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aster Difficult
nvironmental Samples

If you are in the business of monitoring
the land we use, the water we drink
and the air we breathe, you should be
in business with Varian.

Varian analytical instruments have
superb sensitivity, down to parts-per-
trillion levels, and can master even
the most difficult samples. You'll
discover new techniques that ensure
easy sample handling, enhanced
laboratory productivity, and reliable
analytical results.

And instrumentation is only the
beginning. We're committed to working
with our customers, so when you buy
from Varian, you'll buy more than just
a single instrument or system. We
deliver a whole package. A package that
includes technical support and superior
service. Details? Call 1-800-926-3000.
In Canada, call 1-800-387-2216.

-
GC * GC/MS ¢ HPLC ¢ AA ¢ ICP ¢ UV-Vis-NIR ¢ NMR ¢ Sample Preparation varlan
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from test tube to report. . .error free
Never

Touched by
Human Hands

Chloride Concentration in MW1 at ACME
February 1987-January 1991

Trend In Time Plot. .
Edifice™ Graphically Shows Trends In Your Data %

fice" . .the essence of simplicity

yads Lab Data Error Free » Basic Statistical Analysis of Data Sets (Custom DEMO DISC AVAILABLE FOR $10.00
re Transcription Errors Statistical Packages Can Be Added) (refundable upon purchase of EDIFICE™)

ul Graphing Capabilities . . .Views Two n Works on Whole Database or Any Subset

ndent Graphs Simultaneously (ex: Choose Only Benzene via Filter Mechanism)

ing Your Analytical Lab Data is a Breeze n Easy To Use. . .Context Sensitive Help at The MITTE LHAU s E R

DIFICE™ Touch of F1 Key —corporation___
User Friendly Reporting: » EDIFICE™ Manuals Are Online Mittelhauser Corporation

ible/User Definable Table Reports » No Programming Necessary Software Development Group

ible/User Definable Free Form Reports = Upto14,000,000 records perfile. . .and24indices 1240 Iroquois Drive

Unlimited Data Sorting Capability = For IBM and Compatibles Naperville, Illinois 60563  (708) 369-0201

Thauser Corporation. . . Environmental Consulting and Remediation Services
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APG Analytical Products Group, Inc.

The measure of quality >

Environmental Standards: A

Setpoint Laboratory Standards are designed to be used as external quality control
standards for environmental analysis. The standards are available in seventeen
convenient sets covering more than sixty EPA test methods over a broad
concentration range. Standards are available for both inorganic and organic test
methods.

Setpoint Laboratory Standards are verified in a unique nationwide interlaboratory
program. This program allows APG to provide actual performance data with the
standards. True Values, Means, and Standard Deviations are supplied with every
lot of standard. This system insures that you can have confidence in the standards
you use.

Laboratory Performance Evaluation

The final test of any laboratory’s Quality Control program is their ability to run
unknown samples. The P.E.T. Program is a nationwide interlaboratory performance
evaluation program for laboratories performing environmental analyses. This
program allows laboratories throughout the U.S. and Canada to evaluate their
performance on EPA required test methods. The P.E.T Program is the Quality
Assurance Challenge.

For additional information please contact For immediate response call toll-free
Analytical Products Group, Inc. 1-800-272-4442 in the U.S.
2730 Washington Blvd. 1-800-327-1423 in Canada

Belpre, OH 45714
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Regulation of Agrochemicals

A Driving Force in Their Evolution
. ——
Thls new volume presents a history of

the development of chemical pest con-

trol and the regulations to monitor
their use. It also looks to the future with an
examination of the consequences of regula-
tions and their influence in shaping the
pesticide market and the future role of
chemical pest control.

Particular attention is given to reregistra-
tion and the ensuing controversy, which
requires that each of 30,000 to 40,000
products on the market must be reviewed.
Perspectives from parties on both sides of
the controversy that reregistration has engendered are presented.

Regulation of Agrochemicals is important reading for agrochemists; regula-

!-—*“'

tory personnel; federal, state, and local government officials; and anyone inter-
Tekmar ested in the recent history of pesticide development and use.
7000 Contents
= Best Automation Value at $290 ® Agrochemicals and the Regulatory Process Before 1970 @ The Persistent Seventies
Headspace per Sample Position with © Impact of Regulations on the ACS Division of Pesticide Chemistry ® Consequences of
50 Sample Capacity Reregistration on Existing Pesticides ® A Short History of Pesticide Reregistration ® Pesti-
r 4 cide Regulation in Developing Countries of the Asia-Pacific Region ® Pesticide Registration
AUtosampler Easily Interfaces to All GC in Europe @ Academic and Government Research Input to the Registration Process @ Trends
or GC/MS Systems in Agrochemical Fourmulation ® Analytical Chemistry and Pesticide Regulation ® Influence
+ Temperature Range Up to of Regulations on the Nature of Newer Agricultural Chemicals ® Biotechnology and New
200°C... Directions for Agrochemicals ® The Fate of Pesticides, the Reregistration Process, and the
and MUCH MORE! Increasing Public Concern about Exposure ® Agrochemicals in the Future
Form inf tion and our ) Gino J. Marco, Robert M. Hollingworth, and Jack R. Plimmer, Editors
ey _py ay m— o 192 pages (1991)
EREEICATATCG] Ciothbound: ISBN 0-8412-2089-1  Paperbound: ISBN 0-8412-2085-9
e e e $44.95 $34.95

