various emission sources.

Registry No. S, 7704-34-9; CaSO,. 7778-18-9; Ca, 7440-70-2;
Si. 7440-21-3; Ti. 7440-32-6; Fe. 7439-89-6; quartz. 14808-60-7.
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Diffusion of 2,3,7,8-Tetrachlorodibenzo-p-dioxin in Soil Containing Organic
Solvents

Michael R. Overcash,' Arnold L. McPeters, Erika J. Dougherty, and Ruben G. Carbonell

Department of Chemical Engineering, North Carolina State University, Raleigh, North Carolina 27695-7905

• The transport of 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) in soils containing various organic liquids has been
measured experimentally. A model has been developed
that considers diffusive transport in the liquid phase and
takes into account the rate of adsorption and desorption
of TCnD from the soil particles. Effective diffusion
coefficients for TCDD were fit to the data, and the results
compared well with estimates using the Wilke-Chang
correlation.

Introduction

Removal of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)
from contaminated soil is of recent interest in many areas
of the country and the world. The chemical has extremely
low water solubility and volatility and thus can be very
persistent once introduced into the soil environment (1,
2). Other chemicals such as PCBs and chlorinated furans
exhibit similar behavior. In spite of the recalcitrant nature
of the contaminant, public concern mandates that effective
cleanup methods be found.

A number of remediation technologies have been pro­
posed and, in some cases, have reached the development
stage (3-5). There is an active EPA program for emerging
concepts in remediation of soils (6) and another program
to verify the more developed methodologies (7).

In a significant number of these technology concepts the
migration of trace concentrations of the contaminant oc­
curs in a larger, bulk liquid phase (e.g., waste oil, tank
leakage of trichloroethylene, spills of solvents). This
migration is potentially by diffusion and convection of the
organic fluid in the soil. TCDD can also be solubilized by
surfactants. After a site or area has had the direct source
removed (e.g., a leaking tank), migration of trace sub­
stances can be primarily by diffusional processes in the
organic fluid, particularly when the contaminant has low
water solubility. Contaminants with higher water solubility
can be transported primarily by convection during rainfall
or after reaching the water table.

For TCDD in water-saturated soils, diffusion would
appear to be the primary mode of transport in the absence
of physical movement of the soil particles since the water
solubility of the compound is extremely low [<20 ppt (8)].
If an organic phase is present in the soil, it is important
to understand the diffusional transport of TCDD in the
porous material. Possible situations where this might be
applicable include the application of TCDD-contaminated
oil to land, the residual migration in solvent plumes when
a leaking tank source is removed, or in other circumstances
when solvents in soils may cause leaching or removal of
TCDD. For example, one possible cleanup technique for
TCDD-contaminated soil involves the application of or­
ganic solvents to the contaminated soil and the subsequent
solubilization, movement, and photodegradation of the
TCDD (9, 10).

In previous analyses of solvent-based systems to clean
up soil, the adsorption/desorption behavior and microscale
diffusion of trace contaminants have not been measured.
The lack of data is particularly acute with difficult to
analyze compounds such as TCDD. Since understanding

Table I. Composition of Norfolk Loamy Sand

diameter external
composition, (13) (dp), surface area

particle size % I' (A p), em' g-l

sand 84.8 5(}-840 41·
silt 10.7 2.(}-50 9.1 X 10'·
clay (primarily kaolinite) 4.5 52.0 1.5 X 10' (13)

• External area calculated as surface area of spheres with the
given diameter.

of the underlying phenomena at the microscale in soil is
so broadly necessary and applicable, studies were under­
taken to provide both experimental and theoretical in­
formation for TCDD diffusive transport in the presence
of organics.

The main purpose of these diffusion studies was to
quantify TCDD movement through a soil column in which
a solvent or solvents were present. The ability of the
solvent to remove the chemical from Norfolk loamy sand
and the diffusive flux through the soil were both considered
in this analysis. Quantitative measurements and models
of the adsorption and desorption kinetics of TCDD in this
soil have already been carried out (11). A model of the
unsteady-state desorption/diffusion process is presented
and the model is used to calculate effective diffusivities
for TCDD in the solvent-laden soil.

Experimental Procedures
To determine a group of effective solvents for TCDD

solubilization, desorption tests had previously been con­
ducted (11). From this information, several solvents were
chosen for these diffusion studies: ethyl oleate, tetrade­
cane, dimethyl sulfoxide, I-butanol, and 2-propanol.

The soil used was a Norfolk loamy sand (Table I) spiked
with 14C-labeled TCDD from ethanol in a manner previ­
ously described (I1), to yield a concentration of 50--60 ng
of TCDD go!. When the soil is spiked by this procedure,
it is postulated that ~60% of the TCDD chemically or
physically adsorbs to the soil particles (11). The remainder
of the chemical is assumed to be contained in the soil as
a fUm on the soil particles, without actually being adsorbed.
This situation is comparable to the state of TCDD con­
tamination in the field, as a spill of contaminated solvent
would evaporate and leave the TCDD in much the same
manner.

For tests involving TCDD-spiked solvent, stock TCDD
solutions containing 600-2000 ng mL-l TCDD in ethanol
or isooctane were diluted with the relatively nonvolatile
solvents to be used in the diffusion studies. The new
solution was then left open under a hood until weight loss
indicated that all the volatile solvent had evaporated,
leaving the TCDD in the less volatile organic. To prepare
solutions of TCD in volatile alcohols, drops of the stock
TCDD solution were added to large volumes of the desired
solvent. The concentrations were adjusted to produce an
applied level of ~60 ng of TCDD g-! of soil.

The experiments involved two soil/solvent cells. One
cell was spiked with !4C-labeled TCDD and one cell con­
tained no TCDD. The TCDD spike was added to either
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Figure 1. Diffusion apparatus.

the soil or the solvent in the spiked cell as described above.
For both cells the soil samples were treated with a set
amount of the organic solvent, depending on the test being
conducted, so that no net solvent movement would occur
between cells. Known weights of the desired solvent were
added to the soil samples contained in plastic cups, and
the mixtures were stirred thoroughly with a spatula. The
soil samples were then loaded into the diffusion apparatus
(Figure 1). The apparatus was prepared by alteration of
a 50-mL gas/liquid syringe with addition of a glass plate
perpendicular to and flush with the barrel top. It consisted
of a glass cylinder 28 mm in diameter with an adjustable
Teflon plunger to hold the soil column during the exper­
iment and a shaft to move the soil column up for sampling
after exposure. The plunger used a spring assembly to
enable expansion in the horizontal direction, with the
expansion controlled by rings at the bottom of the shaft.
This allowed the plunger to be tightened into any desired
position and discouraged solvent seepage. The cylinder
could accommodate samples as deep as 50 mm. The
syringe barrel had etched calibration lines 1.6 mm apart,
which were used to determine plunger movement and
thereby control sample size.

To load the samples, the Teflon plunger was tightened
at the desired depth and the cylinder clamped in a vertical
position. The soil/solvent mix, prepared immediately
before the start of the experiment, was then added by
spatula portions to fill the cylinder, with intermittent
tamping to eliminate air pockets. Based on the amount
of solvent needed to bring the system to apparent full
saturation, the average porosity of the packed soil column
was 0.38. The bottom cell, usually the TCDD-spiked
sample, was loaded through a funnel to prevent contam­
ination of the upper cylinder surface. After the loading
of the bottom cell to a depth of approximately 15 mm with
an even surface, a circular piece of PVC screen with square
O.l6-cm holes was added to delineate the interface between
the two cells. The screen weight before the test was 0.06
g, and the weight before and after the tests did not differ
appreciably, showing little, if any, solvent absorption. The
second (usually unspiked) soil/solvent sample was then
loaded to the same depth as the first, and any excess soil
was removed with a razor blade to make the top surface
flush with the glass plate. These experiments utilized a
vertical column rather than a horizontal one because the
soil/solvent samples were semiliquid and solvent would
seep away from the soil if not well-contained. On some
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tests, minor seepage was observed around the plunger at
the bottom. For this reason, almost all tests were run so
that TCDD diffusion would be in the direction opposite
of gravity. The apparatus was covered with a Saran cover
during studies involving more volatile solvents to restrict
solvent evaporation and then left undisturbed for 96 h.
The laboratory temperature was relatively constant during
any 96-h period, generally in the 25-28 °C range.

During the experiment, some of the TCDD from the
spiked cell diffused to the unspiked cell. At the end of the
test, the soil column was divided into successive equal
segments of3~ mm in depth, depending on the particular
test being done. The diffusion apparatus was held ver­
tically on a ringstand and a plastic sample cup positioned
beneath a small hole in the glass plate at the top of the
cylinder. The Teflon plunger was then pushed up the
desired distance, which caused the soil column to protrude
above the glass plate. The sample layer was separated
from the soil below by sliding a single-edge razor blade
along the top plate surface. The sample was then moved
over the hole in the plate where it dropped into the tared
cup, Soil layers from lower depths in the column were
removed in successive samples, In all tests a cut was made
just above the screen to divide the two original soil cells
at the interface. This procedure provided a reproducible
and convenient method of sampling soil columns over a
range of depths. Sample cuts of a given depth did show
some variability in weight; therefore actual soil weights
were used as the basis for all TCDD concentration calcu­
lations.

The soil from each cut was extracted with ethanol, and
the extracts were analyzed by scintillation counting for 1"(;.
To extract the TCDD, 60-90 mL (depending on the size
of the soil sample) of denatured ethanol was added to the
1-4-g sample in a 125-mL capped plastic bottle, After 16
h of shaking on a wrist-action shaker and 24 h of settling
time, an aliquot from the extract solutions was added to
~15 mL of Scintiverse II liquid (Fisher Scientific, Fair
Lawn, NJ) in a glass scintillation vial. Scintillation
counting was then done using a Packard TriCarb scintil­
lation spectrometer, Model 2405. Blanks containing eth­
anol in Scintiverse II were run with each sample to de­
termine the background radiation, which varied from 24
to 40 dpm. Corrections were made for counting efficiency,
and final determinations of sample activities varied from
50-1000 dpm. Since TCDD is virtually inert to biological
activity, there was no appreciable TCDD degradation
during the course of the experiment. Thus, the amount
of l4C was directly related to the amount of TCDD, and
this procedure produced a profile of the TCDD concen­
tration in the diffusion cells. Results were expressed as
dpm g-t of sample.

Twenty diffusion studies of TCDD in soil with single
solvents were completed. The conditions of the experi­
ments are shown in Table II. The amount of solvent
needed to bring the system to full saturation with all pore
space filled with solvent was determined by inspection.
The amount of solvent needed to fill lower percentages of
the total soil pore space was then determined by calcula­
tion. Three different degrees of saturation (full saturation,
~70% saturation, and ~30% saturation) were used as
shown in the table. The degree of saturation is defined
as the fraction of the total pore volume that is filled with
solvent. It can vary from zero for completely dry soil to
1 for full saturation.

Results and Discussion
Table II shows the results for percentage of TCDD that

crossed the interface separating the two cells after 96 h.



Table II. Conditions and Results for mCCusion Studies

degree of spike % across interface
test saturation location T, ·C in 96 h

Ethyl Oleate
698 1.00 solvent 16 13.2
700 1.00 soil 16 6.70
743 1.00 solvent 27 18.5
744 1.00 solvent 27 20.3
745 1.00 soil 27 12.0
727 1.00 solvent 28 21.8
776 0.70 solvent 28 16.3
831 0.70 soil 30 14.0

Tetradeeane
910 1.00 soil 24 25.5
725 1.00 solvent 28 30.1
726 1.00 soil 28 25.0
778 0.69 solvent 28 18.0

Dimethyl Sulfoxide
767 1.00 solvent 29 33.7
768 1.00 soil 29 33.5
777 0.70 solvent 28 30.7
756 0.70 soil 28 22.9
790 0.35 soil 26 16.5

2·Propanol
812 0.70 soil 28 32.8
813 0.70 soil 28 28.1

I-Butanol
920 0.67 soil 25 20.2

The theoretical maximum value is 50%, since when the
concentration is the same in both cells the driving force
for diffusion is no longer present. The values of percentage
transferred range from 6.7 in test 700 with ethyl oleate to
33.7 in test 767 in dimethyl sulfoxide, showing that none
of the tests had reached equilibrium after 96 h.

To model the diffusion studies, several assumptions were
utilized. First, it was assumed that TCDD transport occurs
only in the liquid phase. This is reasonable sinced the
vapor pressure of TCDD is only 3.46 X 10-9 mmHg at 30
·C (12). The concentration of TCDD in the air spaces in
the soil that were present in the unsaturated tests would
be less than 4.6 X 10-10 volume percent.

Second, it was assumed that the soil behaved identically
with each solvent; that is, the physical properties of the
soil remained constant. Any changes that did occur that
would affect TCDD adsorption were implicitly accounted
for in the modeling equations by the use of previously
measured rate and equilibrium constants for adsorption
and desorption. However, these rate constants and par­
tition coefficients were measured at 25 ·C. In the present
model it was assumed that the change in temperature to
that of the diffusion studies had little effect on the kinetic
behavior, so the rate and equilibrium constants were used
without modification.

Finally, it was postulated that convectional solvent
movement was negligible so diffusion was the main TCDD
transport pathway. To test this assumption one of the
studies in ethyl oleate was conducted with the spiked soil
half on the top of the diffusion column, the reverse of the
usual procedure. The study that was reversed, 743, did
show a lower transport rate than the other similar studies,
727 and 744; however, the difference was within the range
of experimental variation. The percentage that crossed
the plastic screen delineating the cell boundary in test 743
was 18.5%, as opposed to an average of 21.1 % for 727 and
744. Although less TCDD movement occurred in the re­
versed study, this difference was quite small (2.6% of the
total TCDD), comparable to the difference between 727
and 744. Ethyl oleate has a low vapor pressure, and solvent

Table III. Equilibrium Coefficients and Rate Constants for
TCDD Adsorption/Desorption in Various Solvents

K, 1000kd, 1000k.,
solvent em' g.1 h-I em' g'. h·1

dimethyl sulfoxide 0.096 16 1.5
I-butanol 0.19 24 4.6
tetradeeane 0.26 2.4 0.62
ethyl oleate 0.56 1.9 1.1

loss by evaporation was negligible. These observations led
to the conclusion that convective solvent transport was not
a significant factor in the TCDD movement between cells.

Under these assumptions, the experimental setup can
be described with the following two mass balances. First,
the rate of change of the concentration of TCDD in the
organic is directly related to the rate of diffusion of the
chemical by

ac df a2c
f'-a + fpppa -d = Deff2 (1)

t t ax
where C is the bulk concentration of TCDD in solution (g
cm-3), f is the surface concentration of adsorbed TCDD
(g cm-2), x is the distance down the length of the diffusion
cell, and t is time (s). Other variables include a, the ratio
of surface area of the soil particles to particle mass (cm2

g-I); P p, the particle density (g cm-3); fl' the fluid-filled
porosity, also known as volume wetness (cm3 fluid cm-3

total); f p, the fraction of total volume occupied by particles
(cm3 particles cm-3 total); and Deff, the effective diffusivity
of TCDD through the soil matrix (cm2 S'I). Note that the
sum of f p and f, is 1.0 for a saturated column.

The time rate of change of the adsorbed TCDD con­
centration is given by

a(df /dt) = k.OC - kdaf (2)

where k. is the rate constant for TCDD adsorption from
solvent to soil (cm3 g-I S'I) and kd is the rate constant for
desorption from the soil to the solvent (S'l). The fraction
of the soil surface open and available for adsorption, 0, is
taken to be 1.0 since the TCDD concentration is so low.
This equation has been shown to describe the desorption
of TCDD from soil in the presence of organic solvents with
reasonable accuracy and has been used to evaluate rate
constants for TCDD adsorption/desorption behavior (11).
Values of k., kd , and K =k./kd, the equilibrium constant
for TCDD partitioning between the soil and the solvent,
are shown in Table III.

The adsorption/desorption process of eq 2 has the effect
of slowing the transport of TCDD. If the original spike
is on the soil, time for desorption is required as well as time
for diffusion. As shown by short-time desorption studies
(11), approximately 40% of the TCDD is quickly solubi·
lized. However, the remainder takes days or weeks to
desorb from the soil. When the equations are written in
this way, the retardation effect can be separated from the
diffusion.

To make the governing equations dimensionless, one can
define

l = tDelf /12 (3)

i = x/I (4)

ex = fP/(f,CO + ppfpafo) (5)

{3 = ppfpaf /(f,CO + ppfpafo) (6)

where f ois the initial TCDD concentration on the soil (g
cm-2), Co is the original TCDD concentration in the solvent
(g cm-3), and I is the total length of the diffusion cells (em).
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Figure 3. Dimensionless concentration (C) versus pos~jon (x) for
TCDD in dimethyl sulfoxide, degree of saturation 0.69, at 28 ·C. Tests
777 (top) and 756 (bottom).

by the method of lines with cubic Hermite polynomials.
The Derr was adjusted until the least-squares sum was
minimized for each case.

Tables IV and V give the values of Derr calculated from
the model. Figures 2 and 3 show examples of results for
dimensionless concentration, C, versus dimensionless

X

Figure 2. Dimensionless concentration (C) versus pos~ion (x) for
TCDD in ethyl oleate, degree of saturation 1.0, at 16 ·C. Tests 698
(top) and 700 (bottom).(8)

(7)

(12)a =I, (3 =0

dli/dt =Aa - B{3

0::5 i ::5 hll

or, for the case of the initial TCDD already on the soil

0::5 i ::5 hll a =1 - P, Ii =P (13)

where P is the fraction of TCDD that is actually adsorbed
to the soil particles and desorbs relatively slowly according
to eq 2. The remainder of the TCDD is assumed to dis­
solve very quickly in the solvent. For this type of soil and
spiking procedure, P is approximately 0.6 (11). There are
no-flux boundary conditions at the end of the cells (i =
oand i =1), given by

iialiii = 0 (14)

The particle density, Pp, was 2.65 g cm-3, a common value
for soils of this type (13), and the fraction of the total
volume occupied by particles, ~p, was 0.62. For the satu­
rated tests, ~l was equivalent to 1 - ~p' Under unsaturated
conditions ~l was set to a value corresponding to the
fraction of solvent saturation multiplied by 1 - ~p' The
dimensionless equations were solved numerically by using
an IMSL packaged equation solver, MOLCH (14). This
package solves a system of partial differential equations

where A and B are dimensionless groups defined by

A = kaPI D.rr(Pp~pl ~l) (9)

B = kdl2I Derr (10)

A and B represent the ratio of the adsorption and de­
sorption rates to the diffusion rate.