Call Now!
(800) 543-4461

Outside the US. wmmnznm Telefax (513) 247-7050 » Telex 214221
Box 429576 Cincinnati, Ohio 45242-9576

Order from: American Chemical Society, Distribution Office, Dept. 12
1155 Sixteenth St., N.W., Washington, DC 20036

or CALL TOLL FREE 800'227'5558

(in Washington, D.C. 872-4363) and use your credit card!
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Explore Landmark Organic Chemistry Achievements

With the Chemists That

Made Them Happen!

Profiles, Pathways, and Dreams
Autobiographies of Eminent Chemists

Jeffrey I. Seeman, Editor

winning organic chemists, highlighting the history of organic chem-

This new multi-volume series is a virtual “Who’s Who” of award-

istry through the eyes of some of its most noted researchers. The
lifetime achievements of these acclaimed scientists are chronicled in
their own words, along with fascinating photos depicting both their
professional and private lives. Their autobiographies provide candid
portrayals of themselves, their personal philosophies, and their contribu-

tions to the world of chemistry.

Profiles, Pathways, and Dreams not only examines the most important
developments of the past 50 years, but also gives insight into the hu-
manistic side of organic chemistry’s most famous researchers. Readers
interested in the history of organic chemistry will find these volumes

highly entertaining.
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ESEHT EDITORIAL

Environmental protection:
Form or substance?

It was recently pointed out in Chemical and Engi-
neering News (Oct. 21, 1991) that 1991 was the
first year since 1948 that no U.S. scientist won a
Nobel prize. In the same issue, it was noted that
Dow Chemical has appointed a panel of environ-
mental advisors which included one academic
from the United States. The issue contained two
other reports. In one, cooperation among Japan
and the state of Tennessee, the Tennessee Valley
Authority, and Oak Ridge National Laboratory on
high-tech developments was analyzed in terms of
the benefits and potential encumbrances to U.S.
institutions. The other report critically reviewed
the new efforts by the World Bank to shed its en-
vironmentally checkered past.

At first reading, these reports seem to be unre-
lated, but the overall impression I get is that none
of them bodes well for this country or for the
world in general. Some people might say that the
shutout in Nobel prizes is a statistical fluke, re-
flecting only the emergence of western European
science after World War 1II, not the demise of our
own. What does it matter if the basic science of
complex chemical systems is first elucidated in
France rather than the United States, or if funda-
mental advancements in NMR spectroscopy are
first made in Switzerland? The results of the re-
search are readily assimilated by the world com-
munity, and all benefit. Besides, many would say,
much of this research is done in parallel fashion in
the United States, which by any measure contin-
ues to be a world leader in essentially every major
field of scientific inquiry.

Moreover, it is increasingly clear that we are ap-
proaching a new economic order where science,
business, and industry transcend national govern-
ments. What does it matter then if Japan funds
projects in Tennessee, or if Hewlett-Packard de-
cides, as it has, to fund a chair in environmental
chemistry at a university in Germany rather than
in its home country? Indeed, the concept of
“home” is challenged continually, even for indi-
viduals, as our means of communication and trav-
el make the distances between us and our world
neighbors shorter and shorter.

Those who travel to Europe regularly, however,
know that support there for fundamental science
is yielding important results, and that in some
fields we are simply not keeping up. Many people

0013-936X/91/0925-1949$02.50/0 © 1991 American Chemical Society

in this country feel that the cause is a lack of will
in government and the private sector to devote
major resources to new science. Why else, these
cynics say, would scientists from Tennessee be so
eager to ‘‘relate, exchange people, start programs”
with the Japanese, if not to “receive research
funds?” (C&EN, Oct. 21, 1991, p. 18).

Dow’s group of environmental advisors symbol-
izes a rather recent commitment of major indus-
tries to bring environmental stewardship into the
board room, rather than the back lot. Other large
companies are responding similarly, as the pages
of C&EN and this journal regularly report. The
World Bank’s environmental efforts signify a sim-
ilar realization by the world financial community
that the environment and economics are now in-
extricably intertwined. Both institutions’ moves
are healthy signs.

However, the nagging doubt remains: Are we
addressing environmental protection with glitz or
substance? How well do the managers of the fi-
nancial and business institutions of this world ap-
preciate the need for new research in environmen-
tal science and technology? Are they being
advised at the highest level by scientists and engi-
neers who are devoted to the research process?
Given how much we do not know about how nat-
ural systems work, and how humans affect them,
are we responding to the cry for environmental
protection with public relations gimmicks, or pro-
grams of real merit? Will the Dow group, when fi-
nally constituted, contain more representatives
from the scientific and engineering community;
and will the World Bank and USAID [United
States Aid for International Development] define
environmental research in terms that are compati-
ble with their own internal objectives and prefer-
ences, or in terms of the real needs in the develop-
ing world?

Will the nation with the largest GNP of all con-
tribute its fair share to unraveling the secrets of the
natural world and to solving the problems caused
by humanity’s impact on nature?

Ay
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Pesticide Transformation
Products

Fate and Significance

in the Environment

Here is the first available re-
source on the fate, effects, and
significance of pesticide trans-
formation products, highlight-
ing the awareness that
pesticides are transformed to
other chemicals that are often
still biologically active. Covers
pesticide degradation mecha-
nisms and products, the fate
of transformation products in
the physical and biological en-
vironment, and the signifi-
cance of transformation
products in crop protection
and environmental contamina-
tion.

L. Somasundaram and Joel R.
Coats, Editors

ACS Symposium Series No. 459
320 pages (1991) Clothbound
ISBN 0-8412-1994-X

$64.95

Immunoassays for Trace
Chemical Analysis

Monitoring Toxic Chemicals in
Humans, Food, & the Environment
This text clearly brings to-
gether a broad range of the
applications of analytical im-
munochemistry, including
immunoassays for chemical
residues in food and the envi-
ronment, natural toxins, and
monitoring human exposure
to toxic chemicals. Also in-
cluded are three appendixes
that provide up-to-date compi-
lations of references organized
according to applications: en-
vironmental monitoring, myco-
toxin analysis, and DNA- and
protein-adduct analyses.
Martin Vanderlaan, Larry H.
Stanker, Bruce E. Watkins, and
Dean W. Roberts, Editors

ACS Symposium Series No. 451
362 pages (1991) Clothbound
ISBN 0-8412-1905-2

$79.95

Immunochemical Methods
for Environmental Analysis
This valuable reference focus-
es on the use of immunoas-
says in environmental
monitoring and quality con-
trol, including regulatory as-
pects. Its 18 chapters are
divided into three sections
covering immunoassay evalu-
ation guidelines, academic ad-
vances in immunoassay
technology, and immunoassay
activities in industry. Recom-
mended reading for agricultur-
al, pesticide, and
environmental scientists; ana-
lytical chemists; and biotech-
nologists.

Jeanette M. Van Emon and
Ralph O. Mumma, Editors

Recommended
Reading!

ACS Books on

Environmental Chemistry and
Chemical Health and Safety

ACS Symposium Series No. 442
239 pages (1990) Clothbound
ISBN 0-8412-1875-7

$49.95
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Biological Trace Element
Research

Multidisciplinary Perspectives
Planning considerations, qual-
ity assurance, and analytical
methods (e.g., furnace atomic
absorption spectrometry, neu-
tron activation analysis, and
HPLC-fluorometry) are just
some of the topics adressed
here. The text is multidisci-
plinary in scope and examines
problems of speciation in trace
element research, the need for
biological reference materials,
and factors affecting element
bioavailability.

K. S. Subramanian, G. V. Iyen-
gar, and K. Okamoto, Editors
ACS Symposium Series No. 445
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Developing a Chemical
Hygiene Plan

This essential “how-to” book
tells you what you need to
know to comply with the fed-
eral regulation known as the
“OSHA Laboratory Standard”.
Developed by the ACS Com-
mittee on Chemical Safety, the
guide presents hygiene plans

that can be modified accord-
ing to the particulars of indi-
vidual laboratories. Several
appendices are provided, in-
cluding employee information
and training techniques, expo-
sure assessment procedures,
the elements of an emergency
procedure plan, the OSHA
Laboratory Standard, a list of

contacts for states that have -
OSHA-approved state plans,
and a list of acronyms.

Jay A. Young, Warren K. Kings-
ley, and George H. Wahl, Jr.

72 pages (1990) Paperbound
ISBN 0-8412-1876-5

$18.95

Emerging Technologies in
Hazardous Waste
Management Il

In this sequel to ACS Sympo-
sium Series No. 422 the edi-
tors expand their coverage
with contributions on air treat-
ment, as well as a greater ex-
amination of computer
applications and modeling. Of
special interest is a presenta-
tion on the use of internal ra-
diant energy within a
gas-fired combustion chamber
to maintain high combustion
temperatures, a technique
that appears important for the
thermal destruction of many
chlorinated species.