The initial conditions at t =0 are

hll ::5 i ::5 1 a =0, Ii =0 (11)

where h is the length of the cell containing the original
TCDD spike (cm). For the case of the initial TCDD added
in the solvent (just prior to the beginning of the diffusion
time)

and

The dimensionless variables defined include t, dimen­
sionless time, and i, dimensionless distance. Also given
are a and {3, the dimensionless concentrations of TCDD
in the solvent and adsorbed to the particles, respectively.
These are defined as the ratio of TCDD concentration to
initial TCDD concentration. The dimensionless variables
are then substituted into eqs 1 and 2 to obtain

iia ii{3 ( 1) ii2a
iit + M= ~ iii2

Table IV. Effective Diffusion Coefficients at Full
Saturation

test T, ·C 108D, cm2 S-I loeD.fl, cm2 S-1 R2 m

Ethyl Oleate
698 16 1.64 0.18 0.99 2.3
700 16 1.64 0.43 0.97 1.4
743 27 2.15 0.32 0.99 2.0
744 27 2.15 0.40 0.99 1.7
745 27 2.15 0.73 0.99 1.1
727 28 2.21 0.56 0.98 1.4

Tetradecane
910 24 5.74 0.67 0.96 2.2
725 28 5.82 0.97 0.96 1.9

Dimethyl Sulfoxide
767 29 5.07 1.0 0.96 1.7
768 29 5.07 1.5 0.98 1.3
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position, i. Dimensionless concentration is defined as total
concentration divided by original total concentration. The
total concentration is equal to the bulk liquid concentra­
tion plus the adsorbed concentration, and the original total
concentration is total concentration at the beginning of the
test. The position x is made dimensionless by scaling it
with the total length of the sample cells, I. Points are
plotted at the position corresponding to the center of the
depth of the sample taken. Correlation coefficients (R2)
were calculated for each test, using

Table V. Effective Diffusion Coefficients at Less Than
Full Saturation

test T, ·C I()6D, em' S-l 'I I()6D"" em' S·1 R' m

Ethyl Oleate
776 28 2.21 0.26 0.20 0.99 1.8
831 30 2.35 0.26 0.54 0.98 1.1

Tetradeeane
778 28 5.82 0.26 0.21 0.98 2.5

Dimethyl Sulfoxide
756 28 5.05 0.26 0.67 0.99 1.5
777 28 5.05 0.26 0.74 0.95 1.4
790 26 5.02 0.13 0.28 0.99 1.4

2-Propanol
812 28 5.14 0.26 1.1 0.95 1.1
813 28 5.14 0.26 1.2 0.94 1.1

I-Butanol
920 25 2.29 0.25 0.84 0.99 1.1

where TS is the total sum of the squares of the differences
between the predicted and actual data points and RS is
the residual sum of squares, the sum of the differences
between the data points and the average value of the
concentration. The model appears to fit the data quite
well. Correlation coefficients were above 0.94 for all tests
except test 726. The data from this sample were so widely
scattered that useful results could not be found with the
model. The causes of the scatter in the data from this test
are unknown.

It is interesting to note the difference in the model re­
sults depending on the location of the original TCDD
spike. For instance, when test 698 and test 700 are com­
pared (Figure 2), a discontinuity is observed in the model
(and the data) of the latter test, in which the TCDD was
originally on the soil. This effect is due to the nature of
the desorption process. Approximately 40% ofthe TeDD
dissolves very quickly. The remainder is adsorbed on the
soil particles and must come to equilibrium according to
the rate equation (eq 2). This process does not come to
steady state over the course of the experiment, and the
result is the observed discontinuity. The discontinuity is
less pronounced when organic liquids with higher de­
sorption rate constants, such as dimethyl sulfoxide, are
used in the diffusion test (Figure 3).

In order to further verify the model, the diffusivity of
TCDD in each solvent was compared against the effective
diffusivity calculated by using the model. The pure so­
lution diffusivity was either directly measured (11, 15) or,
in the case of ethyl oleate, estimated by the method of
Wilke and Chang (16). The Wilke-Chang estimation
technique utilizes a correlation with the molar volume of
the solute at the boiling point (in cm3 gmol-I; VA), the
viscosity of the solvent (in cP; IL), and the molecular weight
of the solvent (Ma)

Dwc = 7.4 X 1O-S[('ltaM a)l/2T]/ILVAo.6 (16)

R2 = (TS - RS)/TS (15)

where T is temperature (K) and 'Ita is an association pa­
rameter having to do with the polarity of the solvent. The
molar volume of the solute, TCDD, was calculated from
an estimated value of the density of liquid TCDD at its
normal boiling point (12). The density is given as 1.02 g
cm-3; so the molar volume was found to be 315 cm3 mol-I.
The viscosity of ethyl oleate is 6.1 cP at 25 °C (17), and
the association parameter was assumed to be 1.0 as in­
formation concerning the actual value was not available
in the literature. This could affect the accuracy of the
prediction, which has been shown to be within 10% on the
average (16). The diffusivity of TCDD in ethyl oleate at
25 °C was calculated to be 2.04 X 10-6 cm2 S-I, a very low
value due to the high viscosity of the solvent.

Diffusivities were available for TCDD in the remainder
of the organic liquids at 25 °C. Because the experiments
were conducted at temperatures ranging from 16 to 29 °C,
pure solution diffusivities had to be estimated at these
temperatures. The Wilke-Chang diffusivity can be seen
in eq 16 to vary linearly with temperature, inversely with
solvent viscosity, and with the square root of solvent mo­
lecular weight. The Wilke--Chang temperature dependence
relationship was used to find values for diffusivity at the
temperatures in question.

The effective diffusivities found by using the model for
diffusion studies at full saturation are compared with the
pure solution diffusivity (D) at the experiment temperature
in Table IV. To further study the results of the model,
a measure of the predicted tortuosity was used. The
tortuosity (T) of a soil specimen can be defined as the ratio
of the average length of the pore passages in the soil matrix
to the length of the specimen, and is given by

T = D,/Deff (17)

where D is the diffusivity of the component in free solution
(cm2 S-I) and, (cm3 of voids cm-3 of total) is porosity of
the soil matrix. One form for describing tortuosity was first
proposed by Bruggeman (18), and is given by

Deff =D(,m) (18)

Tortuosity is always greater than 1 and Bruggeman showed
theoretically that for spherical particles m = 3/2, Table
IV gives calculated values for the exponent m, where Dwc
was used as an estimate of D in the case of ethyl oleate.
Since transport was assumed to occur only in the solvent
phase, the porosity (,) used in the calculation of min eq
18 was considered to be equivalent to volume wetness ('I)'
the fraction of the total volume that is fluid-filled (cm3 of
fluid cm-3 of total). For the saturated tests 'I is equal to
, since all pore space is filled with solvent.

Calculation of m provides a check on the effective dif­
fusivities found with the model. This factor shows the
relationship between TCDD diffusivity in pure solution
and effective diffusivity in the soil medium. The higher
the value of m, the greater the tortuosity, and the greater
the obstructions encountered by TCDD molecules along
the diffusion path. Under ideal experimental conditions,
with completely homogeneous soil samples and the same
pore space distribution within each soil column, the m
values would be the same for each test if the model was
calculating the effective diffusivities correctly.

The average value of m in the diffusion studies was
found to be 1.6, with a standard deviation of 27%. The
scatter in these values is to be expected, since the soil and
packing structure cannot be expected to be uniform from
sample to sample.

Some of the values for the tortuosity exponent found
in the saturated studies are less than 3/2,the m Bruggeman
calculated for a matrix of spheres. Since the m values are

Environ. Sci. Technol., Vol. 25, No.8, 1991 1483



somewhat lower than those found by other researchers
under similar conditions (19, 20), the lowered values raise
questions about the mode of transport of TCDD in these
studies. Nonuniform structures in the soil through which
diffusion could more effective occur could account for some
increased movement. The possibility of TCDD transport
in the vapor phase playing a part in increased transport
is remote, since the vapor pressure of TCDD is so low. In
addition, in the saturated studies solvent filled the pores,
leaving no space for vapor transport. Capillary movement
of the solvent driven by evaporation is also an improbable
explanation, since the solvents in question have relatively
low vapor pressures, the diffusion cells were covered with
a plastic cover, and the soil mixtures did not lose an ap­
preciable amount of weight during the course of the ex­
periment (generally less than 1%). One last possibility is
that the estimate of porosity (0.38) could be too low. The
estimation procedure for E was based on observation of
apparent saturation with organic fluids. If all pores were
not filled with solvent, this could lead to underprediction
of E, which could be enough to account for the low observed
tortuosity.

Tests 743, 744, and 745 were all conducted with ethyl
oleate at full saturation at the same temperature (27 °C).
Test 727 also had these same conditions with a tempera­
ture reading 1 °C higher. Tests 727 and 744 were identical,
with the TCDD spike originally in the solvent. Test 743
was done with the spiked cell in the top of the diffusion
apparatus, the opposite of the usual procedure, and test
745 contained the original TCDD spike on the soil rather
than the solvent. The difference in the calculated Deff
values for tests 727 and 744 is 29%, with only 1% ac­
counted for by the differing temperature conditions.
However, the corresponding difference in the percentages
of the TCDD that passed the screen that delineated the
boundary of the two cells was 1.5% of the total TCDD,
which is equivalent to a 6.9% change. This small differ­
ence in amount of transferred TCDD could be caused by
many different factors, soil variability and the lack of strict
temperature control among them. Thus the model can be
seen to be quite sensitive to small changes in the amount
of TCDD transport. A similar effect is observed in com­
paring test 743 with 727 and 744.

The effective diffusivities found from the diffusion ex­
periments do follow the general trend that would be ex­
pected from the Wilke-Chang diffusivity calculations. For
instance, the Deff calculated for ethyl oleate, the most
viscous of the solvents studied, is lower than that for
tetradecane or dimethyl sulfoxide.

In the unsaturated diffusion tests (Table V), the cor­
relation coefficients again showed close agreement between
model and data. The rate of diffusion would be expected
to decrease with fluid-filled porosity according to eq 18.
This effect was observed in the diffusion experiments.
Some of the calculated m values are less than 3/2 in the
unsaturated tests as well. When the unsaturated tests are
compared with those at full saturation, this measurement
of tortuosity shows no consistent pattern of change. This
observation leads to the conclusion that the cause of the
variation is probably not due to some systematic under­
or overprediction by the model, but rather to unavoidable
variation in the soil columns.

Two solvents that were not represented in the saturated
tests were included in the unsaturated tests, I-butanol and
2-propanol. The calculated TCDD diffusivity in I-butanol
follows the trend already described, showing a relatively
high value since it is a low molecular weight solvent of
relatively low viscosity. 2-Propanol also shows high Deff
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values for the same reasons.
One of the objectives of the diffusion experiments was

to choose a solvent that would be appropriate for appli­
cation to soil to effect TCDD removal and transport. The
desirable attributes of a solvent used for this purpose in­
clude high equilibrium coefficient for removal, high TCDD
diffusion rates, and low volatility so that the solvent would
not need frequent reapplication. To maximize TCDD
diffusivity in the solvent, it is apparent that low molecular
weight and low viscosity are important. As price and en­
vironmental stability are also determining factors, tetra­
decane and I-butanol appear to be the most promising of
the solvents studied. The transport of TCDD in soil
containing low levels of these solvents could be estimated
by extrapolation from the results of the present study.

Conclusions
The model results show that movement of TCDD

through soil with organic solvents can be adequately pre­
dicted by using adsorption and desorption rate constants,
measured or estimated diffusivities, and tortuosity ap­
propriate to the soil under consideration. The effective
diffusivities calculated by the model can be used in the
diffusive flux in other situations involving TCDD and
organic solvents on soil, such as the case of the addition
of solvents to contaminated soil in the presence of UV
light.

The results of these experiments clearly show the need
for including adsorption/desorption kinetics in a model
for TCDD transport. The difference in transport between
samples with a soil TCDD spike and those with TCDD in
the solvent was marked. The model does a good job of
describing this difference mathematically, as shown by the
generally high R2 values.

The tortuosity of the soil bed as determined by the
Bruggeman m factor was calculated to be low in these
studies. The most likely causes of this effect appear to be
nonuniform soil structures or inability to accurately es­
timate soil porosity.

Of the solvents studied, tetradecane appears to have the
best combination of properties for TCDD removal from
soil. This chemical is relatively harmless to the environ­
ment, has a low vapor pressure to limit solvent less, and
shows relatively high rates of TCDD solubilization and
diffusion.

Glossary
a ratio of particle surface area to particle mass (cm2

g-l)
C TCDD concentration in solution phase (g cm-3)

C dimensionless total concentration
Co original TCDD concentration in bulk solution phase

(g cm-3)

D TCDD diffusivity in solution (cm2 S-I)
Deff effective diffusivity of TCDD (cm2 S-I)
Dwc Wilke-Change estimated diffusivity (cm2 S-I)
h length of cell containing original TCDD spike (cm)
K equilibrium constant (cm3 g-I)
k. rate constant for adsorption (cm3 g-I S-I)
kd rate constant for desorption (S-I)
I total length of the diffusion cells (cm)
m Bruggeman tortuosity factor
M B molecular weight of solvent (g mol-I)
P fraction of TCDD spike actually adsorbed to soil

particles
R2 correlation coefficient
RS residual sum of squares
t time (s)
T temperature (K)
l dimensionless time
TS total sum of squares
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Surface Reactions of Bromlnated Arenes as a Model for the Formation of
Chlorinated Dlbenzodloxlns and -furans In Incineration: Inhibition by
Ethanolamine

T. Llppert,t A. Wokaun, ',1 and D. Lenolr~'§

Physical Chemistry II and Ecological Chemistry and Geochemistry, University of Bayreuth, 0-8580 Bayreuth, Germany

• The aryl coupling reaction of bromobenzene on alu­
mina-supported copper catalysts has been studied as model
for dioxin formation. The reaction was monitored in situ
by transmittance FTIR spectroscopy. Time-dependent
changes in the spectra were recorded during addition of
bromobenzene to the carrier gas stream. Both coupling
of phenyl intermediates to yield biphenyls and formation
of phenol and phenolate were observed. Novel approaches
to inhibit the coupling reaction of aryl halides by addition
of ethanolamine to the catalyst surface were studied. The
resulting inhibition was attributed to site blocking and
irreversible deactivation of the copper surface due to imine
and nitride formation.

Introduction

The mechanisms leading to the formation of chlorinated
dibenzodioxins and -furans (PCDD/F) generated during

'Physical Chemistry II.
I Ecological Chemistry and Geochemistry.
I Present address: GSF-Forschungszentrum fiir Umwelt und Ge­

sundheit, Institut fiir Okologische Chemie, Ingolstiidter Landstr. 1,
W-8042 Neuherberg, Miinchen, Germany.

incineration processes, e.g., in municipal waste incineration
(MWI), are a subject of current research interest and
controversial discussion (1, 2). Evidence is emerging that
catalytic reactions occurring between 300 and 400°C on
the surface of fly-ash particles in the postcombustion zone
play an important role in the formation of these micro­
pollutants (3-£). Fly ash has been identified as a cata­
lytically active reagent for electrophilic chlorination of
aromatic structures (7). Halogenation and dehalogenation
reactions of aryl bromides catalyzed by fly ash from MWI
at 300°C (8) have recently been observed.

As a consequence of these fmdings an inhibition method
has been developed (9), which is based on deactivation of
the catalytic surfaces of fly-ash particles through the ad­
dition of suitable compounds (9) to the postcombustion
zone. The results of appropriate laboratory experiments
(10) have been extended to a technical pilot plant burning
refuse-derived fuel (RDF); an overall reduction of
PCDD/F concentration by 96% has been observed (1I).
The results of preliminary experiments in a technical plant
have also been reported (12).

In order to obtain a more detailed understanding of the
heterogeneous chemical reactions occurring on the fly-ash
surfaces we have tested an appropriate catalytic model
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Figure 1. Block diagram of the apparatus used for the in situ trans­
mittance FTJR experiments.
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Copper-catalyzed coupling reactions of halogenated

arenes (Ullmann type I reaction) have been the subject of
extensive investigations (13); a strong dependence on the
method of preparation of the copper particles has been
found (13).

This reaction is widely used for syntheses of various
bisaryl compounds in organic chemistry (14), and several
mechanistic pathways have been proposed (13, 14). As the
effluents of MWI plants contain chlorobenzenes and
chlorophenols, this reaction and the corresponding Ull­
mann type II reaction (15) (formation of bisaryl ether
compounds from halobenzenes and phenols) can be used
as a model for the formation of halogenated biphenyls,
dibenzodioxins, and dibenzofurans. Copper has been de­
tected in MWI fly ash (16) and is considered to act as a
catalyst in the formation of PCDDjF. The conversion of
chlorophenols to chlorinated dibenzodioxins at ca. 300 °C
on the surface of catalytically active fly-ash particles has
been demonstrated (9) experimentally.

An analysis system has been developed to study this
reaction by surface-sensitive transmittance FTIR spec­
troscopy (17). The effect and fate of two established in­
hibitors, triethylamine and ethanolamine, were studied in
detail by use of this method. Reference information used
for the spectral interpretation includes the work of Kagel
(18), who studied the adsorption of 1-(o-chlorophenyl)­
ethanol, as well as recent spectroscopic investigation on
copper catalysts (19-21). A more extensive survey on
spectroscopic references is given in ref 17.