D. William Tedder and Frederick
G. Pohland, Editors

ACS Symposium Series No. 468
446 pages (1991) Clothbound
ISBN 0-8412-2102-2

$89.95

The Green Flame

Surviving Government Secrecy
Written for the general reader,
this lively and entertaining
volume provides a first-hand
account of secret defense re-
search being performed in the
years following the Korean
War. Dequasie shares his
memories from the start of his
work on the government-
sponsored boron fuels project
to the final government deci-
sion to kill the project. Backed
up with documentation that
has only recently been declas-
sified, this volume paints a
vivid and intriguing picture of
the chemical and engineering
challenges involved in the
work, explores the worlds of
sabotage, explosions, and pos-
sible spy activity, and explains
why this billion dollar effort
ultimately failed.

Andrew Dequasie

250 pages (1991) Clothbound
ISBN 0-8412-1857-9

$22.95
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INTERNATIONAL

The Antarctic is a protected con-
tinent, according to a treaty
signed Oct. 4 in Madrid. Under
the treaty, oil and mineral explo-
ration would be banned until at
least 2041, when a two-thirds ma-
jority of all 26 signatories would
be needed to lift the ban. The
agreement provides for monitor-
ing of the Antarctic, as well as
protection of wildlife and control
of waste disposal and marine pol-
lution. The treaty almost foun-
dered in June when the United
States rejected a provision that
required a unanimous vote to lift
the ban on oil and mineral explo-
ration. The change to the require-
ment for a two-thirds majority
removed the United States’ objec-
tion. To date, 26 nations have
signed the Antarctic Treaty; 24
signed this revision, but Japan
and South Korea will sign on after
their domestic legal procedures
are completed.

The Eighth Conference of Direc-
tors of Water Research Organiza-
tions was held in Juan-les-Pins,
France, the first week in October.
Participants from 17 countries,
including Eastern European na-
tions, focused on the directives of
the European Community and
their influence on the ecology of
aquatic systems. Emphasis was on
environmental impacts on the
Mediterranean, Baltic, and North
Seas and on costs for necessary
corrective actions against pollu-
tion of those waters. In addition,
research strategies, project man-
agement, and general trends were
discussed, as was the environ-
mental situation in the Eastern
European countries. For informa-
tion contact Fritz Frimmel, En-
gler-Bunte-Institut der Universitit
Karlsruhe, Postfach 6980, D-7500
Karlsruhe, Germany.

FEDERAL

The U.S. Senate Commerce Com-
mittee vehemently protested a
decision by the General Agree-
ment on Tariffs and Trade
(GATT) that U.S. environmental
protection laws and regulations
may not be used as a barrier to
trade. At issue was a ban on im-
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ports of tuna from Mexico, Van-
uatu, and Venezuela because of
those countries’ failure to comply
with the U.S. Marine Mammal
Protection Act (MMPA) that re-
quires the protection of dolphins
by tuna fishermen. In January
1991, Mexico had challenged
MMPA as a trade barrier under
GATT. Led by Sen. Ernest Holl-
ings (D-SC), 59 senators called on
the Bush administration to block
implementation of the GATT re-
port for now and to modify GATT
to balance environmental protec-
tion against economic provisions
of free trade. ‘“We cannot ignore
our responsibility to conserve
world resources in an effort to
appease our trading partners,”
said Sen. Hollings.

4

Hollings: Conserve, don’t appease

EPA plans to remove 358 active
ingredients of pesticides from
registration lists, thereby effec-
tively canceling licenses to dis-
tribute or sell 1053 pesticides that
contain these active ingredients.
The agency’s reason is that “regis-
trants of these active ingredients
failed to support or have with-
drawn support for the registration
of their product(s).” To provide
time to find alternative products,
EPA will allow registrants to con-
tinue selling the “deregistered”
products for six months after the
effective date of cancellation. Ex-
isting stocks in the hands of deal-
ers and users generally may be
used until those stocks are ex-
hausted. To report commitments
to support any reregistration, or
for more information, contact Vir-
ginia Dietrich, Office of Pesticide
Programs (H7508C), EPA, 401 M
St. S.W., Washington, DC 20460.

Rainwater runoff is a pollutant,
according to Clean Water Act
Amendments of 1987 that are
now taking effect. This means that
EPA likely will require local juris-
dictions to ensure that rainwater
and stormwater will be cleaned
up before they are discharged to
navigable waterways. The cost of
building or refurbishing systems
to handle rain runoff will be
passed on to homeowners and
condominium owners, and proba-
bly will be passed on to renters
through rent increases. For exam-
ple, in Montgomery County, MD,
in suburban Washington, DC,
homeowners may expect to be
assessed $33 a year for stormwa-
ter treatment, and condominium
owners may pay $17 a year. These
assessments probably will in-
crease with, or somewhat ahead
of, the rate of inflation.

EPA has acted against 23 facili-
ties that allegedly imported or
exported hazardous chemicals in
violation of various environmen-
tal laws. On behalf of the agency,
the Department of Justice has
filed 21 administrative actions
that seek a total of $9.8 million in
fines. Fifteen of these actions in-
volve shipments of hazardous
wastes or chemicals into Mexico
and shipments of hazardous
wastes or chemicals to and from
Canada.

President Bush has announced
the elevation of the Solar Energy
Research Institute (Golden, CO)
to national laboratory status and
renamed the facility the National
Renewable Energy Laboratory.
The change of status was an-
nounced in late September.

STATES

Alaska and the U.S. Department
of Justice settled their Exxon Val-
dez oil spill dispute a second
time. Exxon will plead guilty to
criminal violations of environ-
mental law and pay a fine of $150
million plus $100 million in resti-
tution. Moreover, Exxon will pay
$900 million over 10 years to re-
imburse the state and federal gov-
ernments for their share of clean-
up costs. Of the criminal fine,
$125 million will be forgiven be-
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cause of the $2.5 billion Exxon
said it paid to help clean up the
Prince William Sound spill. Na-
tive corporations and villages may
go forward with suits against Ex-
xon. Critics characterize the new
agreement as an insignificant in-
crease in the fine. Also, because
of the tax deductibility of the res-
titution and effects of inflation,
the new settlement actually could
cost Exxon less than the first one
over the long term. A federal
judge had thrown out the first set-
tlement of $1 billion [Environ.
Sci. Technol. 1991, 25(5), 813] as
inadequate.

Georgia’s No-Tillage Farm Assis-
tance Program has been awarded
a $100,000 Ford Foundation Inno-
vations Grant. The program, local-
ly known as “Rent-A-Drill,” pro-
vides small-scale farmers with
specialized equipment, including
a drill that in one trip cuts a shal-
low incision in the field, deposits
seeds, fertilizes, and covers the
row. This approach reduces the
use of commercial fertilizers,
saves fuel, and diminishes soil
erosion. The Foundation grant
will be used for education and
outreach efforts to promote no-
tillage farming, especially among
minority and low-income farmers.
For more information contact
Paul Burks, Governor’s Office of
Energy Resources, 254 Washing-
ton St., Suite 401, Atlanta, GA
30334.

New York has released its 1990
Toxic Release Inventory report.
State Environmental Conservation
Commissioner Thomas Jorling
notes “substantial progress” in
the state’s efforts to reduce toxic
discharges. He said that releases
in 1990 totaled 110.1 million lb,
16% less than releases reported
for 1989 and 42% less than releas-
es in 1988. Volumes of fugitive
emissions in 1990 were 19% low-
er than those of 1989 and 38%
lower than those of 1988. Benzene
emissions of 1990 were down by
65% as compared with those of
1989. Moreover, facilities in New
York “have already nearly
achieved EPA’s nationwide goal
of cutting in half by 1995 the
amounts of 17 groups of toxic
chemicals released or dis-
charged,” according to Jorling.

SCIENCE

The deep ozone hole over the
Antarctic is back for the third

year in a row. It is the first time
that a “deep” hole has been ob-
served for three years in a row,
according to Tom Clarkson, a sci-
entist with the New Zealand Me-
teorological Service. The hole al-
lowed a loss of 50-60% of overall
stratospheric ozone over the Ant-
arctic, with essentially total de-
pletion between 5.7 and 12 mi
altitude. Stratospheric ozone over
the Arctic also will be under
study by scientists from the Na-
tional Center for Atmospheric Re-
search (Boulder, CO), who will
monitor this ozone through the
Arctic winter and spring. Chloro-
fluorocarbons and certain other
nonnatural air contaminants are
suspected of playing a major role
in the depletion of the Arctic and
Antarctic ozone layers. Depletion
over the Antarctic is exacerbated
because of extreme cold and re-
sultant airflow patterns during the
Southern Hemisphere’s spring.

If greenhouse gas emissions con-
tinue at their current rate, their
concentrations in 2025 will be
double those of 1985, according to
data from the new ECHAM atmo-
spheric model developed at the
University of Hamburg (Germa-
ny). ECHAM subdivides the ocean
and atmosphere into 500 x 500-
km sections. In addition, ECHAM
divides the ocean and atmosphere
vertically into 19 layers and allo-
cates four to six of those layers to
the stratosphere. Data have been
fed into a supercomputer to calcu-
late a 100-year scenario. One in-
teresting indication is that with a
sustained rise in carbon dioxide
concentration at current rates, sea
levels would rise an average of
only 16 cm by 2085. Projected
temperature increases also are
more modest than those forecast
by previous models; nevertheless,
the continents would warm much
faster than the oceans, and some
polar oceanic areas actually may
cool. For more detail, contact the
Max Planck Institut fiir Meteorol-
ogie, Bundestrafie 55, W-2000
Hamburg 13, Germany.