Experimental Section

Apparatus. An in situ transmission cell similar to the
one used by Hecker and Bell (22) was used for the FTIR
investigations. A block diagram of the apparatus is
presented in Figure 1. The temperature in the reactor

wavenumbers
Figure 2. FTiR spectra of reference compounds recorded at room
temperature in transmission.

was controlled to within ±3 K. Stepwise addition of the
reactant was achieved by redirecting the carrier gas stream
through a heated bubble column containing the reactant;
the concentration was adjusted by varying the temperature
of the bubble column. Alternatively, reactants were added
in a pulsewise fashion through a modified gas chroma­
tography injection port. The system is a slightly modified
version of a design described in ref 19. Spectra were re­
corded with an ITIR instrument (Mattson, Model Polaris)
equipped with a transmission cell; 25 scans at a resolution
of 4 em-I were coadded for each spectrum at a given tem­
perature.

Subsequent to the spectroscopic experiments, the con­
tents of the cold trap as well as compounds adsorbed on
the catalyst material were analyzed by GCjMS (Hew­
lett-Packard, gas chromatograph, Model 5890 A, and mass
selective detector, Model 5970).

Reagents. Traces of water were removed from bro­
mobenzene (Aldrich, purity >98%) by storing the liquid
over a molecular sieve. Ethanolamine (Aldrich, >98%) and
triethylamine (Fluka, p.a.) were used without purification.

Catalysts: Preparation and Pretreatment. The
catalyst, which contained 10 wt % of copper on alumina,
was prepared according to the procedure described else­
where (23). The alumina modification of the support was
identified as -y-AI20 3 by X-ray diffraction. For the IR
studies, 40 mg of the catalyst was pressed into thin wafers
of 20-mm diameter, using a pressure of 12 tons cm-2. The
catalyst wafers were pretreated in a flow (35 cm3 min-I)
of pure nitrogen (Linde, 99.999%) at 473 K for 2 h.

Results and Discussion
1. Reactions of Bromobenzene on Copper Catalyst

Surfaces. Reference spectra of sodium phenolate, phenol,
biphenyl, and bromobenzene recorded at room tempera-
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of the support material (I'-AI20a).
The presence of the biphenyl product was verified by

GC/MS analysis of the contents of the cold trap subse­
quent to the spectroscopic runs. Furthermore, biphenyl
was identified upon extraction of the spent catalyst with
CCl4, followed by GC/MS analysis.

2. Effects of Inhibitors. The reaction of chlorophenols
to chlorinated dibenzodioxins occurring on the surface of
various fly-ash samples from standard MWI reactions has
been used as model for PCDD/F formation (9, 10).

OH
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2 IU-Cl x 300 0c Cly~o~ClZ

A set of 11 compounds was tested for their ability to
block the reaction (9, 10). Alkanolamines, such as tri­
ethanolamine and ethanolamine, were found to be most
efficient as inhibitors. The dose-response relationship has
been studied for the triethanolamine inhibitor (9).

Encouraged by this success, the laboratory experiments
have been transferred to a pilot plant incinerator burning
a special kind of refuse-derived fuel. By an appropriate
technique, a mixture of triethanolamine and triethylamine
was added to the stack gas in the 400 ·C postcombustion
zone. The addition (1:1) resulted in a significant overall
reduction of the PCDD/F concentration, by a factor of
12-15 (9). It is worthwhile mentioning that the incinerator
must be operated with inhibitor injection for an induction
period of about 12 h before the full reduction in PCDD/F
levels is achieved (8, 9). Some preliminary results of in­
hibition studies on a larger technical municipal waste in­
cinerator have also been reported (12,24).

To understand the mechanism of inhibition, ethanol­
amine was added together with bromobenzene to the
copper catalyst described above, and the surface reactions
were studied at 200 ·C. Ethanolamine was added pulse­
wise into a continuous stream of bromobenzene passing

Figure 4. Proposed mechanism for reactions of bromobenzene over
a copper catalyst surface. Subsequent to adsorption and formation
of a surface phenyl species (top). biphenyl Is formed by a recombi­
nation reaction (second trace) or reaction of a surface phenyl species
with the bromobenzene reactant (third trace). In addition, hallde-ex­
change reactions are known to occur on the copper surface (bottom
trace).
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ture in the setup described above are presented in Figure
2. The reactions of bromobenzene on the surface of our
copperh-Al20a catalyst at 200 ·C were followed over a
period of 20 min (Figure 3).

The reaction of bromobenzene, to yield biphenyl, is
clearly seen from the appearance of the corresponding
biphenyl absorptions in the FTIR spectra. In particular,
one observes the time-dependent growth of the charac­
teristic 1483-cm'l vibration of biphenyl on the high-fre­
quency side of the 1474-cm·1 band of bromobenzene (cf.
spectrum recorded at t = 13 min in Figure 3). In ref 17,
various types of catalyst surfaces have been compared with
respect to the observed rate of biphenyl formation. Cop­
per/ I'-AI20 a catalysts are generally more active than
Cu/gibbsite systems. The activity of Cuh-A120 a is in­
creased by in situ reduction of the copper, followed by
dehydration. Tables summarizing the relative dehalo­
genation activities, as well as details of the spectroscopic
assignments for reactant and product bands, are given in
ref 17.

Note that the 1445-cm-1 vibration of biphenyl, and the
corresponding 1432-cm-1 feature of bromobenzene, are
comparatively weak on the catalyst surface. These vi­
brations are characterized by a dynamic dipole moment
that is parallel to the surface and is therefore screened by
the presence of metallic copper. A mechanism for biphenyl
formation that involves copper organic species on the
surface of the catalyst is proposed in the reaction scheme
of Figure 4. In addition, formation of phenolate is ob­
served. This side reaction is generally not observed when
the reaction is performed in solution (13, 14). The reaction
conditions on the solid phase may favor a substitution
reaction of the aryl bromide with nucleophilic 0 2- anions

wavenumbers
Figure 3. Tlme-<lependent transmittance FTIR spectra recorded over
a Cu/l'-A120 3 catalyst surface at 200 ·C, subsequent to stepwise
addition of bromobenzene to the nitrogen carrier gas stream. Ex­
perimental conditions are described In the text.
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Figure 5. Time dependence of transmittance FTIR spectra recorded
over a Cu/')'-AI20 3 catalyst at 200 ·C, subsequent to ethanolamine
addition to a continuous bromobenzene/nitrogen carrier gas stream.
Note that the biphenyl product, which inttially prevails on the surface,
is progressively displaced by the bromobenzene reactant as the
catalyst is being deactivated by ethanolamine. Additional surface
species observed are discussed in the texl.

over the surface, while the reaction was monitored by
FTIR; see Figure 5.

The addition of ethanolamine to the reaction system by
this technique was observed to block the formation of
biphenyl from bromobenzene. In the presence of etha­
nolamine, bromobenzene resides on the catalyst surface
without further reaction to products. In a complementary
experiment, it was impossible to detect a 5-ILL pulse of
bromobenzene on a catalyst surface loaded with ethano­
lamine before addition of bromobenzene. The control
experiment, performed in the absence of ethanolamine,
proved that 5 ILL of bromobenzene is easily detected on
the catalyst surface over a period of 90 min. The reaction
and fate of the inhibitor, ethanolamine, can be deduced
from new bands observed between 2100 and 2300 cm-I , and
a broad band extending from 1610 to 1680 cm- I which is
assigned to a surface-bound aldehyde (19) or a surface
imine species (21,25). The bands in the 210o-2300-cm-1

range are attributed to either azide or cyanide groups
formed on the surface of the catalyst (cf. Figure 6). The
width and intensity of these bands correspond to those
observed in the spectra reported in refs 20 and 21. Azides
and imines have been found as intermediates during re­
action of primary alkylamines on transition-metal surfaces,
in which nitrides are formed as the final state of deacti­
vation (21,26,27). It is known that these surface species
deactivate the copper catalyst surfaces in various catalytic
reactions, such as the dehydroamination reaction (26).

The model of catalyst deactivation by nitride formation
is supported by the fact that nitrogen, as well as bromine,
is detected in an energy-dispersive X-ray analysis of the

wavenumbers
Figure 6. Surface species produced by addttlon of the ethanolamine
inhibttor to the copper catalyst surface. The series of time-dependent
spectra shown in Figure 5 is extended to longer reaction times. At­
tention is focused on the 2100-2300-cm-' region, where vibrations of
surface azides and cyanides are being observed (see text).

catalyst surface subsequent to the inhibition run.
In an experiment using triethylamine, no evidence for

a corresponding inhibitory action was found. We only
observed a band at 1653 cm-" which is due to a surface
imine (25). This is consistent with the laboratory inhib­
ition tests (11).

In summary, it appears that amines are well suited to
inhibit the catalytic action of copper. Primary amines are
converted to copper nitride, and the catalyst is deactivated
by the formation of the nitride layers. Tertiary amines,
such as triethylamine, for which nitride formation has not
been observed, are less active as inhibitors.

The second mechanism of inhibition identified in this
study is the displacement of the aryl dehalogenation by
competitive reactions that are favored on the catalyst
surface by preferential adsorption. The dehydroamination
reaction, which is known to inhibit other catalytic processes
on copper surfaces (26), has been identified as a likely
candidate for the competitive inhibition mechanism. The
inhibitor studied, ethanolamine, contains both the amine
and the alcohol functionalities required for this reaction.
The 'Y-alumina support provides strong adsorption sites
for the hydroxyl group of the inhibitor. During dehy­
droamination, an aldehyde intermediate is formed; the
observation of this species provides evidence for the in­
volvement of this reaction in the inhibitory action of eth­
anolamine.

Conclusion

The conversion of bromobenzene to biphenyl on a de­
fined copper catalyst surface has been monitored by FTIR
spectroscopy. By use of this reaction as a model for
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PCDD/F formation on fly ashes, the effect of inhibitors
was studied by this technique. While no inhibitory action
was observed for triethylamine, ethanolamine was shown
to act as a very efficient inhibitor, by blocking the active
sites of copper surfaces. At this point it is important to
draw attention to the differences between the carefully
prepared surfaces investigated in this study, and the highly
heterogeneous fly ash in the complex environment of an
incinerator. Details of the phenomena observed in the
laboratory cannot be transferred to the technical plant, and
we cannot exclude the possiblity that other modes of in­
hibitory action are important in the incinerator environ­
ment. However, the relevant results on the inhibition of
dioxin formation obtained in the pilot plant are consistent
with the mechanisms proposed in this study.
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Role of Plant Biomass in the Global Environmental Partitioning of Chlorinated
Hydrocarbons

Davlde Calamari,·' Eros Bacci, Sllvano Focardl, Carlo Gaggl, Marco Moroslnl, and Marco Vighl

Institute of Agricultural Entomology, University of Milan, via Celoria 2, 20133 Milan, Italy, and Department of Environmental
Biology, University of Siena, via delle Cerchia 3, 53100 Siena, Italy

• Plant biomass plays a significant role in the global
environmental partitioning phenomena and plants are
good indicators of tropospheric contamination levels by
chlorinated hydrocarbons. In the present research 300
samples of plants were collected in 26 areas distributed
worldwide and analyzed for HCB, a-HCH, -y-HCH, p,p/­
DDT, o,p'-DDT, and p,p'-DDE. Global HCB distribution
is strongly dependent on the temperature, the HCB being
present mainly in samples from cold areas. The sum of
DDTs show higher concentrations in samples from tropical
areas, while the sum of HCHs is higher in the plants from
the Northern Hemisphere. These results are discussed,
taking into account the role of physicochemical properties
in determining the global distribution as well as the air
concentrations, the use patterns of the chemicals, and the
age of the contamination,

Introdu.ction

In recent years there has been increasing interest in
global contamination from persistent organic chemical

University of Milan.
University of Siena.

substances, such as chlorinated hydrocarbons, Concen­
trations in air have been measured and attempts have been
made to evaluate the role of the atmosphere in world
transport and contamination of remote areas (1-3).

Some groups have attempted to reconstruct the cycling
mechanisms of these molecules (4), others to quantify the
atmospheric inputs to the world's oceans (5) and to compile
a global mass balance (6).

Remote and especially cold areas have been the subject
of particular attention and analyses of atmospheric chlo­
rinated pesticides have been performed in Antarctica,
Sweden, and Arctic Canada (2, 7,8).

In terrestrial ecosystems, plant biomass is believed to
playa significant role in the circulation and bioaccumu­
lation phenomena of these chemicals, and the air to leaf
transfer of gaseous organics can be considered a key pro­
cess, particularly for less soluble compounds (9-14).

To contribute to a better understanding of both issues,
this research group has measured chlorinated hydro­
carbons in foliage as an indication of tropospheric con­
tamination levels (15), their contents in lichen and moss
samples from the Antarctic Peninsula as base-line levels
of world contamination (16), and organochlorine residues
in mango foliage from West Africa (17). This paper is an
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Figure 1. Geographical distribution 01 the 26 sample sites.

Table I. Information on the 26 Sample Sites

no. of
site lat. long. altitude, m samples plant species

1. Spitsbergen 78° N 15° E 0 20 lichens, mosses
2. Iceland 65° N 20° W 100-500 8 lichens, mosses
3. Scandinavia 7(}-60° N 18-33° E 500-700 18 lichens, mosses
4. Foroyar 62° N 7° W 10(}-5oo 9 lichens, mosses
5. Italy 46-41° N 9-16° W 100-300 2 lichens
6. New Delhi 29° N nOE 250 8 mango
7. Nepal 29-27° N 84-87° 800-2500 21 lichens, mosses
8. Nepal Mountains 29-27° N 84-87° E 2500-4700 32 lichens, mosses
9. Everest 28° N 87° E 5600 6 lichens, mosses

10. Guatemala 16-14° N 89-91° W 600-2500 4 mango, lichens
11. Mali-Guinea 12-9° N 8-10° W 200-500 12 mango
12. Delta Amacuro 11-8° N 6(}-63° 0 7 lichens, mosses
13. Benin Burkina Faso 12-6° N 2° E (}-3oo 7 mango
14. Ghana Suhum 8° N 1° E 100-200 20 mango
15. Ivory Coast 7° N 5° E 20(}-5oo 5 . mango
16. Ghana Accra 6° N 1° E 0 32 mango
17. Amazonas 5-4° N 67-68° W 200-500 16 lichens, mosses
18. Mount Kenya 0° 37° E 3100-4900 23 lichens, mosses
19. Kenya Nairobi 1° S 37° E 1700 2 mango
20. Kenya Mombasa 4° S 39° E 0 5 mango
21. Bolivia 18° S 68° W 380(}-53oo 9 lichens, mosses
22. Capetown 33° S 18° E 0 1 mango
23. Tristan da Cunha 38° S 12° W 0 10 lichens, mosses
24. Tierra del Fuego 54° S 68° W 0 6 lichens, mosses
25. Antarctic Peninsula 65-68° S 65° W 0 12 lichens, mosses
26. Kay Island 74° S 165° E 0 11 lichens, mosses

extention of a previous investigation, analyzing more
samples from different areas of the world with the aim of
contributing to the understanding and quantification of
the global cycling of these xenobiotics.

Materials and Methods
Selection of Foliage Samples. In cold and temperate

areas and at high altitudes (above 2500 m), lichen and moss
samples were collected. In tropical areas, fallen mango
leaves (Mangifera indica) were chosen due to their wide
distribution.

All the samples were wrapped in aluminum foil, kept
cold (~5 ·C) whenever possible, and then stored at -20
·C until pretreatment.

Sample Collection. A total of 300 samples (~10 g
each) were collected in 26 areas of the world.

A detailed description of the type of sampling would be
lengthy and unnecessary but as a general rule in each area
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,
a variable number of samples were collected along transects
of tens to hundreds of kilometers of length, which were
considered as representative of the entire geographic area.

The sample collectors were, in a few cases, volunteers,
but most of the work was done by the authors of this paper
within 1985-1988. Two sampling programs in West Mrica
and in Antarctica were considered necessary for inter­
preting the results.

Only a few samples were obtained from Iceland, Cape­
town, Nairobi, Kenya, and Italy and these were pooled due
to the low weight of the biomass but were included in the
paper as representative of the areas. Figure 1 shows the
sample sites on a world map while Table I gives geographic
areas, numbers of samples, types of plants collected, ap­
proximate altitudes above sea level, latitude, and longitude.

Chemical Analysis. Mter partial oven-drying, minced
samples were extracted in a Soxhlet apparatus with n­
hexane as solvent. Residual water content was measured



Table II. Selected Physicochemical Properties of the
Molecules Studied

water sol
VP p"a CI,G log H,

MW Pa molJm3 Kaw Pa m3Jmoi

HCB 284.8 1.5 x 10-3 1.7 x 10-' 6.0 88
a-HCH 290.9 3.0 x 10-3 6.9 X 10-3 3.8 0.43
1'-HCH 290.9 4.0 x 10-3 2.4 X 10-2 3.8 0.17
p,p'-DDT 354.5 2.5 x 10-' 8.5 x 10~ 6.0 2.9
o,p'-DDT 354.5 4.5 x 10-< 8.5 x 1O~ 6.0 53
p,p'-DDE 318.0 8.0 x 10-< 1.3 x 10-< 5.0 6.2

a At 20 ·C.

HC.

HeH,
DDT,

Norway, and France (29-31), and mango foliage from
Colombia (32).

Figure 2. log-prob~ distribution 01 the mean values 01 concentration
in loliage in the 26 sample sites lor HCB and the sum 01 HCHs and
DDTs. The C50 values and the slopes (5) are also reported.

Figure 3. log-probit distribution 01 air concentration values lor HCB
and the sum 01 HCHs and DDTs taken Irom the I~erature (2. 5, 7,
33-35). C50 values and the slopes (5) are also reported.
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Discussion

Chlorinated hydrocarbons have been found in foliage in
all parts of the world. The concentration means and ranges
are variable according to the areas studied, but high
enough to permit reliable analysis and thus the use of
foliage as a biomonitor of presence of chlorinated hydro­
carbons even in remote areas where problems may arise
for air sampling. Conceptually, this kind of approach could
be used to monitor other persistent chemicals with com­
parable circulation patterns.

As foliage contamination from organochlorinated hy­
drocarbons is believed to depend on the concentration in
the atmosphere (11, 15), a survey of the literature has been
made in order to compare global air concentrations with
global plant concentrations measured in this work. Figure
3 shows the levels in the atmosphere taken from the lit­
erature (2, 5, 7, 33-35) treated with the same log-probit
statistical analysis. Results indicate a different ranking
among the compounds in comparison with foliage. In air
the lowest mean values are for DDTs, in the middle in
HCB, and the highest values are for HCHs.