TECHNOLOGY

Can dredged material in contain-
ment areas be used for aquacul-
ture? To answer this question, the
U.S. Army Corps of Engineers
(Vicksburg, MS) has set up a dem-
onstration aquaculture site next to
the Brownsville (TX) Ship Chan-
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nel. Its main components will be
a 4-acre nursery pond, mainly for
hatching shrimp, and two grow-
out ponds totaling about 220
acres. A total of 30,000 gal/min of
water, with predators filtered out,
will be supplied. If the demon-
stration succeeds, it could ease
the Corps’ problem of finding new
sites for dredged material contain-
ment. Currently, sites are difficult
to acquire because of high real
estate costs and objections by
owners of surrounding properties.
Potential profits from shrimp
farming, for example, could miti-
gate these difficulties.

Electromigration may be useful
as an in situ method for removing
sulfate and other contaminants
from groundwater, according to
Donald Runnells of the University
of Colorado (Boulder, CO). Run-
nells tells ES&T that results of his
studies indicate that SO,*", CI-,
and other soluble anions tend to
concentrate around the anode. If
that result is verifiable, sulfate
and other species that are difficult
to remove by conventional meth-
ods may be removable. The same
may hold true for cations, such as
metals, if they comprise a signifi-
cant proportion of the dissolved
ionic species in the groundwater.
Potential problems include corro-
sion of the anode, determining
optimum electrode numbers and
spacing, and contaminant remov-
al efficiency. Runnells and his
group are planning a test of anion
removal from groundwater under
a contract from the Electric Power
Research Institute.

Freeze-crystallization, the same
process that produces freeze-
dried coffee, is being studied as a
wastewater treatment method.
Freeze Technologies Corporation
(Raleigh, NC), in conjunction with
Westinghouse Hanford Company
(Richland, WA), is developing the
technique for cleaning up water
contaminated with organic com-
pounds, salts, and heavy metals.
A volatile liquid refrigerant is in-
jected into wastewater, generating
ice crystals of relatively clean wa-
ter. The ice is then removed and
washed. A separate, concentrated
fraction containing the waste ma-
terials is left.

A novel scheme for generating
electricity with compressed air
produced by ocean wave action is
being patented by Eberle Energy
Enterprises, Inc. (Dallas, TX). The



system, named MOTO (Motion of
the Ocean), might also be engi-
neered to produce hydrogen from
water or potable water. MOTO
consists of a network of 30-foot-
diameter toroids riding up and
down on eight-foot-diameter pi-
lasters (see illustration). Each tor-
oid can store up to 4500 cubic feet
of compressed gas at 500 psi. Ac-
cording to the company, a system
of three toroids could provide
enough compressed air for tur-
bines to generate 3 MW of elec-
tricity.

BUSINESS

Dow Chemical Company will be
the first U.S. firm to set up a
board of outside advisers with
environmental professional back-
grounds. Members of this board
will have access to senior execu-
tives and to confidential data.
Among the members are a former
EPA administrator, two academ-
ics, one environmental journalist,
the head of a research organiza-
tion, and a former deputy director
from the French Ministry of the
Environment. Ultimately, there
will be 10-14 members. The
board normally will meet three or
four times a year and set its own
agenda, according to David Buz-
zelli, Dow’s vice president for en-
vironment, health, and safety.

The Newspaper Enterprise Asso-
ciation (NEA) has engaged Jay
Hair, president of the National
Wildlife Federation, to write a
weekly syndicated column on en-
vironmental issues for NEA’s pa-
pers. The column made its debut
Oct. 7 and is distributed to more
than 600 newspapers nationwide,
including the Rocky Mountain
News (Denver, CO) and the Mem-
phis Commercial-Appeal (Mem-
phis, TN). “I plan to give readers
fresh information that will help
them understand current environ-
mental events, and help them feel
they have enough knowledge to
be able to make a difference in
protecting the Earth,” Hair says.
He believes the column is needed
because “In today’s world, the
average citizen is bombarded by a
deluge of complicated and often
confusing environmental news.”
Hair holds a doctorate in zoology
from the University of Alberta,
Canada, and he helped develop
the national fish and wildlife pol-
icy for the Department of the Inte-
rior.

An ocean of MOTO motion

The Alabama Electric Coopera-
tive dedicated the nation’s first
compressed air energy storage
(CAES) power plant Sept. 27. The
$65 million plant stores com-
pressed air in a cavern during pe-
riods when electricity is least ex-
pensive and use is low. During
periods of peak demand, the com-
pressed air is heated and expand-
ed in a combustion turbine to gen-
erate electricity. One full charge
from the 110-MW, 26-hour CAES
plant can supply the power de-
mand of 11,000 homes. The Elec-
tric Power Research Institute and
the National Rural Electric Coop-
erative Association provided a
total of $8,660,000 in funding,
plus technical assistance. How
well might the facility work? Per-
haps a forecast can be made based
on the operating experience of the
world’s first CAES facility (290
MW) in Huntorf, Germany, which
has operated since 1978. The
Huntorf plant has a 99% starting
reliability and 90% availability.