From the global levels in foliage and in air, a biocon­
centration factor (BCF) can be calculated as the ratio
between the G50 in the two compartments. The values
obtained are in good agreement with those experimentally
measured in simulation chambers by Bacci et al. (12), as
shown in Table IV. This seems to confirm that some

Results

Mean concentrations, calculated as G50, of the six
molecules, for the 26 sample sites, are reported in Table
III. The x2 values and the slopes of the sample distri­
bution lines are also shown in the table.

For hexachlorobenzene (HCB) and for the sum of hex­
achlorocyclohexanes (HCHs) and DDTs a log-probit
analysis has also been performed on the mean values for
the different sites in order to obtain a more easily com­
parable picture of the global range of values.

The distribution lines, reported in Figure 2, indicate that
HCB shows relatively low concentrations, with a G50 of
0.12 ng/g. The G50 values for total HCHs and DDTs are
more than 1 order of magnitude higher.

The concentrations in plant foliage here reported are
consistent with the published data; see, for example, pine
needles from several samples in Germany (28), Italy (15),
and other European countries (11), lichens from Sweden,

on homogeneous subsamples (l05 °C, 24 h). Sulfuric acid
cleanup was followed by Florisil column chromatography.
Samples were analyzed with a Perkin-Elmer Sigma-3B
chromatograph, using a 30 m x 0.2 mm (i.d.) SPB-5
bonded-phase (0.25-"m film thickness) fused-silica capil­
lary column from Supelco. Carrier gas: argon-methane
95/5%,100 kPa, split ratio 66/1; injector and EC detector
temperatures were 220 and 280°C, respectively; oven
temperature 100 °C for 10 min to 280°C at 3°C/min and
maintained for 40 min.

Statistical Treatment of the Data. A log-probit
analysis was performed on the foliage concentration of
samples from the same area according to a BASIC com­
puter program suggested by Trevors (18) but slightly
modified. This statistical approach was used by Bacci et
al. (17) and recently has been suggested as appropriate by
Travis and Land (19) and by Helsel (20).

A median G50 was calculated for each group of samples.
The values corresponding to probit 4 and 6 (GI6-G84),
indicating the range around the median where ~68'70 of
the results were expected, were also calculated; from these
values the slope of the sample distribution line was ob­
tained. A x2 test gave an indication of the homogeneity
of the sample population and was significant in almost all
cases.

Physicochemical Parameters. A review of the liter­
ature was performed in order to estimate the main pa­
rameters relevant to understanding environmental dis­
tribution processes. Table II shows data on vapor pressure,
water solubility, and octanol-water partition coefficients
(log Kow) critically selected from a number of literature
sources (5,21-27).

Vapor pressure data are in good agreement with a series
of experimental values recently produced by B. Rordorf
(personal communication).
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Table III. Mean Concentrations (C50 in nglg Dry Weigbt) and Statistical Parameters ()C'), Degrees of Freedom (DF), and Slope (S)
of tbe Log·Probit Line for the Organochlorines in the 26 Sample Site."

p,p'. a,p'· p,p'. p,p'- o,p'- p,p'-
site HCB a·HCH -r-HCH DDT DDT DDE site HCB a-HCH -r-HCH DDT DDT DDE

I. Spitsbergen 14. Ghana Suhum
C50 1.00 3.42 0.52 0.30 ND 0.20 C50 <0.1 0.30 2.80 2.40 0.80 0.40
x' 4.98 9.44 14.54 7.82 16.40 x' 12.60 8.60 2.50 3.50 11.10
DF 17 17 17 14 14 DF 17 17 17 17 17
S 2.7 2.2 1.8 1.6 1.7 S 1.7 2.7 2.1 2.0 1.9

2. Iceland 15. Ivory Coast
x 1.47 4.90 0.78 0.39 ND 0.10 C50 <0.1 0.69 0.35 3.30 0.70 1.60

3. Scandinavia X' 0.38 0.49 0.82 0.82 1.19
C50 0.68 8.59 3.69 1.60 0.90 0.40 DF 2 2 2 2 2
x' 4.36 3.82 2.05 3.60 8.61 7.18 S 1.6 1.9 1.8 1.4 4.9
DF 15 15 15 14 14 14 16. Ghana Accra
S 2.6 2.8 2.7 3.0 3.0 3.3 C50 <0.1 0.30 1.00 15.00 1.50 1.90

4. Foroyar x' 23.60 26.50 44.00 26.10 19.70
C50 0.27 0.81 0.66 2.90 ND 0.70 DF 29 29 29 29 29
X' 0.42 5.29 0.50 2.45 2.47 S 1.6 1.7 2.9 3.1 2.3
DF 6 6 6 6 6 17. Amazonas
S 1.6 2.3 2.0 2.5 4.0 C50 <0.1 41.39 0.15 52.20 7.70 6.50

5. Italy x' 2.11 6.27 3.20 2.98 5.81
x 1.41 26.93 9.95 12.40 ND 8.40 DF 13 13 13 13 13

6. New Delhi S 5.3 6.1 10.3 7.8 10.6
C50 <0.1 106.9 13.55 77.80 10.80 21.00 18. Mount Kenya
x' 0.19 0.60 1.10 0.90 1.70 C50 0.52 7.93 0.78 4.00 1.00 1.10
DF 5 5 5 5 5 x' 7.40 4.54 9.75 18.40 8.50 8.10
S 2.4 3.3 1.7 1.4 1.9 DF 20 20 20 20 20 20

7. Nepal S 2.0 2.4 4.4 2.7 4.6 2.1
C50 0.10 21.52 3.46 13.70 2.40 1.90 19. Nairobi, Kenya
x' 4.10 28.42 9.29 15.46 9.20 7.15 x <0.1 1.45 0.88 13.50 2.10 6.70
DF 13 18 18 18 18 18 20. Mombasa, Kenya
S 2.4 3.1 3.5 3.1 3.0 2.4 C50 <0.1 2.71 0.78 13.80 5.70 25.44

8. Nepal Mountains x' 0.75 0.44 1.06 1.45 0.48
C50 0.25 35.74 4.47 10.50 4.00 1.60 DF 2 2 2 2 2
x' 6.09 19.42 9.68 3.61 5.15 11.87 S 2.4 1.3 2.0 1.6 1.7
DF 24 28 28 28 29 28 21. Bolivia
S 2.6 2.7 2.3 2.4 2.0 2.2 C50 0.18 1.10 0.79 1.20 0.40 0.40

9. Everest x' 1.16 1.23 1.31 0.97 1.28 1.05
C50 0.48 9.50 1.15 2.10 1.80 0.30 DF 6 6 6 6 6 6
x' 0.63 0.69 0.34 0.75 1.59 1.17 S 1.7 1.9 2.1 2.9 3.6 1.8
DF 3 3 3 3 3 3 22. Capetown
S 1.8 1.7 1.8 2.4 2.0 2.5 x 0.12 0.58 0.77 4.40 <0.1 0.60

10. Guatemala 23. Tristan Da Cunha
C50 0.14 0.45 0.32 2.90 0.40 1.10 C50 <0.1 0.19 <0.1 ND ND ND
x' 0.28 0.34 0.55 0.54 om 0.10 x' 1.39
DF 4 4 4 4 4 4 DF 7
S 1.4 1.6 2.2 2.4 3.5 2.8 S 1.5

11. Mali-Guinea 24. Tierra del Fuego
C50 <0.1 0.50 0.20 37.00 4.30 8.10 C50 0.15 0.21 <0.1 0.15 0.20 <0.1
x' 6.89 5.12 2.25 2.44 1.42 x' 0.64 0.68 0.51 1.69
DF 9 9 9 9 9 DF 3 3 2 2
S 2.2 2.2 6.2 8.2 4.8 S 1.5 2.7 2.0 1.9

12. Delta Amacuro 25. Antarctic Peninsula
C50 <0.1 7.58 0.30 27.50 2.10 2.60 C50 0.49 0.32 0.71 0.30 ND 0.20
x' 1.43 1.68 0.45 1.58 1.15 x' 2.23 3.55 1.61 1.50 2.50
DF 4 4 4 4 4 DF 9 9 9 9 9
S 3.7 4.9 8.5 5.0 8.8 S 1.6 1.7 1.5 2.5 2.0

13. Benin-Burkina Faso 26. Kay Island
C50 <0.1 0.60 <0.1 5.10 1.00 1.00 C50 0.30 0.17 0.04 0.20 ND 0.20
x' 2.50 0.80 0.90 1.70 X' 3.21 ' 3.42 2.74 3.27 4.76
DF 4 4 4 4 DF 8 8 8 8 8
S 2.3 4.7 5.3 11.0 S 2.7 1.6 2.0 2.0 2.0

" ND, not detected. A geometric mean (x) is reported if samples were too few for a complete statistical evaluation.

It could thus be suggested that vegetation can be usedTable IV. Values of Foliage-Air BCF for HCB, HCHs, and
DDTs Calculated as Mass Ratio between Global Mean as an indicator of air contamination, although some sources
Concentrations (C50) in Foliage and Air, Compared to of variability exist and cannot be controlled.
Experimentally Measured Values in Simulation Chambers Possibly the use of old vegetation takes into account the
(12) different rates of absorption/release kinetics, but other

HCB HCHs DDTs pitfalls or sources of error (e.g., chemical reactions,

BCF (C50 ratio) 1.3 X 10' Ll X 10' 2.4 X 10'
translocation, local meteorological conditions) cannot be
evaluated.

BCF (expU) 1.9 X 10' 4.6 X 10' (a) 1.9 X 10' (p,p'-DDT) In the following paragraphs, some comments on the
3.4 X 10' (or) 1.3 X 10' (p,p'·DDE)

single substances will be presented.
Rexachlorobenzene (ReB). According to Atlas and

aspects of the global behavior of these molecules can be Giam (4), HCB is, along with HCHs, one of the predom-
predicted from small-scale experiments and/or theoretical inant chlorinated hydrocarbons in the marine atmosphere,
evaluations. with a relatively homogeneous distribution in the two
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range. Concentrations of HCB in plants verify this hy­
pothesis, even if the differences among the slopes of the
various molecules are less evident (Figure 2).

A better explanation of the variability of HCB concen­
trations in plants is given in Figure 4. From the figure
it appears that, together with a slight difference between
hemispheres, a difference between low and high latitudes
is more evident. In tropical areas HCB concentrations in
plants are always negligible and increase toward cold re­
gions. Relatively high values in tropical or subtropical
areas were found only in high-altitude samples (Nepal,
Kenya, etc.).

On the basis of an approximate distribution of mean
temperature in function of latitude and height (Figure 5)
it is possible to find a good relationship between HCB
concentrations and annual temperature averages, the only
exception being Italian samples (Figure 6).

This trend can be explained by a "cold condenser" effect,
particularly importmt with a volatile molecule such as
HCB. These data indicate that the observed concentra­
tions of HCB in the areas sampled in this survey are the
result of a long-term distribution, regulated by global
processes and physicochemical properties more than by
direct contamination.

Italian data appear as outliers due to the fact that they
derive from the only highly developed and industrialized
temperate area included in the survey, where contamina­
tion due to use can be considered the prevailing process.
HCB levels in Italian pines are comparable to those in
plants from other developed countries (United States,

Figure 6, Relationship between HCB mean concentrations and mean
temperature of the sampling sites.
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Figure 5. Global distribution of mean temperatures as a function of
latitude and height. The four mountain sites considered In the present
survey are indicated,
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hemispheres. In contrast, a high interhemispheric gradient
has been suggested by Wittlinger and Ballschmitter (3) but
this is based only on a limited quantity of data.

Differences in atmospheric distribution between com­
pounds are related to differences in source strength and
in atmospheric residence times. On the basis of its
physicochemical properties, in particular its relatively high
Henry's law constant, it is expected that HCB will have
an atmospheric residence time longer than other chlori­
nated hydrocarbons. Consequently, Atlas and Giam (4)
predicted and found a small interhemispheric gradient.
This hypothesis has also been recently proposed in a wide
literature survey carried out by GESAMP (5) and is con­
firmed by Figure 3, which indicates that atmospheric
concentrations of HCB extend over a relatively small

S rdLo:O-:1=-------:---------:1.o~-----1:-:!d·o

ng/g (dw)

Figure 4, Distribution of HCB and sum of DDT and sum of HCH mean
concentrations in the 26 sample sites as a function of the latitude,
Circled points represent mountain sites,
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Figure 7. Relationship between DDT concentrations in foliage and the
percentage of p ,p'-DOE.
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Figure 8. Relationship between the percentage of a,p'-DDT and the
mean temperature of the sampling sites.

Yugoslavia) (15), but are not reported in this survey due
to different sampling methodology.

DDTs. The most common DDT forms in the environ­
ment are p,p'-DDT, its isomer a,p'-DDT present in the
technical product, and its degradation product p,p'-DDE,
though in some cases other degradation products, such as
DDDs, can be present at significant levels.

Total DDT introduced before the 1972 ban should exist
primarily in the form of degradation products (mainly
DDE) (36). However, DDT is still heavily used in several
developing countries, accounting for the nonhomogeneous
distribution of total DDT concentrations in the atmosphere
(see slope in Figure 3). Current usage of DDT also affects
concentrations measured in foliage. Higher concentrations
were measured where an intensive use is still present or
took place in the recent past.

In contrast to HCB, DDT plant concentrations are
highest in tropical and subtropical areas (Figure 4).

In Figure 7 a relationship between the total amount of
DDTs measured in foliage and the percent of DDE is
evident. The highest values of DDT concentrations with
low percentage of DDE are typical of areas where DDT
is still in use in large amounts (e.g., India), whereas low
levels of total DDTs correspond, in general, to high DDE
percentages, and this can indicate long-range, indirect
contamination. Only Italy and Kenya behave as outliers,
being areas of high but not recent contamination.

Total DDT distribution is not related to temperature,
unlike HCB. Nevertheless, for a,p'-DDT, a relationship
with temperature was observed (Figure 8). This is in
agreement with the physicochemical properties of the
molecules (Table II) and in particular with the high
Henry's law constant of a,p'-DDT, although very cold areas
are not considered in the figure due to the low levels of
DDTs that make unreliable the calculations of the per­
centage of the DDT forms.

Hexachlorocyclohexanes (HCHs). HCHs are used
in the form of nearly pure 'Y isomer (lindane) or as tech­
nical product, a mixture of five isomers where the a form
is the prevalent with an amount of ~55-80%. At present,
the pure 'Y form is the most widely used but large amounts
of the technical product are still produced and employed,
mainly in the Far East (7).

HCHs show relatively high concentrations in the at­
mosphere and a gradient between the Northern and
Southern Hemispheres has been observed (3-5).

Several authors indicated a-HCH as the major compo­
nent of total HCH (1, 7,8). Bidleman et al. (7) proposed
two possible explanations: a long-range transport from
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developing countries where the technical product is largely
used, and an isomerization process from the 'Y to the a
form.

On the other hand, Atlas and Giam (35) hypothesized
that the ratio a-HCHh-HCH is an indication of the age
of an air parcel. A high ah ratio indicates older air. They
observed that air masses with trajectories directly from
Europe, where only the 'Y form is used, had an ah ratio
of ~5/1, while background air had ratios near 50/1.

Foliage data measured in this survey show a relatively
high C50 (Figure 2), comparable with the DDT value, and
a flat slope, indicating a very wide range of concentrations.

The geographical distribution (Figure 4) confirms a
gradient between Northern and Southern Hemispheres for
total HCHs. The mean value (C50) of Northern samples
is ~5 times higher than those of the Southern Hemisphere.
The ratio between a and 'Y isomers confirms, with some
exceptions, the prevailing role of a-HCH. Nevertheless
it is very difficult to understand distribution patterns
because the relative amounts of a and 'Y isomers are af­
fected by at least two factors: the present use of the
technical product or of the pure lindane, and the isom­
erization of 'Y- to a-HCH. The concurrence of those two
factors can give very conflicting results. For example, the
high ah ratios observed in some areas of Latin America
(Amazonas, Delta Amacuro) can be assumed to be an in­
dication of a strong use of technical product rather than
of old contamination; in fact, the flat slopes observed in
these extended areas seem to be an indication of recent
and direct contamination. In contrast, the very low levels
of ah ratio in some African areas indicate a recent use
of the pure 'Y form. In conclusion, the levels of HCHs and
the ratios between the two forms seem to be strongly af­
fected by the present high use in different formulations
rather than by long-range distribution processes and by
the role of physicochemical properties, which are very
similar for both isomers (Table 11).

In the interpretation of the global distribution of per­
sistent organic chemicals in vegetation based on physico­
chemical properties, it is important to use data from areas
without relatively recent usage of the chemical. For HCB,
only the Italian samples can be assumed not to have this
characteristic. Thus, the main features of the observed
distribution of HCB appear influenced more by long-range
processes regulated by molecular properties and environ­
mental phenomena (e.g., cold condenser effect) than by
contamination due to use.

For HCHs and DDTs the problem is more complex due
to the actual use of these molecules, in particular in de-



veloping countries from which most of the samples exam­
ined in this survey derive. Therefore only partial deduc­
tions can be made.

Conclusions

The present work and other literature on chemicals in
vegetation indicate the following general conclusions: (a)
there is a linear relationship between concentration of
chemicals in foliage and in air (12), and the role of root
translocation is, for the studied compounds, negligible (10);
(b) chlorinated hydrocarbons can be detected in plant
foliage from different species and the choice of the species
is relatively unrelevant in relation to the aim of the in­
vestigation (15), especially when dealing with global dis­
tribution; (c) concentration in foliage is a suitable monitor
of atmospheric contamination (11, 15,31); (d) parent
compound and metabolite ratios can provide information
on the age of contamination (16, 36); (e) slopes of the
frequencies of concentration (probits) within groups of
samples (i.e., from the same geographicl areas) can give
indications of actual use and redistribution (17); (0 con­
centrations in lichens and mosses in Antarctica have been
studied with the assumption that this area would have
been the cleanest part of the world, being the farthest from
the technological world (16); the findings however did not
confirm this hypothesis (17), at least for certain substances
(i.e., ReB); (g) chlorinated hydrocarbons distribute and
cycle between air-water and air-soil by means of depos­
ition-volatilization periods, with the so-called "grasshopper
effect" (37); (h) according to literature data, substances
with subcooled liquid vapor pressure (PI) higher than 10-5

Pa tend to be distributed mainly in the vapor phase of the
atmosphere, confirming the essential role of vapor move­
ments in the global transport of these chemicals (38); (i)
tropical areas have been identified, mainly due to climatic
and meteorological reasons, more as contamination sources
than as contamination receivers; this last role is more
suited to the cold areas (cold condenser effect) (17).
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• An indoor air sampling impactor (lAS!) was used to
sample inhalable suspended particulate matter (PM-lO)
in indoor air. The unit, which is convenient to use, light
weight and portable, was compared in a controlled indoor
setting with a Sierra-Andersen dichotomous sampler
(DICHOT) equipped with a PM-10 inlet. The two sam­
plers were used for coreplicate sampling in the same test
room both in the presence of and in the absence of envi­
ronmental tobacco smoke (ETS). Gravimetric analyses
and mutagenicity testing of solvent extracts of the par­
ticulate matter, using the microsuspension modification
of the Salmonella typhimurium mutagenicity test, were
used to compare the two samplers. In a limited field trial
of the IASI sampler in various residential indoor envi­
ronments containing low and high ETS levels, PM-10
concentrations ranged from 20 to 3000 /lg/m3. Mutagenic
responses in the presence of the S9 metabolizing system
ranged from 13 to 13000 revertants/m3•

Introduction

Nonindustrial indoor environments are significant con­
tributors to human exposure to airborne pollutants (1). It
has been estimated that individuals spend up to 90-95%
of their time indoors (2), where commonly encountered
indoor air pollutants (3) include inhalable particulate
matter (lPM). A considerable effort has been devoted to
the sampling and evaluation of IPM in ambient air (4-6).
Dichotomous samplers have been developed to fractionate
the particulate matter (PM) having mean median diame­
ters of <10 /lm (PM-10) into coarse inhalable (2.5-10 /lm)
and fine inhalable «2.5 /lm) fractions (7). It has been
shown that IPM and PM-lO concentrations in nonindus­
trial indoor environments can exceed outdoor ambient
concentrations (8-10). Residential wood combustion (9),
environmental tobacco smoke (ETS) (11), and the im­
proper use of portable ultrasonic humidifiers with tap
water (12) are significant contributors to IPM in many
indoor environments.

Methods for assessing personal exposure to indoor air
pollutants are not as well developed as those for ambient
air monitoring (13, 14). Lioy et al. (15) and Lewtas et al.
(16) have reported the use of medium-volume samplers
(0.70 and 0.21 m3/min, respectively) and relatively large
sampling times (8 and 24 h, respectively) to collect suffi­
cient indoor air particulate matter to allow their muta­
genicity to be determined. A study by Mumford et al. (17)
employed high- (1.1 m3/min) and medium-volume (0.11
m3/min) samplers in relatively high particulate laden in­
door environments for sampling periods of 6-40 min to
collect sufficient particulate matter for mutagenicity
testing. Lofroth et al. (I8) employed personal samplers
to sample ETS in indoor public areas. The samplers,
whose cut size was not specified, employed glass fiber
filters and low sampling rates of 0.002 m3/min over sam­
pling times ranging from <1 to 6 h. For the small sample

sizes obtained, Kado's microsuspension modification (19)
of the Ames mutagenicity assay (20) was required.

As a result of the recent promulgation of the ambient
air PM-10 standard by the U.S. Environmental Protection
Agency (21), we were interested in developing methodol­
ogies for assessing the levels and mutagenicity of indoor
air PM-10. This required a sampler capable of collecting
PM-10 quietly and unobtrusively for relatively short sam­
pling periods (1-2 h) and yet providing a sufficiently large
sample for mutagenicity testing. An inexpensive and
convenient to use portable indoor air sampling impactor
(lAS!) capable of collecting PM-10 at 10 L/min on mem­
brane fJ.!ters has been developed by Marple et al. (22). This
sampler has been intercompared with a dichotomous
sampler in an outdoor study (23) in which only glass fiber
filters were employed. We report here our results from
studies in which we used the lASI to sample several res­
idential indoor air locations. In some cases, by coreplicate
sampling, we have compared the IASI with a dichotomous
sampler equipped with a PM-lO inlet. In all cases, Teflon
membrane filters were employed to minimize the potential
for artifact formation observed when glass fiber fJ.!ters were
used (24). The mutagenic activities of solvent extracts of
the sampled particulate matter were determined by a
modification of the microsuspension procedure of Kado
et al. (19, 25) for the Ames Salmonella typhimurium/
microsome mutagenicity assay (20).

Materials and Methods
Samplers. An indoor air sampling impactor (1AS1) with

a lO-/lm cut size and a 10.0 L/min flow rate was used as
specified by the manufacturer, Air Diagnostics and En­
gineering Inc., Naples, ME. The pumping unit of the IASI
is housed in a 43 em x 24 em x 33 em carrying case and
the impactor unit is 26 em high. The noise output mea­
sured at 1 m is less than 45 dB. Other characteristics of
the impactor have been described previously (22, 23). A
Sierra-Andersen Series 240 dichotomous sampler (DICH­
aT) with a PM-lO inlet was used in the intercomparison
experiments. This sampler operates at a 16.7 L/min flow
rate and divides the collected particulate matter into fine
«2.5 /lm) and coarse (2.5-10 /lm) fractions. The flow rates
of each sampler were checked with a l.00-L bubble
flowmeter at the beginning and end of each sampling pe­
riod.

Teflon membrane filters (37-mm diameter, 2-/lm pore
size) purchased from Sierra-Andersen Inc. were used in
both samplers. Antistatic 21OPO devices were used to re­
move static charge on the filters prior to weighing of the
filters. The filters were preweighed on a Cahn 4100 mi­
crobalance, stored in glass Petri dishes between layers of
aluminum foil until use, returned to the Petri dishes im­
mediately after sampling to minimize potential contami­
nation from the filter holders (26), and weighed within 24
h of sampling. All filters were weighed in triplicate (results
to ±10 /lg). The relative humidity and temperature in the
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'Conditions for tests described in Materials and Methods.

Table I. Mass of PM-IO Sampled Coreplicately with a
Sierra-Andersen Sampler DICHOT) and Bn Indoor Air
Sampler (lASI)'

weighing room were 60-65% RH and 20-21 °C. After
being weighed, the loaded filters were stored at -20 °C in
the glass Petri dishes sealed with Parafilm until the filters
were extracted for bioassay.

Test Locations. Coreplicate sampling experiments
(Table 1) were conducted in an empty 40-m3 office with
painted gypsum-board walls and a carpeted floor. All
samples were collected with the door closed. When nec­
essary, the room was ventilated by opening a window.
Three different sampling experiments were carried out
with the window open, and seven different experiments
with it closed. During sampling with the window closed,
the room temperature was maintained at 20 °C and the
air was mixed by using a household circulating fan with
a 38-cm-diameter propeller. The sampler inlets were set
1.0 m from each other and 166 em above the floor. ETS
for comparison of the two samplers in the test room was
generated mechanically in six experiments (tests 1-6) and
once by two volunteer smokers (test 7). In the former
cases, cigarettes were attached by means of short lengths
of Tygon tubing to Air Cadet Model 1730-40 pumps,
through which air was drawn. Two cigarettes were burned
at a time and the air flow was controlled by a flow-regu­
lating valve that was adjusted to burn the two cigarettes
in 4.5 min. This apparatus was positioned 2.0 m from the
samplers. Sampling periods ranged from 20 min to 3.5 h
and on several occasions had to be terminated because
blockage of the DICHOT fine particulate filter caused
pressure buildup and reduction of the flow. Since the
objective of generating and sampling the cigarette smoke
was only to compare the sampling characteristics of the
two samplers and to rapidly produce samples large enough
to be assayed for mutagenicity, ventilation rates were not
determined during these experiments.

Three coreplicate sampling tests were carried out in the
absence of ETS in the same test room, with the window
open (tests 8-10). Coreplicate sampling was also conducted
in an empty bedroom in a residence in which no smoking
occurred (test 11).

Field Sampling. Field sampling experiments (Table
IV) using only the IASI sampler were conducted in several
different single-family dwellings in St. John's, NF. Two
samples (1.5- and 3.5-day sampling times) were collected
in the kitchen of a house where the residents did not
smoke. The remaining samples were collected during
parties at four different residences where heavy cigarette
smoking occurred. The windows of the dwellings in which
the parties occurred were kept closed during the sampling

DICHOT

periods. The sampling was conducted during the winter
months of December 1987-January 1988. The handling,
storage, and transportation of blank and sampled filters
was conducted exactly in the same manner as those that
were generated in the laboratory. Ventilation rates were
not determined during these experiments.

Extraction of Particulate Matter. The methods used
for extraction and concentration of particulate matter were
similar to those described by Kado et al. (25). Dichloro­
methane-methanol-toluene (1:1:1) was used to extract the
particulate samples. In a typical extraction, 5 mL of the
extraction solvent was added to a 20 x 125 mm screw­
capped tube containing the filter, followed by sonication
for 20 min in the dark, in a Bransonic water bath, at 40-45
°C. The solvent was removed with a syringe and the so­
nication was repeated with a fresh 5-mL aliquot of the
solvent. The combined extract was filtered through a
0.5-l'm Fluoropore filter, using a Millipore microsyringe
filter holder, and the filtrate transferred into the 10-mL
receiving vessel of a Kuderna-Danish apparatus. A clean
boiling chip was added and the vessel was attached to a
microcondenser and placed in a 40-45 °C water bath. A
steady flow of nitrogen was blown onto the surface of a
solution via a Pasteur pipet inserted in the condenser. The
volume of solution was reduced to less than 0.5 mL and
was transferred to a 2-dram amber vial. The receiving
vessel was washed with two small portions of clean solvent,
which were added to the vial. The vial was placed in a 35
°C water bath and the solvent remaining in the vial was
then removed by nitrogen blowdown. The vial was sealed
with a Teflon-lined cap and was stored at -20 °C until
needed for mutagenicity assays. Evaporation to dryness
was the method chosen since other investigators have re­
ported that chemical transformations occurred for samples
stored in dimethyl sulfoxide (DMSO) (27).

Each of the filters used during the coreplicate sampling
in tests 1-4 (Table I) was cut into two approximately equal
halves, which were then weighed. Halves from each of the
fine and coarse fractions obtained with the DICHOT
sampler were combined and were extracted together.

Mutagenicity Testing. Mutagenicity testing of each
of the extracts was conducted with S. typhimurium strain
TA98 using a modification (28) of the microsuspension
procedure of Kado et al. (19). Fifty microliters or more
of dimethyl sulfoxide (DMSO) was added to the extracts
and the mixtures were sonicated for 5 min at 35 °C to bring
the material into solution. Duplicate plates were tested
at three or more doses selected to fall in the linear portion
of the dose-response curve. Plate counts were determined
with a Biotran II automatic colony counter (New Bruns­
wich Scientific Inc.). Maximum slopes from the initial
linear dose-response regions of each set of data were de­
termined by using the Ames Fit program (29). Duplicates
of all zero-dose plates were run and the spontaneous re­
vertants were determined by subtracting the numbers of
preexisting revertants (28). S9 prepared from Arochlor­
pretreated male Sprauge-Dawley rats was purchased from
Litton Bionetic Inc. and had a stated protein content of
29 mgjmL. The S9 optimum concentration for samples
collected in the presence of tobacco smoke was found to
be 5 I'L per plate (5% S9 mix). Unexposed filters were
extracted and tested in the same manner as those used in
particulate sampling. No mutagenic response was observed
with these extracts either in the absence of S9 or in the
presence of 1, 5, or 10% S9 per plate. To minimize in­
terday variability, the corresponding extracts from each
sampler were tested for mutagenicity in the same assay.
Duplicates of single-dose plates each containing 0.5 I'g of

PM-I0 concn,
"g/m3

2780 ± 104
1400 ± 37
1890 ± 42
4200 ± 76
254 ± 4
2160 ± 43
1460 ± 21
7.79 ± 0.22
9.32 ± 0.18
11.50 ± 0.22
5.29 ± 0.83

IASI

mass of
PM-I0, "g

750
555
803
1294
510
714
1252
353
535
875
64

PM-I0 concn,
"g/m3

2430 ± 92
1390 ± 51
1630 ± 34
3910 ± 69
236 ± 2
2110 ± 30
1380 ± 19
8.42 ± 0.21
9.76 ± 0.22
9.59 ± 0.15
5.68 ± 0.76

1049
903
1108
1972
832
1098
1886
587
901
1149
105

mass of
combined

coarse + fine
fractns, "g

1
2
3
4
5
6
7
8
9

10
11

test
no.

Environ. Sci. Techno!., Vol. 25, No.8, 1991 1497



Table II. Mutagenic Activities of PM-IO Sampled Coreplicately with a Sierra-Andersen Dichotomous Sampler (DICHOT)
and an Indoor Air Sampler (IASI) Determined by the Salmonella typhimurium TA9S Microsuspension Assay with S9
Activation

DICHOT

spontaneous mutag response mutag activ of
assay revertants, of control,' combined fractns,

no. rev/plate rev/plate rev/Mg

I 23 ± 3 167 ± 6 5.1 ± 0.8
2 42 ± 8 347 ± 23 10.5 ± 0.7
3 26 ± 4 171 ± 10 8.5 ± 0.6
4 23 ± 8 160 ± 24 10.2 ± 0.4
5 29 ± 6 326 ± 40 1.7 ± 0.2

'Control, 0.5 Mg of BaP.

mutag activ of
combined fracns,

rev/rn'

12400 ± 2400
14500 ± 1500
13800 ± 1200
39700 ± 2100

17 ± 1

rnutag activ of
PM-IO, rev/Mg

4.7 ± 0.6
9.1 ± 1.2
5.9 ± 0.2
8.4 ± 0.5
2.5 ± 0.3

IASI

rnutag activ of
PM-I0, rev/rn'

13000 ± 2000
12700 ± 2000
11200 ± 700
35500 ± 2600

29 ± 3

benzo[a]pyrene (BaP) were used as controls in each assay.
Results were within expected ranges (104-407 induced
revertants in the presence of 5% S9).

Results and Discussion
Table I contains data obtained from 11 separate ex­

periments in which the IASI and DICHOT were compared
in the same test locations. The relative performances of
the two samplers were evaluated by comparing the re­
spective concentrations of PM-IO sampled. In the case of
the DICHOT, the combined masses of the fine and coarse
fractions were computed and used to calculate the corre­
sponding values. Regression analysis of the concentrations
obtained with each of the samplers showed that the
Pearson product correlation coefficient (r2) was 0.99, the
slope was 1.08, and the regression line intercept was -2.9
J1.g/m3• The data suggested that the IASI samples a
slightly greater mass of PM-IO per unit volume than the
DICHOT. These findings are consistent with the ambient
air intercomparison study conducted by Lioy et al. (23),
but extend over a much wider range of PM-IO concen­
trations (5-4200 J1.g/m3 in indoor air versus 20-80 J1.g/m3

in ambient air).
The microsuspension modification to Maron and Ames'

mutagenicity assay procedures developed by Kado et al.
(19) has substantially increased the sensitivity of the assay,
thereby reducing the amount of material required for
mutagenicity testing. It has been used for the analysis of
the fine fraction of PM-10 from outdoor ambient air (25),
for the measurements of indoor air containing ETS (30),
and in a study of the PM-10 in an indoor ice arena (31).
It was therefore the method of choice for this study.

Table II contains results of the mutagenicity testing of
the extracts of some of the PM-IO samples coreplicately
collected by use of the two samplers. Five sets of samples
from Table I (tests 1-4 and 10) were extracted for muta­
genicity testing (assays 1-4 and 5, respectively). Mutagenic
activities (revertants/ J1.g and revertants/m3) were esti­
mated from the maximum slopes calculated from the initial
linear dose-response regions (29) of each set of data.

In the presence of ETS (assays 1-4), both samplers
collected PM-10 that was highly mutagenic with S9 acti­
vation (+S9). Without metabolic activation (-S9), only
one of the samples (assay 4, data not shown) exhibited
detectable mutagenicity (3140 and 4240 revertants/m3, or
0.80 and 0.89 revertants/J1.g of PM-IO for the DICHOT and
IASI, respectively). In the absence of ETS, and with the
window of the test room open (assay 5), it was necessary
to sample for a much longer period of time to obtain
sufficient PM-lO for analysis. Under these conditions,
mutagenic activity could be detected at much lower con­
centrations per volume of air and direct acting mutagen­
icity of 12-20 revertants/m3 (1.3-1.8 revertants/ J1.g of
PM-10) was detectable. With metabolic activation these

1498 Environ. ScI. Technol., Vol. 25, No.8, 1991

samples exhibited only a 25-33% increase in mutagenic
activity.

A Student t test (32) was used to compare the slopes of
the linear portion of the dose-response curves of the
corresponding lASI and DICHOT samples within each
assay. With the slopes calculated as revertants/m3 there
was no significant difference (p = 0.05) between any of the
paired samples collected in the presence of ETS. In the
absence of ETS, and with the window open, the muta­
genicity of the PM-10 sampled by the lASI was greater
than that of the DICHOT sample.

The expression of mutagenicity in terms of revertants
per microgram of PM-10 (specific mutagenic activity) is
useful for comparing the sampling characteristics of the
two samplers. In the presence of ETS the specific muta­
genic activity of the combined DICHOT filters was greater
than that of the corresponding IASI filter. This difference
was statistically significant (p < 0.05) for two of the four
assays (assays 3 and 4). On the basis of our experiments
alone, it is difficult to explain unequivocally the reasons
for the differences. Dissimilarities in the impactor design
and the sampling rates could account for these observed
differences. Since the lASI samples had lower specific
mutagenic activities (revertants/J1.g of PM-lO) , a possible
explanation could be that relatively larger amounts of more
volatile, less mutagenic compounds present in ETS, e.g.,
nicotine, are adsorbed as aggregates onto the PM sampled
on the lASI filters. Furthermore, as the IASI samples at
a lower overall rate than the DICHOT, the corresponding
mass loss during sampling due to evaporation of the more
volatile components on the filters could conceivably be less
for the former. Alternatively, or in addition, the sampling
characteristics of the IASI could favor its collecting rela­
tively larger amounts of the coarser fraction within the
PM-10 than the DICHOT does. These factors would tend
to mask the specific mutagenic activity of the IASI samples
tested since it has been reported that the mutagenic com­
pounds are mostly located on particles smaller than 2.0-3.3
J1.m (33).