Procter & Gamble (Cincinnati,
OH) has awarded $5000 grants to
20 local Keep America Beautiful
(KAB, Boston) affiliates in 10
states. This prize money will en-
able these KAB affiliates to ex-
pand environmental education
programs in their own communi-
ties. The prizes were awarded to
winners of the “Let’s Not Waste
the 90s” program, Procter & Gam-
ble’s first national environmental
education contest that it spon-
sored in partnership with KAB.

Four government scientists will
earn royalties if their patented

method for scrubbing NO,, from
coal combustion is commercial-

ized. An exclusive licensing
agreement between the Depart-
ment of Energy and NOXSO Corp.
(Pittsburgh, PA) guarantees that
researchers from the Pittsburgh
Energy Technology Center will
divide 15% of future royalties.
Under the 1986 Federal Technolo-
gy Transfer Act, federal research-
ers can receive such payments.
The patented method, which im-
proves the efficiency of an
advanced scrubbing system in-
vented by NOXSO, involves de-
struction of NO, captured on
beads coated with sodium carbon-
ate. Heating to regenerate the
beads removes trapped NO,
which is then fed back into the
boiler and destroyed. The DOE
scientists discovered that by add-
ing methane the efficiency of NO,,
reduction jumped from 60% to
90%. DOE will fund scale-up tests
of the new system at a Babcock &
Wilcox small boiler simulator in
Alliance, OH.

To lower the cost of wind-gener-
ated electricity, the National Re-
newable Energy Laboratory (for-
merly the Solar Energy Research
Institute), the Department of Ener-
gy, and eight U.S. wind power
companies are negotiating a joint
program to improve the operation
of wind power facilities. Half of
the $5 million cost for this pro-
gram will be funded by the elec-
tric companies. Monies will sup-
port projects such as a new power
processing system, an improved
hybrid wind-diesel power sys-
tem, and new blades for advanced
airfoils. DOE’s goal is to reduce
the cost of wind-generated elec-
tricity from the current 8 cents
per kilowatt-hour to 5 cents per
kilowatt-hour by the mid-1990s.
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Morton Lippmann
Institute of
Environmental Medicine
New York University
Medical Center
New York, NY 10016

Ozone (O,) in the troposphere is al-
most entirely a secondary air pollut-
ant, formed through a complex pho-
tochemical reaction sequence that
requires reactive hydrocarbons, ni-
trogen dioxide (NO,), and sunlight.
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It can be controlled only by reduc-
ing ambient air concentrations of
hydrocarbons, NO,, or both. Nitric
oxide (NO) and NO, are primary
pollutants, known collectively as
NO,. In the atmosphere, NO is grad-
ually converted to NO,. Motor vehi-
cles, one of the major sources of hy-
drocarbons and NO,, have been the
primary target of control efforts, and
major reductions in hydrocarbon
emissions per vehicle (> 90%) have
been achieved over the past two de-
cades. NO, from stationary source

combustion has increased, howev-
er, and there also have been large in-
creases in vehicle miles driven. The
net reduction in exposure, there-
fore, has been modest, at best. For
example, in 1986-1988, exceedanc-
es of the current National Ambient
Air Quality Standards (NAAQS)
were recorded in 101 communities
with a combined population of 112
million persons.

O, was recognized as a powerful
lung irritant soon after its initial
synthesis in 1851 (1). It was first
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placed on the American Conference
of Governmental Industrial Hygien-
ists (ACGIH) list of threshold limit
values (TLVs) for occupational ex-
posure in 1946, with an eight-hour
time weighted average concentra-
tion limit of 1 ppm. In 1954, the
TLV was reduced to 0.1 ppm time
weighted average. The current
ACGIH TLV of 0.1 ppm, as a ceiling
value, was adopted in 1989 (2).
Health effects among the general
community were first reported in
1967 among high school athletes in

California, in terms of lowered per-
formance on high-exposure days
(3). In 1971, the initial NAAQS was
set at 0.08 ppm of total oxidant. The
NAAQS was revised in 1979 to 0.12
ppm of O;, on the basis of clinical
studies by DeLucia and Adams (4)
that showed that asthmatic adults
who were exercising and were ex-
posed for 1 h to 0.15 ppm O, in a
test chamber had increased cough,
dyspnea, and wheezing, and experi-
enced small but nonsignificant re-
ductions in pulmonary function (5).
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A small margin of safety was ap-
plied to protect against adverse ef-
fects not yet uncovered by research
and against effects whose medical
significance remains controversial.