However, when the mutagenicity was calculated as re­
vertants/m3 of air sampled, as recommended by van Houdt
(33), the mutagenic activities between the IASI and DIC­
HOT samples were found to be not significantly different
(p =0.05). Calculating mutagenic activity in this way takes
into account the different sampling rates of the two sam­
plers and also indicates that the two devices sample the
same mutagenic components in the ETS-containing air.

When longer sampling times were employed in the test
room with the window open and in the absence of ETS,
(assay 5) the mutagenic activity (+S9) of the samples was
considerably lower for both the DICHOT and lASI sam­
ples. There was a significant difference (p =0.05) between
the mutagenic activity of the two samples regardless of how
it was calculated, with the IASI demonstrating the higher



Table III. Comparison of Mutagenic Activities of Both Halves' of IASI PM·IO Filters Assayed on Different Days by Using
the Salmonella typhimurium TA9S Microsuspension Assay with S9 Activation

filter half A filter half B

spontaneous mutag response mutag activ spontaneous mutag response mutag activ
test revertants, of control,· of PM-10, revertants, of control,· of PM-10,
no. rev/plate rev/plate rev/Ilg rev/plate rev/plate rev/Ilg

1 23 :!: 3 167 :!: 6 4.7:l: 0.6 29:l: 4 315:!: 10 7.67 :!: 0.9
2 42:l: 8 347 :!: 23 9.1 :!: 1.2 22:l: 9 196:!: 9 11.2 :!: 1.5
3 26:l: 4 171 :!: 10 5.9:l: 0.2 22:l: 9 196:!: 9 ILl :!: 1.5

'These filter halves were obtained from tests 1-3, Table I. • Control, 0.5 Ilg of BaP.

Table IV. Gravimetric Analyses and Mutagenic Activities of PM-IO Sampled with an Indoor Air Sampling Impactor (lASI)
in Various Field Trials Assayed by the Salmonella typhimurium TA98 Microsuspension Assay with and without S9
Activation'

sampling and gravimetric data mutagenicity data

total now rate, sampling dose mutag activ

filter no. location mass, J,lg L/min time, min S9, % range, JJg rev/lJ.g rev/m'

ESa kitchen during cooking 1352 :!: 4 10.3 6420 0 7-53 0.25:!: 0.07 5.2 :!: 104
ESb 0 26-72 0.51 :!: 0.11 0.2:!: 2.3

5 26-72 0.64:!: 0.06 13.0 :!: 1.3

EZ kitchen + 1 cigarette smoked 1215 :!: 4 10.0 2202 0 26-121 0.23:!: 0.06 1204 :!: 3.3
1 26-121 0.53:!: 0.08 29.2:l: 4.2

DC party 1, sample 1 603:!: 4 10.6 120 0 4-30 nr nr
7 4-30 4.8:l: 0.54 2280:!: 260

DD party 1, sample 2 531 :!: 4 10.6 120 1 3-26 5.9 :!: 1.5 2460:!: 630
5 3-26 5.7:l: 0.5 2380:!: 210

DH party 2, sample 1 393:l: 7 10.5 65 0 3-20 nr nr
5 3-20 lOA:!: 0.3 5970:!: 750

DG party 2, sample 2 1008:!: 7 10.5 65 0 13-101 OA8:!: 0.09 709:!: 130
5 13-101 8.8:l: 0.87 12950:!: 130

DK party 3 446:l: 4 10.6 60 0 9-45 0041 :!: 0.17 288:l: 120
5 9-45 2.6:l: 0.21 1840:!: 150

ECa party 4, sample 1 2024 :!: 4 10.3 60 0 2(}-93 nr nr
5 2(}-93 104 :!: 0.1 4700 :!: 330

EDa party 4, sample 2 (split into 1040:!: 4 lOA 60 0 11-55 nr nr
two equal halves) 5 11-55 3.2:l: 0.6 5330:!: 670

EDb 0 11-48 nr nr
5 11-48 3.3:l: 0.3 5480:!: 570

'nr denotes that the Ames fit program (29) failed to detect a nonzero slope. Spontaneous revertants were in the range 27--66.

mutagenic activities. This suggests that there is a dif­
ference in the characteristics of the mutagenic components
present in the PM-1O that did not contain ETS.

The range for specific mutagenic activities (rever­
tants/Ilg) in assays 1-4 (Table 11), which were determined
on different days, can be attributed to interassay varia­
bility. Three of the IASI samples that had been split into
equal halves were assayed on different days. Significant
variability between the interday assay results were ob­
served (Table III), which is consistent with findings re­
ported by ourselves (31) and others (l8, 34). The higher
mutagenic activity in revertants/m3observed for assay 4
(Table II) can be attributed to the much larger sample
loading that was obtained during the corresponding sam­
pling test (test 4, Table I).

Several field tests were conducted with the lASI alone.
Table IV summarizes the data obtained. The sampler was
used over test periods ranging from as low as 1 h at several
parties at which there was extensive cigarette smoking to
107 h in one home where nonsmokers live. The numbers
of cigarettes smoked in the parties were not counted, but
it was estimated that the numbers were between approx­
imately 15 and 30 cigarettes/h. The PM-I0 levels mea­
sured ranged from a high value of 3280 Ilg/m3, observed
during one party in which the room air was sampled for

1 h, to a low value of 417 Ilg/m3 at another party in which
the room air was sampled for 2 h. These values are well
within the range of PM-I0 levels generated under con­
trolled conditions in our test room and are among the
highest values reported (l 1, 35) to date. The mutagenic
responses (with 5% S9) from these samples varied from
a high of 12950 ± 130 to 2380 ± 210 revertants/m3. By
comparison, the mutagenic response from the samples
obtained from the relatively smoke free environment,
which was sampled for up to 107 h, was only 13 rever­
tants/m3. The mutagenic responses with TA98 in the
presence of S9 of the extracts of PM-I0 from the envi­
ronments containing ETS were 2-16 times greater than
those observed for environments that did not contain ETS.
Mutagenic responses with TA98 in the absence of S9 were
observed in only two of the samples (DG and DK). All
samples demonstrated mutagenic responses, with the
largest responses being in the presence of high levels of
ETS.

It is apparent from these field tests that the IASI can
be used to collect indoor PM-I0 samples in sufficient
amounts for gravimetric analyses and mutagenicity testing
with a modification of the Ames S. typhimurium assay.
The IASI proved to be quiet and unobtrusive and was
well-tolerated by the inhabitants of the test houses/loca-
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tions that were sampled. The fact that it can sample
PM-10 at 10.0 L/min enables it to be used in virtually any
indoor setting for periods of as low as 1 h if samples are
needed for mutagenicity assays. Based on our findings,
a lower limit of detection of mutagenic activity (+S9) of
0.5--1.0 revertant/m3 is feasible. The mass losses for PM­
10 sampled over long periods were not determined. For
PM-10 samples that are required only for gravimetric
analyses, lower sampling times can be used. The con­
sistency observed in this study and by others (23) between
the IASI and the well-studied DICHOT sampler should
add further confidence in its use.
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• We investigate the relationship between sorbate
structure and nonequilibrium sorption. The rate-limited
sorption of compounds representing eight classes of organic
chemicals, including chlorinated benzenes, unsubstituted
and alkyl-substituted aromatics, chlorinated ethenes and
ethanes, chlorinated phenols, nitrogen heterocycles, s­
triazines, substituted amides, and substituted ureas, was
examined by use of a single sorbent (sandy aquifer ma­
terial) and the miscible displacement technique. The
breakthrough curves were analyzed by using a bicontinuum
model wherein sorption is assumed instantaneous for a
fraction of the sorbent and rate limited for the remainder.
Sorbate structure was shown to exert minimal impact on
the nature of rate-limited sorption for nonionic, low-po­
larity compounds comprising relatively simple structures
and for ionogenic compounds in neutral form. In contrast,
sorbate structure appeared to have a significant impact
for compounds comprising more complex structures (i.e.,
pesticides). First-order reverse rate constants determined
for the pesticides were at least 1 order of magnitude
smaller than those of the non-pesticides. This difference
was attributed to differences in degree of constraint on
diffusion within the polymeric structure of organic matter.

Introduction
Several investigations of the rate-limited sorption (both

adsorption and desorption) of nonionic, low-polarity
~hydrophobic" organic compounds (HOCs) by natural
sorbents have recently been reported. Chlorinated aro­
matics have received the majority of attention (cf. refs 1-7),
with polynuclear aromatics (7, 8) and chlorinated ethenes
(6, 7,9, 10) receiving lesser attention. Knowledge of the
role of solute (or sorbate), solvent, and sorbent properties
on mediating nonequilibrium sorption is required for a
complete understanding of this process. Such knowledge
is also required to successfully model and predict the effect
of nonequilibrium sorption on the transport and fate of
contaminants in soils, sediments, and aquifers. Unfortu­
nately, few systematic investigations of this type have been
reported.

The nature of the sorbent apparently has only a sec­
ond-order effect on the nature of nonequilibrium sorption,
as evident in the similarity of rate-limited sorption of
numerous HOCs for a wide variety of soils, sediments, and
aquifer materials (1, 7, 11, 12). This holds for only natural
sorbents, however, as values for sorption rate constants
measured for systems comprising natural sorbents were
significantly different from those measured for synthetic
sorbents (e.g., organic-modified silica) (7). Conversely, the
nature of the solvent (e.g., polarity) has been shown to
significantly affect the kinetics of sorption of HOCs
(13-16). For example, a model that describes a log-linear
increase in the reverse rate constant with increasing volume
fraction of organic cos01vent was presented by Brusseau
et al. (J 3, 14).

Qualitative observations of a relationship between degree
of nonequilibrium or values of rate constants and sorbate

hydrophobicity, which is a reflection of the nature and size
of the sorbate molecule, have been reported by several
researchers (cf. refs I, 4, and 17). The relationship between
sorption kinetics and equilibrium sorption has recently
been quantified by Brusseau and Rao (J 1), who analyzed
literature data using the linear free energy relationship
approach. They reported the first-order, reverse rate
constant to be a log-log-linear inverse function of the
equilibrium sorption constant for a number of HOCs and
a wide variety of natural sorbents. This functionality has
since been substantiated by experiment (6, 7, 12).

The size of the sorbate molecule appears to have a major
influence on the degree of nonequilibrium sorption expe­
rienced by a given sorbate, based on the observations re­
ported above. However, the structure of the sorbate
molecule (e.g., nature, size, and reactivity of functional
groups) may also significantly affect nonequilibrium
sorption (7, 11). On the basis of their analysis of literature
data, Brusseau and Rao (11) reported the degree of non­
equilibrium sorption exhibited by relatively complex sor­
bates, such as pesticides, to be significantly greater than
that exhibited by simpler sorbates such as alkyl- and
chlorobenzenes. These observations are tentative, however,
considering that the data were gathered from many lit­
erature sources, were obtained by several different ex­
perimental techniques, and represent many different
sorbents. The number of carbons comprising the alkyl
functional group was shown to affect the degree of none­
quilibrium sorption for a series of substituted benzenes (7).
These two appear to be the only published reports con­
cerning a quantitative analysis of the influence of sorbate
structure on nonequilibrium sorption of HOCs.

The purpose of this work is to specifically investigate
the relationship between sorbate structure and nonequi­
librium sorption. This was accomplished by examining the
rate-limited sorption of compounds representing eight
classes of organic chemicals, including chlorinated benz­
enes, unsubstituted and alkyl-substituted aromatics,
chlorinated ethenes and ethanes, chlorinated phenols,
nitrogen heterocycles, s-triazines, substituted amides, and
substituted ureas, by a single sorbent. In addition, the
nature of nonequilibrium sorption of ionogenic chemicals
in their neutral form is investigated.

Experimental Section

Materials. The following analytical grade chemicals
were used for the experiments: benzene, toluene, p-xylene,
naphthalene, chlorobenzene, I,3-dichlorobenzene, 1,2,4­
trichlorobenzene, I,2-trans-dichloroethane, I,I,I-tri­
chloroethane, I,2-trans-dichloroethene, trichloroethene,
tetrachloroethene, p-chlorophenol, 2,4-dichlorophenol,
2,4,6-trichlorophenol, 2,3,4,5-tetrachlorophenol, penta­
chlorophenol, quinoline, atrazine, cyanazine, simazine,
trietazine, alachlor, propachlor, monuron, and monolinu­
ron. The structures, and pK. values where appropriate,
of all chemicals discussed are provided in Figure 1.
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Figure 1. Structures lor sorbates. pK. values (in parentheses) from rels 36 and 37.

Pentafluorobenzoic acid was used as a nonsorbing tracer
to characterize the hydrodynamic properties of the column.

The <2-mm size fraction of a sandy aquifer material
with a moderately low organic carbon content (1.3 g kg-I)
was used as the sorbent. This material was collected from
an increment 2-2.5 m below the surface, near a site located
in Tampa, FL, that is contaminated with solvents (tri­
chloroethene, tetrachloroethene). The sample collection
point was outside the contaminated zone (18). Textural
analysis revealed the material to be 971 g kg-I sand, 23 g
kg-1 silt, and 6 g kg-I clay.

Experimental Apparatus and Methods. Miscible
displacement techniques identical with those described by
Brusseau et al. (6) were used for these experiments. A
preparative chromatography column made of precision­
bore borosilicate glass, with an internal diameter of 2.5 cm
and a length of 10.6 cm, was packed in incremental steps
with dry material to establish a uniform bulk density of
1.64 g cm-3• After completion of packing, electrolyte so­
lution (0.01 N CaCI2) was pumped through the column
until steady-state water saturation (volumetric water
content of 0.42) was established. Two single-piston HPLC
pumps (Gilson Medical Electronics, Model 302) were
connected to the column, with a Rheodyne switching valve
(Model 7060) placed in-line to facilitate switching between

solutions that did or did not contain the solute of interest.
Single-solute solutions, with concentrations approximately
1-20% of saturation, were prepared by placing aliquots
of a saturated stock solution in a matrix of 0.01 N CaCI2•

The system was designed so that solute would contact only
stainless steel, glass, or Teflon.

A flow-through, variable-wavelength UV detector (Gilson
Holochrome) was used to continuously monitor solute
concentration in the column effluent for all experiments
except that involving 1,1,I-trichloroethane and 1,2­
trans-dichloroethane. In the latter case, a ternary-solute
solution of 1,1,I-trichloroethane, 1,2-trans-dichloroethane,
and trichloroethene was used, and effluent fractions were
collected for subsequent analysis by gas chromatography
(GC). The GC analysis was performed using a Perkin­
Elmer Sigma 3B equipped with a flame ionization detector,
a 30-m, 0.53-mm-i.d. capillary column (J&W Scientific,
JW624), and using a Hewlett-Packard integrator (HP3390)
for signal monitoring. Direct liquid injections (2 ILL) were
made into an injection block maintained at 200 DC, fol­
lowed by isothermal analysis at 62 DC. The performance
of the flow-through UV detection and effluent fraction
collection methods were compared and were found to
provide identical results, as previously shown by Brusseau
et al. (6).
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and where D is the dispersion coefficient (12/T), v is the
average pore-water velocity (L/T), x is distance (L), I is
column length (L), p is dimensionless time in pore volumes,
p is soil bulk density (M L-3), 8 is volumetric soil-water
content, Co is concentration of solute in the influent so­
lution, P is the Peclet number, which represents the dis­
persive-flux contribution to transport, R is the retardation
factor, which represents the effect of sorption on transport,
{3 is the fraction of instantaneous retardation, and w is the
Damkohler number, which is a ratio of hydrodynamic

and where C is the solution-phase solute concentration (M
L-3), SI is the sorbed-phase concentration (M M-I) in the
"instantaneous" domain, S2 is the sorbed-phase concen­
tration (M M-I) in the rate-limited domain, Kp is the linear
equilibrium sorption constant (L3 M-I), F is the fraction
of sorbent for which sorption is instantaneous, t is time,
and k l and k2 are forward and reverse first-order rate
constants (r-l ), respectively.

The following nondimensional equations describe the
transport of sorbing solutes during one-dimensional, steady
water flow in a homogeneous porous medium:

{3R ac* lap + (1 - (3)R as* lap =
(I/P) a2c* /axL ac* lax (4)

(1 - (3)R as* / ap = w(C* - S*) (5)

• dk:tworophenol

• quinoline

• illachlor

10 15

residence time to characteristic time for sorption. These
last two terms specify the degree of nonequilibrium exis­
tent in the system, which decreases as either of the two
increase in magnitude. Development of the dimensional
equations may be found in several sources (cf. refs 17, 19,
and 20).

To run the model, knowledge of the following parame­
ters is required: P, R, {3, w, and To, the size of the input
solute pulse in pore volumes. The value for P was obtained
from the breakthrough curve of a nonsorbing solute,
pentafluorobenzoic acid, by use of a nonlinear, least­
squares optimization program (21) to solve the advec­
tive-dispersive local equilibrium transport model. The
value for R, and thus K p (see eq 6d), was obtained by
moment analysis (6) for all solutes except the pesticides.
For these, the values for R determined by moment analysis
are uncertain because of the high degree of nonequilibrium,
reflected in the very small values of w (22). Hence, K p
values for the pesticides were measured by using a
standard batch isotherm technique, with equilibration
periods of 24-48 h. The data were represented well by
linear isotherms. The sorption of the non-pesticides was
also linear, as determined by comparing the front and back
segments of the breakthrough curves (17). The size of the
solute pulse, To, is known from measurement. The two
unknown parameters are thus {3 and w. A nonlinear,
least-squares optimization program using the bicontinuum
model (21) was used under flux-type boundary conditions
to determine values for the two unknowns. Values for k 2
were obtained by using eq 6h. Much of the forthcoming
analyses will employ the linear free energy relationship
(LFER) technique, as used by Brusseau and Rao (11),
where the logarithms of k 2 are regressed against the log­
arithms of Kp•

Results

The breakthrough curve for pentafluorobenzoic acid was
symmetrical, whereas those for the sorbing solutes were
asymmetrical and exhibited some degree of "tailing", or
delayed approach to C/ Co = 1 or O. This behavior suggests
that the nonequilibrium is caused by a sorption-related
rather than a transport-related mechanism (6, 15, 17).
Representative breakthrough curves and the simulations
produced with the bicontinuum model are shown in Figure
2. Comparison of the simulations and the data reveals
that the model provided good descriptions of the data.
The parameter values for all experiments are reported in
Table I; 95% confidence intervals obtained by first-order
uncertainty analysis are included for all optimized pa­
rameters.

Pore Volumes

Figure 2. Representative measured breakthrough curves (data points)
and simulations produced with the biconlinuum model (solid lines).

(2)

(3)

(1)

(6a)

(6b)

(6c)

(6d)

(6e)

(6f)

(6g)

(6h)

SI =FKpC

dS2/dt = klS I - k2S 2

C* = C/Co

P =vl/D

s* = S2/(l - F)KpCo

R =1 + (p/8)Kp

p =vt/I

{3 = (l + F(p/8)Kp)/R

X = x/I

w = k 2(1 - (3)RI/v

where

where

The flow rate used for all experiments was 3 mL/min
(average pore-water velocity of 90 em/h). Experiments for
most compounds were performed under ambient pH con­
ditions (pH of 7-8). Note that quinoline will exist in the
neutral form at this pH. For the experiments using the
chlorophenols, the pH was adjusted to 2 by addition of acid
(Hen so that the phenols would be present only as the
neutral species. To investigate the potential impact of the
pH change on observed nonequilibrium sorption, the
chlorobenzene and dichlorobenzene experiments were also
performed at pH 2.

Data Analysis. The various models available for sim­
ulating nonequilibrium sorption are reviewed elsewhere
(6, 17). The results of the miscible displacement experi­
ments using the sorbing solutes were analyzed by use of
a first-order bicontinuum model of the type presented by
several authors (cf. refs 8, 19, and 20). This model has been
successfully used to model nonequilibrium sorption and
transport of organic chemicals (cf. refs I, 3, 6-8, and 10-15).
With the bicontinuum model, sorption is conceptualized
to occur in two domains:
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Table I. Parameter Values

chemical pH R Kp (J" w· k,· SSQb

TOL 8 1.18 0.05 0.92 (0.92-Q.93) 0.17 (0.12-Q.22) 15.1 (10.9-19.3) 0.006
XYL 8 1.53 0.14 0.79 (0.79-Q.80) 0.35 (0.3<HJ.39) 8.4 (7.3-9.5) 0.004
NAP 8 1.87 0.22 0.79 (0.78-Q.81) 0.45 (0.3EHl.54) 9.5 (7.6-11.4) 0.Ql
CB 2 1.35 0.09 0.86 (0.85-Q.86) 0.24 (0.21-Q.27) 10.1 (8.8-11.4) 0.003
DCB 2 2.49 0.38 0.69 (0.68-Q.70) 0.57 (0.49-Q.66) 6.1 (5.2-7.0) 0.01
TCB 8 3.85 0.73 0.62 (0.62-Q.63) 0.98 (0.9(}-1.06) 5.5 (5.1-5.9) 0.003
TCA 8 1.11 0.03 0.95 (0.94-Q.95) 0.10 (0.07-Q.14) 14.5 (8.3-20.7) 0.002
DCE 8 1.18 0.05 0.89 (0.88-Q.90) 0.30 (0.25-Q.35) 18.8 (15.7-21.9) 0.001
TCE 8 1.36 0.09 0.82 (0.81-Q.82) 0.26 (0.22-Q.29) 8.1 (7(}-9.2) 0.003
TCE2' 8 1.32 0.08 0.82 (0.81-Q.83) 0.21 (0.15-Q.27) 7.2 (5.1-9.3) 0.01
PCE 8 2.36 0.35 0.54 (0.52-Q.55) 0.58 (0.5<HJ.66) 4.3 (3.7-4.9) 0.Q2
CP 2 1.29 0.Q7 0.94 (0.92-Q.95) 0.03 (0.01-Q.09) 10.2 (3.9-16.5) 0.04
DCP 2 1.38 0.10 0.92 (0.91-Q.92) 0.24 (0.21-Q.28) 16.4 (13.4-18.8) 0.0008
TCP 2 1.93 0.24 0.79 (0.78-Q.80) 0.42 (0.35-Q.49) 8.4 (6.9-9.9) 0.01
TeCP 2 4.64 0.94 0.82 (0.81-Q.82) 0.41 (0.37-Q.44) 3.9 (3.5-4.3) 0.003
PCP 2 15.08 3.63 0.71 (0.7<HJ.72) 0.74 (0.67-Q.81) 1.4 (1.3-1.5) 0.006
quinoline 8 2.75 0.45 0.82 (0.8<HJ.84) 0.42 (0.3<HJ.55) 7.0 (4.9-9.1) 0.01
AT 8 1.42 0.11 0.82 (0.81-Q.82) 0.03 (0.03-Q.04) 1.1 (0.8-1.4) 0.002
CYN 8 1.32 0.08 0.89 (0.89-Q.89) 0.01 (0.04-Q.02) 2.8 (2.2-3.4) 0.002
SlM 8 3.12 0.55 0.51 (0.49-Q.52) 0.10 (0.05-Q.15) 0.5 (0.2-Q.8) 0.08
TRl 8 2.90 0.49 0.51 (0.5<HJ.51) 0.06 (0.03-Q.09) 0.3 (0.1-Q.5) 0.03
ALA 8 1.55 0.14 0.74 (0.74-Q.75) 0.01 (0.01-Q.02) 0.2 (0.1-Q.6) 0.003

·95% confidence intervals. bSSQ = sum of the squares. 'Experiment performed with TCA and DCA.
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Figure 4. Relationship between the first-order reverse rate constant
(k" h-') and the equiibrium sorption constant (Kp' mL g-'). Key: TOL,
toluene; XYl, p-xylene; NAP, naphthalene; TCA, ',1, '-trichloroethane;
DCE, l,2-trans -{lichloroethene; TCE, trichloroethene; PCE, tetra­
chloroethene; CP, p-chlorophenol; DCP, 2.<klichlorophenol; TCP,
2,4,6-trichlorophenol; TeCP. 2,3,4.5-tetrachlorophenol; PCP, penta­
chlorophenol; CB, chlorobenzene; DCB, ',3-dichlorobenzene; TCB,
',2,4-trichlorobenzene; CYN, cyanazine; AT, atrazine; SIM, simazlne;
TRI. trietazine.

benzenes, alkylbenzenes, and chloroethenes/chloroethanes,
as well as the neutral species of chlorophenols and quin­
oline could be described with a single function. Several
tentative conclusions may be drawn from this. First,
sorbates containing single or multiple substitutions of
methyl or chlorine appear to exhibit k2-Kp relationships
similar to that of unsubstituted aromatic hydrocarbons
(naphthalene). Second, chlorinated alkenes/alkanes ap­
pear to exhibit a k2-Kp relationship similar to that of the
unsubstituted and substituted aromatics. Third, it appears
that the neutral species of ionogenic compounds exhibit
kinetic behavior similar to that of nonionic compounds.
It is apparent that, for these compounds, sorbate structure
has a minor impact on the nature of rate-limited sorption.
The major factor controlling nonequilibrium sorption ap­
pears to be the sorptivity (Kp value) of the compound,
which can be related to its hydrophobicity and molecular
size.
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FIgure 3. Comparison of lrichloroethene break1hrough curves obtained
by using single- and ternary-solute solutions. The single-solute ex­
periment used flow-through UV detection, while the ternary-solute
experiment used fraction collection followed by GC analysis.

The trichloroethene breakthrough curve obtained from
the experiment performed with a single-solute solution is
compared in Figure 3 to the breakthrough curve obtained
from the experiment performed with the ternary-solute
solution. The two breakthrough curves are essentially
identical, which is reflected in the similarity of parameter
values obtained from the two experiments (see Table I).
This similarity exemplifies the reproducibility of the
miscible displacement technique, as well as demonstrating
that the flow-through and fraction collection methods
produce identical results. In addition, the similarity
suggests that neither the magnitude nor the rate of sorp­
tion of trichloroethene was affected by the presence of
cosolutes. Trichloroethene and p-xylene breakthrough
curves obtained by using single- and binary-solute solutions
were reported by Lee et al. (l0) to be similar.

A plot of the reverse rate constants (k2) versus the
equilibrium sorption constants (Kp) is provided in Figure
4. The results of the benzene, 1,2-trans-dichloroethane,
monuron, monolinuron, and propachlor experiments are
not included because unique solutions could not be ob­
tained as a result of R values that were very close to 1
(insufficient sorption). Regressions performed for the in­
dividual chemical classes, excluding the pesticides, were
statistically indiscriminate (i.e., overlapping confidence
intervals). Thus, the k2-Kp relationships for the chloro-
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Inspection of Figure 4 reveals that the chlorobenzene
and dichlorobenzene data points, which were collected
under low-pH conditions, are similar to the data points
collected under high-pH conditions. This similarity sug­
gests that pH has a negligible impact on the nature of
nonequilibrium sorption exhibited by nonionic, low-po­
larity HOCs. It should be noted, however, that pH can
have a significant effect on nonequilibrium sorption of
ionogenic HOCs (7).

It is clear that the reverse rate constants of the pesticides
are much smaller than those of the non-pesticide HOCs
and that the differences are statistically significant (see
Table I and Figure 4). While the slopes of the LFERs are
similar, the intercept for the triazines is 1 order of mag­
nitude smaller than that for the non-pesticide HOCs. The
magnitude of the intercept is a measure of the charac­
teristic time of the sorption "reaction". Thus, sorption of
the pesticides is rate limited to a significantly greater
degree than is that of the non-pesticide HOCs.

Discussion
The inverse nature of the k2-Kp relationship presented

in Figure 4 suggests that a diffusion-limited mechanism
is responsible for the observed nonequilibrium (7, 11, 17).
While several researchers have proposed some form of a
diffusion-limited mechanism as the cause of nonequilib­
rium sorption for HOCs, it has not been possible to dis­
criminate between the two primary sorption-related, dif­
fusion-limited mechanisms: intrasorbent diffusion and
retarded intraparticle diffusion. Recent research (7),
however, has shown that diffusion within the matrix of
sorbent organic matter, or intraorganic matter diffusion,
appears to be responsible for the rate-limited sorption of
HOes by nonaggregated sorbents. A model that interprets
the nonequilibrium sorption in terms of diffusion of sor­
bate within a polymeric structure was presented by
Brusseau et al. (7). The model relates the first-order re­
verse rate constant to polymer diffusivity as follows:

k2 = a/(1 - F) and a = cDpy/l2 (7)

where a is a mass-transfer constant ell), c is a shape
factor, DJ'Y is the diffusion coefficient (L 7'"""2) in the poly­
mer, and l is the characteristic diffusion length (L).

Diffusion in polymers is dependent upon the physico­
chemical properties of the polymer, the diffusing molecule,
and the solvating medium. For a given polymer and
solvent, the diffusion coefficient decreases exponentially
with increasing molecular weight (MW) or size of the
sorbate, i.e., Dpy ex (MWt" (23-25). The log-log-linear
inverse relationship that exists between k2 and Kp is a
reflection of the strong dependency of f!Pl on molecular
size of the sorbate (7). The shape of the dittusing molecule
can also have an impact on diffusion in polymers (23, 26).
Branched molecules (e.g., benzene with various functional
groups), for example, have been shown to have smaller D y

values in comparison to unbranched molecules (26, 21).
The addition of functional groups to a molecule such as
benzene results in an increased potential for entanglement
with the polymer mesh, which will constrain diffusion.
Such behavior has been reported for sorption of alkyl­
benzenes by a sandy soil, where k2 values for propyl­
benzene and butylbenzene were smaller than the LFER
established for the unsubstituted series of benzene,
naphthalene, and anthracene (7).

The fact that the k2 values for all the non-pesticide
HOCs can be described by a single LFER suggests that
the relatively simple functional groups associated with
these molecules do not significantly affect their diffusive
behavior. This confirms the preliminary observations of

Brusseau and Rao (11). Inspection of the structures of the
pesticides (see Figure 1) reveals that they comprise rela­
tively complex functional groups. Such functional groups
could certainly result in an increased hinderance to dif­
fusion, which would be reflected in smaller k2 values. The
large difference in intercepts between the pesticides and
the non-pesticide HOCs may thus arise from this factor.

It is possible, however, that another factor instead of,
or in addition to, the diffusive constraint discussed above,
may be involved. The sorption of neutral HOCs is gen­
erally considered to involve van der WaaI type interactions
between the sorbate and sorbent. In contrast, sorption of
the classes of pesticides employed herein can, in some
cases, involve specific sorbate-sorbent interactions such
as charge transfer between the sorbate and functional
groups of the organic matter components of the sorbent,
as well as van der Waals interactions (28-34). The char­
acteristic time of reaction associated with specific sor­
bate-sorbent interactions can be significantly greater than
that of van der Waals interactions, which are rapid. Hence,
the difference in sorption rate constants (i.e., intercepts
of the LFERs) observed for the pesticides and the non­
pesticide HOCs may result from some combination of
diffusive constraint and specific sorbate-sorbent interac­
tions.

An attempt to delineate which factor may predominate
can be made by using the polymer diffusion analogue
discussed by Brusseau et aI. (7). As discussed above, Dpy
is an exponential function of molecular weight. Inspection
of eq 7 reveals that this functionality results in k2 being
a function of molecular weight. The k2-MW functionality
with n equal to 4 describes the data reported by Brusseau
et al. (7). This functionality can be used to estimate the
magnitude of the difference that would be expected be­
tween k2 values of the pesticides and the non-pesticides
if only diffusive constraints were involved. The predicted
differences can then be compared to the observed differ­
ences, revealing the fraction of the observed difference that
may be associated with diffusive constraint.

This was done with chlorobenzene (MW = 112.5),
atrazine (MW =216.1), and alacWor (MW =269.5) as the
representative sorbates. The predicted difference between
the k2 values of chlorobenzene and atrazine is 1.1 (log
units), while the observed difference is 1.0. The predicted
difference between the k2 values of chlorobenzene and
alachlor is 1.5, while the observed difference is 1.7. The
similarity between the predicted and observed differences
suggests that diffusive constraint may be the predominate
factor for the large differences between the rate constants
obtained for the pesticides and non-pesticides.

The large difference between the rate constants obtained
for the pesticides and non-pesticides has implications re­
garding the mechanism responsible for the nonequilibrium
sorption observed in these experiments. As previously
mentioned, several authors have postulated that some type
of diffusion-limited mechanism is responsible for none­
quilibrium sorption. Some authors have considered dif­
fusion within organic matter (cf. references cited in ref 17)
while others have proposed retarded diffusion within
microporous mineral components (4,35). The large dif­
ference in rate constants between the pesticides and
non-pesticides reported herein is inconsistent with the
retarded intraparticle diffusion model, which would predict
a difference of approximately 0.5 log unit between the
values for alachlor and toluene. The predicted difference
contrasts sharply with the observed difference of 2 log
units. The observed difference is, however, consistent with
the intraorganic matter diffusion model, as evidenced by
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the results discussed in the previous paragraph. Hence,
the data reported herein provide support for diffusion
within organic matter as the rate-limiting mechanism for
sorption of HOes by nonaggregated sorbents and are in
accordance with the results reported by Brusseau et al. (7).

Conclusions

The data presented in Figure 4 support the hypothesis
of Brusseau and Rao (J 1) that a series of roughly parallel
LFERs may be expected to describe the k2-Kp relation­
ships for diverse groups of chemicals, with the magnitude
0f the intercept dependent upon the nature of the sorbate.
The LFER for simple molecules such as benzene and
chlorobenzene represents a ·standard-state" behavior, with
deviations from the standard being a function of the rel­
ative degree of additional or lesser constraint affecting
sorbate-sorbent interactions. For example, sorbates with
relatively complex structures, such as some pesticides, may
have additional constraints relating to diffusion and spe­
cific interactions. These additional constraints result in
larger characteristic times of sorption and smaller rate
constants, as observed for the pesticides in this report.
Conversely, sorbates whose sorption involves cation ex­
change, for example, may have characteristic times of
sorption much smaller than HOCs, resulting in larger rate
constants (7). The structure of the sorbate should be
considered when the nonequilibrium sorption of organic
chemicals is evaluated.
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Phenol Oxidation In Supercrltical Water: Formation of Dibenzofuran, Dibenzo-p-dloxln,
and Related Compounds

Thomas D. Thornton, Douglas E. LaDue, III, and Phillip E. Savage"

Department of Chemical Engineering, The University of Michigan, Ann Arbor, Michigan 48109-2136

Introduction
Supercritical water is a good medium for the complete

oxidation of organic compounds, and this chemistry forms
the basis for a novel technology currently being advanced
for the ultimate destruction of hazardous wastes. Above
its critical point (Tc =374°C, Pc =218 atm), water has
a high solubility for both organics (1) and oxygen (2), so
a single phase containing a homogeneous mixture can exist
at reaction conditions. This elimination of potential in­
terphase transport limitations coupled with the moderately
high operating temperatures and pressures leads to rapid
oxidation rates.

Much of the previous research dealing with oxidation
in supercritical water has been devoted to either demon­
strating the technology (3-7) or measuring the disap­
pearance kinetics for relatively simple compounds (8-12).
Only very limited work (3, 12), however, has been devoted
to identifying and quantifying the reaction products from
the supercritical water oxidation of organic compounds.
Such research is clearly important from an environmental
viewpoint, especially when one considers that incineration,
another thermal oxidation process, can produce undesired,
high molecular weight condensation products such as di­
benzofurans and dibenzo-p-dioxins from phenols (13-18).
We have undertaken and completed this study to deter­
mine whether the oxidation of phenol, a representative
organic pollutant, in near- and supercritical water can lead
to the formation of similar high molecular weight products.

Experimental Section
Oxidation reactions were accomplished in both batch

and flow reactors. For the flow reactor studies, phenol
oxidation was carried out in an isothermal reactor that was
constructed from a 1- or 4-m length of 1/s-in.-o.d. Hastelloy
C-276 tubing. The reactor feed streams were prepared by
dissolving high-pressure oxygen into deionized water in a
stirred vessel and loading a mixture of phenol dissolved
in deionized water into a second vessel. The two feed
streams were pumped and preheated separately in 2-m
lengths of 1/16-in.-o.d. Hastelloy C-276 tubing coiled inside
a temperature-controlled fluidized sand bath. Employing
this split feed arrangement ensured that the phenol and
oxygen did not contact each other until the streams had
been pressurized and preheated to the desired reaction
conditions. We verified that the phenol did not react in
the preheater line by pyrolyzing phenol in supercritical
water in a batch reactor, under conditions identical with
those used in the flow reactor studies, and observing no
measurable conversion and detecting no reaction products.
The feed streams were mixed at the reactor inlet, and after
passing through the heated reactor, the reactor effluent
was cooled rapidly in a heat exchanger, depressurized, and
separated into liquid and vapor phases. Additional details

regarding the reactor design and operation have been re­
ported elsewhere (19).

The batch reactor studies were completed in constant­
volume reactors constructed from 3/s-in.-o.d. 316 stainless
steel tubing fitted with 316 stainless steel Swagelok end
caps. The reactors were loaded with a measured volume
of an aqueous stock solution of phenol in order to achieve
the desired reactor pressure for each reaction temperature.
The loading and sealing of the reactors were completed
in an oxygen-filled glovebag. Thus, phenol, water, and
oxygen were the only compounds initially present within
each reactor. After the reactors were loaded and sealed,
they were next immersed in a preheated, isothermal
fluidized sand bath. When the desired residence time was
reached, the reactors were removed from the sand bath and
quenched in an ambient temperature water bath. Each
reactor was opened, and the liquid-phase product was
retained for further analysis.

The concentration of unreacted phenol was determined
by reverse-phase, high-performance liquid chromatography
(HPLC), and more details are available elsewhere (19).
Prior to further analysis, the liquid product samples were
subjected to a benzene solvent extraction protocol in which
the liquid product was contacted with benzene in a 5:1
volume ratio. The extraction step transferred the organic
compounds in the aqueous phase into the benzene, thereby
concentrating the samples. The benzene layer was
transferred to a vial and retained for further analysis.

Identification of the reaction products was accomplished
using a Hewlett-Packard (HP) Model 5890 gas chroma­
tograph (GC) with a Model 5970 mass selective detector
and a computer workstation. Quantification of the product
concentrations was accomplished using an HP 5890 GC
equipped with a flame ionization detector and an HP 7673
autosampler/injector. In both gas chromatograph systems,
a 12 m X 0.2 mm X 0.33 ILm film thickness HP-1 capillary
column separated the sample constituents.

The concentrations of each of the products were de­
termined by first preparing a set of aqueous standard
solutions containing different concentrations of each
product. We next subjected these standards to the solvent
extraction protocol used for the reaction products, sepa­
rated the benzene and aqueous phases, injected 1 ILL of
the benzene phase into the GC, and recorded the inte­
grated area of the resulting peak on the chromatogram.
Plotting these integrated areas as a function of the con­
centration of the compound in the standard solution re­
sulted in a linear calibration. We used these calibrations
to determine the concentrations of the different reaction
products in the samples taken from the flow reactor.
Multiple injections of samples withdrawn from the same
vial revealed that the GC analyses were reproducible as
the integrated peak area varied by ±6'70 at the 95% con-
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spectrum. The structures that appear near the individual
peaks in Figure 1 summarize the results of the computer
matches of the mass spectra. Note that these identifica­
tions remain tentative for most of the compounds. Four
of the compounds (4-phenoxyphenol, 2,2'-biphenol, di­
benzofuran, and dibenzo-p-dioxin), however, were posi­
tively identified by comparing both their retention times
and mass spectra with those of authentic compounds.
Additionally, we are confident that the identification of
2-phenoxyphenol is also correct because of the very good
match of its mass spectrum with the library spectrum.

Table I provides a summary of representative experi­
mental results obtained under the different reaction con­
ditions. Inspection of the data in Table I reveals that at
shorter residence times 2-phenoxyphenol, 4-phenoxy­
phenol, and 2,2'-biphenol were typically present in higher
concentrations than were dibenzofuran and dibenzo-p­
dioxin. At longer residence times, however, dibenzofuran
was typically the product present in the highest concen­
trations. In no experiment did the dibenzo-p-dioxin con­
centration ever exceed 0.3 ppm, and for several sets of
operating conditions it was not detected as a product.

Figure 2 displays the temporal variations of the con­
centrations of the five products whose identities are cer­
tain. These data were obtained by operating the flow
reactor at 380 ·C and 278 atm and using a feed stream with
an initial phenol concentration of 100 ppm and 800%
excess oxygen. At short reaction times the concentrations
of the two phenoxyphenol isomers were the highest. These
concentrations increased rapidly with time until they
reached maximum values near 13 s. As time increased,
however, the concentrations of the phenoxyphenols de­
creased until they were present in very low concentrations
at the long reaction times. The concentration of 2,2'-bi­
phenol showed a similar trend with time, but its concen­
tration was always much lower than that of the phenoxy­
phenols. The dibenzofuran concentration was always
greater than 0.9 ppm, and it increased slowly with reaction

864 10
Tillie (1I1n.1

Total ion chromatogram of phenol oxidation products (380 ·C, 233 atm, 875 ppm phenol, 40% excess oxygen, and 33-s residence
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Results and Discussion

The nominal reaction conditions used in our experi­
ments included temperatures of 300, 380, and 420 ·C and
pressures of 218, 233, and 278 atm. We intentionally op­
erated at temperatures somewhat lower than the tem­
peratures of 40Q-650 ·C typically proposed for commercial
applications of supercritical water oxidation technology
(5, 7) so that the products from the incomplete oxidation
of phenol could be detected. The operating pressure was
comparable to that proposed for commercial operation.
The initial phenol concentrations were from 100 to 1000
parts per million on a mass basis (ppm), and the initial
oxygen concentrations ranged from the precise stoichio­
metric amount required for the complete conversion of
phenol to carbon dioxide and water (0% excess oxygen)
to 11 times the stoichiometric amount (1000% excess ox­
ygen). Through the combination of both flow and batch
reactor work, a wide range of residence times could be
tested. The residence times investigated in the flow reactor
ranged from 3 to 109 s, and much longer residence times
from 300 to 29000 s (5 min to about 8 h) were tested in
the batch reactor. These residence times covered a broader
range than those proposed for commercial operation.

Gas chromatography-mass spectrometry analysis of the
benzene extracts revealed the presence of a very large
number of individual reaction products. Figure 1 displays
a representative total ion chromatogram, which corre­
sponds to a sample produced by oxidizing 875 ppm phenol
with 40% excess oxygen at 380 ·C and 233 atm for 33 s
in the flow reactor. We tentatively identified each of the
compounds by searching the computer library of mass
spectra and selecting the one that best matched its mass

Figure 1.
time).

fidence level. Additionally, background analyses verified
that the deionized water, phenol, and benzene used in the
experiments were each free of high molecular weight im­
purities.
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Table I. Product Concentrations for Selected Operating Conditions

product concn, ppm

pressure, resid init phenol excess phenol
temp, °C atm time,s coneD, ppm oxygen, % convrSD, 0/0

dibenzo- 2-phenoxy- dibenzo- 2,2'- 4-phenoxy-
furan phenol dioxin biphenol phenol

300
300
300
300
380
380
380
380
380
380
380
380
380
380
380
380
380
380
380
380
380
380
380
380
420
420
420
420
420
420
420
420

278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
278
218
218
218
218
218
218
218
278
278
278
278
278
278
278
278

27
47
78

109
4

10
24
98
16
32
65
12
41
78

900
1800

29040
3
7

13
600
900

1800
3600

4
12
16
41

300
1800
3600

28800

242
244
230
240
96
98

101
96

973
951
965
243
242
246
151
151
151
258
249
225
590
590
590
590
98
92
98
92

750
750
750
750

294
284
318
275
985
923
858
872

4
13
6

228
280
276
250
250
250
180
193
253
250
250
250
250
781
871
668
868
263
263
263
263

21
40
82
95
17
27
59
98
32
61
73
27
69
93

100
100
100

4
10
13

100
100
100
100

16
29
40
75
94

100
100
100

0.0
0.2
0.0
0.2
1.4
1.6
1.3
2.4
1.5
2.9
2.4
2.3
3.4
2.9
2.4
2.5
0.0
1.1
1.0
1.1
8.0
3.6
5.6
3.8
1.6
2.1
2.7
2.2

12.5
9.7
9.7
0.0

3.8
4.0
1.5
0.0
3.7
4.5
7.1
0.3

57.7
36.3
23.0
21.9
14.8
2.6
0.0
0.0
0.0
4.5
8.1

11.5
0.0
0.0
0.0
0.0
7.6

12.9
16.0
9.0
3.5
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.3
0.1
0.1
0.1
0.2
0.0
0.2
0.3
0.1
0.0
0.0
0.0
tr < 0.1
0.0
tr < 0.1
0.2
0.0
0.2
0.0
0.0
0.0
0.0
0.0
0.3
0.0
0.0
0.0

2.4
2.7
0.7
0.0
0.4
0.4
0.2
0.0

32.6
15.1
6.5
4.4
1.5
0.0
0.0
0.0
0.0
0.9
0.7
2.7
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

6.0
6.1
2.2
0.0
2.4
2.4
2.5
0.0

12.2
8.3
5.6
8.3
4.1
1.0
0.4
0.3
0.0
1.6
3.2
5.0
0.0
0.0
0.0
0.0
2.1
3.1
3.1
1.1
0.0
0.0
0.0
0.0

The data in Figure 2 indicate that the 2,2'-biphenol and
phenoxyphenols were oxidized on roughly the same time
scale as was phenol, the original reactant. The batch re­
actor results in Table I, however, show that the dibenzo­
furan was more resistant to degradation. For example,
oxidation of 750 ppm phenol at 420 ·C and 278 atm for
3600 s (1 h) resulted in a dibenzofuran concentration of
9.7 ppm. After 28800 s (8 h) of oxidation at these con­
ditions, however, the dibenzofuran was completely de­
graded. These results show that of the five condensation
products detected in the present work, dibenzofuran was
the product most resistant to oxidative degradation in
supercritical water, but even this persistent product can
be destroyed at long residence times.

The data in Figure 2 also show that a large fraction of
the original phenol goes into the formation of the high
molecular weight products. For example, at a residence
time of 13 s, the total concentration of the five identified
condensation products was 15.6 ppm and the phenol
concentration was 63 ppm. Thus, 37 ppm of phenol had
reacted to form other products, so approximately 42% of
that phenol went into the formation of these higher mo­
lecular weight products. The balance of the phenol that
reacted apparently formed other products (e.g., catechol,
hydroquinone, p-benzoquinone, carboxylic acids, carbon
monoxide, and carbon dioxide) that we have identified in
earlier investigations using HPLC analysis of the liquid
product and GC analysis of the vapor phase (19).

To summarize, this work has been the first to identify
2-phenoxyphenol, 4-phenoxyphenol, 2,2'-biphenol, di­
benzofuran, and dibenzo-p-dioxin as products from oxi­
dation of phenol in supercritical water under a variety of
different reaction conditions. Furthermore, it is evident
that these products contain a significant proportion of the
organic carbon originally present in the reactant. Finally,

10080604020
O+-----,----r--~====~=<>=mf.

o
10 +--...,;:-'-----'__--'-__--'-__-+

25

time. The concentration of dibenzo-p-dioxin was always
very low, and its maximum value was 0.3 ppm at 9.9 s.

Residence Time (sec)

Figure 2. Temporal variation of concentrations of selected products
(380 ·C, 278 atm, 100 ppm phenol, and 800% excess oxygen).
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these products formed from the supercritical water oxi­
dation of phenol are also formed from phenol incineration
(13-18). This observation suggests that there may be a
relationship between the two thermal oxidation processes,
even though supercritical water oxidation operates at much
lower temperatures and much higher pressures than does
incineration.
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Sonochemlcal Destruction of Chlorinated Hydrocarbons in Dilute Aqueous Solution

H. Michael Cheung,' Ashlsh Bhatnagar, and Greg Jansen

The University of Akron, Department of Chemical Engineering, Akron, Ohio 44325-3906

Introduction

Power ultrasound in the range of 20-100 kHz has found
application in cleaning (the common laboratory ultrasonic
cleaner operates in this frequency range), plastic welding,
emulsification, and chemical reactivity. Most sonochemical
research to date has focused on synthetic aspects of ul­
trasound. Both homogeneous and heterogeneous ultra­
sound can produce sonochemistry, a recent review by
Suslick (1) provides a concise overview of the current state
of the art. A more extensive tutorial in sonochemistry can
be found in the book by Mason (2),

Homogeneous sonochemistry results from the formation
of cavitation bubbles in the solvent. The bubble collapse
leads to surprisingly high local temperatures and pressures.
Locally the temperature and pressure may reach 5000 °C
and 500 atm, respectively (3). These rather extreme con­
ditions are very short lived, but have been shown to pro­
duce several reactive species in aqueous systems including
H20 2, H02, H", and OHo (4). The reactions that take place
in aqueous solution are similar to combustion (5) though
strong reduction as well as oxidation reactions have been
observed (6).

Weare currently exploring the use of homogeneous
ultrasound in destroying chlorinated hydrocarbons in di­
lute aqueous solution. We have thus far examined the
sonochemical destruction of methylene chloride, carbon
tetrachloride, l,l,l-trichloroethane, and trichloroethylene
in concentrations in the 100-1000 ppmv range. Ultrasound
appears to be quite effective in the destruction of the
compounds examined thus far. Quantitative results with
GC/MS have been obtained for methylene chloride,
qualitative results from pH measurements have been ob-

tained for the other compounds.

Experimental Section

The experimental setup consisted of a Heat Systems
W-385 ultrasonicator and a 2-L glass reaction vessel
equipped with a stainless steel cooling coil. The W-385
ultrasonicator is capable of delivering 475 W of ultrasonic
energy. The temperature and pH of the reactor contents
were continuously monitored. The sonicator was operated
at its maximum output setting and typically delivered 40%
(approximately 250 W) of its rated power to the reactor.
The chlorinated hydrocarbons were all of at least 99%
purity and were used as received. A Hewlett-Packard
GC/MS (5890 GC, 5970 mass sensitive detector, and 9133
Chern Station) with a 12 m x 0,2 mm x 0.33 ILm film
thickness HP Ultra 1 capillary column coated with
cross-linked methylsiiicone gum was used for determina­
tion of methylene chloride concentrations. Regular tap
water was used in the cooling coils to prevent temperature
rise due the sonication. The temperature was not con­
trolled but ranged from 15 to 20 ·C. We are planning to
install a temperature-controlled circulation bath on the
reactor.

Temperature and pH data were recorded at regular in­
tervals with the sonicator on standby. The sonicator in­
terferred with the stability of the pH reading. For meth­
ylene chloride, lD-mL samples were withdrawn for GC/MS
analysis. The analytical protocol involved combining the
10-mL sample with 1 mL of hexane and shaking for 2-5
min by hand. After at least 10 min of equilibration, 1 ILL
of the hexane phase was injected into the GC/MS. A
calibration curve utilizing aqueous samples of known
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Figure 1. Solution pH versus sonication time for the homogeneous
sonochemlcal destruction of 120 ppmv methylene chloride In water.

methylene chloride concentration was developed by use
of the same hexane extraction protocol. The calibration
curve was linear over the 25-1000 ppmv range.

Results and Discussion
The pH of the reactor contents decreased rapidly in all

cases, indicating the probable formation of HCI from the
chlorinated reactants. The GCjMS results indicate a
corresponding rapid decrease in the concentration of
methylene chloride. Figure 1 shows the pH versus soni­
cation time data for 120 ppmv methylene chloride. Figure
2 shows the GCjMS-determined concentrations and con­
version for the same experiment. The shape of the curves
is indicative of first-order kinetics, and a fit of the data
yielded a first-order rate constant of 3.93 X 10-2 ± 2.7 X
10-3 min-I.

Similar pH results are obtained for carbon tetrachloride
(Figure 3), trichloroethylene, and 1,1,1-trichloroethane.
The pH results for the carbon tetrachloride are particularly
interesting since it contains no hydrogen. We conclude
that it is likely that the hydrogen for the HCl formation

pH

Figure 4. Rate of Hel formation versus solution pH for the sono­
chemical destruction of 100 ppmv methylene chloride in water.

is obtained from the water. Another feature of the pH
measurements is that after they appear to become as­
ymptotic, the rapid pH decline can be repeated following
the addition of sodium hydroxide to increase the system
pH. Figure 3 demonstrates this for the case of 100 ppmv
carbon tetrachloride. Much of this effect is due to pH
being minus the logarithm of the hydrogen ion concen­
tration; however, it appears that the selectivity toward HCI
formation (or at least hydrogen ion production) is pH
dependent. Figure 4 plots the rate of HCI formation (in­
ferred from the pH measurements) versus solution pH for
the sonication of 100 ppmv methylene chloride. The rate
of HCI formation seems to peak at approximately pH 4.
It is speculative at this early stage, but it appears that pH
may be useful in driving the reaction toward HCl as the
final chlorinated product. We have not identified any
other chlorinated species produced yet. The GCjMS re­
sults indicate no other chlorinated organics are present in
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the sonication of methylene chloride (at least to the de­
tection threshold of the instrument). We suspect that Cl2
is being formed, but have not yet attempted to detect it.

We are presently developing the calibration curves
needed for GC/MS analysis of carbon tetrachloride,
l,l,l-trichloroethane, and trichloroethylene. We plan to
test the reactor vessel headspace for the presence of Cl2
in the hopes of closing the chlorine atom balance on the
reactor. Sonochemical destruction of chlorinated hydro­
carbons appears to be a potentially powerful method of
remediation, which may compete with or serve as an ad­
junct to other advanced oxidation processes.
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