On May 1, 1989, the Clean Air
Scientific Advisory Committee sent
a closure letter to the EPA adminis-
trator on its reviews of the 1986 O,
Criteria Document, the 1988 Crite-
ria Document Supplement, and the
Agency Staff Paper of 1988, report-
ing a split recommendation con-
cerning a scientifically supportable
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upper bound to the range for a re-
vised 1-h NAAQS. Half of the mem-
bers advocated accepting the 0.12
standard, whereas the other half
recommended a reduced upper
bound (6). The EPA administrator
has not yet proposed a revised O,
NAAQS.

The acute response effects in the
population at large are reductions
in lung function and increases in
respiratory symptoms, airway reac-
tivity, permeability, and inflamma-
tion. For asthmatics, additional ef-
fects include increased rates of
medication usage and restricted ac-
tivities. With respect to chronic ex-
posures, it is suggested that repeti-
tive elicitation of acute responses
will lead to chronic damage to the
human lung of the kinds seen after
chronic exposure studies in rats and
monkeys.

Exposures and dosimetry

The only significant exposure
route for O, is inhalation, and expo-
sure can be defined as the concen-
tration at the nose and mouth.
There have been few measurements
of personal exposure to O3, and the
common assumption that the con-
centrations we breathe are the same
as those measured at central moni-
toring sites has limited validity. Lo-
cal concentrations outdoors are re-
duced in the vicinity of heavy
vehicular traffic as a result of O,
scavenging by NO. On the other
hand, areas with less traffic, down-
wind of a monitor, may have higher
0O, concentrations because of active
photochemistry in an air mass en-
riched with precursor chemicals
from motor vehicle exhaust. Thus,
outdoor O, concentrations may be
either higher or lower than those
measured at central monitoring
sites.

Indoor concentrations of O, al-
most always are substantially lower
than those outdoors because of effi-
cient scavenging by indoor surfaces
and the lack of indoor sources. The
only major indoor sources are copy-
ing machines and electrostatic air
cleaners. Because most individuals
spend more than 80% of their time
indoors, their total O, exposures are
much lower than those estimated
from outdoor concentrations. Ac-
cording to a model developed by
Hayes (7), O; peak-concentration
indoor-outdoor ratios range as fol-
lows:
¢ home—0.65 (windows open),

0.36 (air conditioned), 0.23 (typi-

cal construction, windows

closed);

¢ office—0.82 [heating, ventilation,
and air conditioning (HVAC) sys-
tems supplying 100% outdoor
air], 0.60 (typical HVAC), and

0.32 (energy-efficient HVAC);

and
¢ vehicle—0.41 (85 mph), 0.33 (55

mph), and 0.21 (10 mph).

O; exposures are only one deter-
minant of O, dose. Dose also is de-
termined by the volumes of air in-
haled and the pattern of uptake of
O, molecules along the respiratory
tract. When persons work or exer-
cise outdoors and increase their rate
of ventilation, the contribution of

“The acute
response effects
[of ozone] in the
population at
large are
reductions in lung
function and
increases in
respiratory
symptoms . . . and
inflammation.”

outdoor exposure to total dose of O,
becomes a greater determinant of to-
tal daily O, dose. The dose to target
tissues in the respiratory acini (the
region from the terminal bronchi-
oles through the alveolar ducts) in-
creases more with exercise than
does total respiratory tract dose, be-
cause O, penetration increases with
tidal volume and flow rate. Gerrity
et al. (8) reported that the mean ex-
trathoracic removal efficiency for
all measurements was 39.6 + 0.7%,
and the mean intrathoracic removal
efficiency was 91.0 + 0.5% in 18
healthy, nonsmoking, young male
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volunteers. The effects of concen-
tration, breathing frequency, and
mode of breathing on removal effi-
ciency were relatively small.

Tissues in the respiratory acini of
humans, rabbits, guinea pigs, and
rats receive the highest local dose
from inhaled O, according to mod-
els developed by Miller et al. (9-11);
the dose in humans is about twice
that in rats for the same exposure
(12). Children receive somewhat
greater doses than do adult humans
(13). This comparative dosimetry is
consistent with the greater effects of
O, on lung function seen in humans
than in rats (14).

Human clinical studies

The major focus has been on the
extensive body of data on the health
effects of a single day’s maximum
hourly exposure to ambient O,. The
1971 and 1979 NAAQS for photo-
chemical oxidants were based on
the maximum 1-h concentrations as
the relevant index of exposure, and
this, in turn, has focused most of the
clinical research on exposure proto-
cols involving either 1 or 2 h of ex-
posure. Recent research has shown,
however, that effects can be pro-
duced with exposures as short as
5 min (15), and that various effects
become progressively larger as ex-
posures at a given concentration are
extended to 6.6 h (16-18).

There are more data on respirato-
ry function responses than on any
other coincident responses to short-
term O, inhalation. The major de-
bate about very small, but statisti-
cally significant, decrements in
function from such studies is how
to interpret their health significance
(19).

The inhalation of O, causes con-
centration-dependent mean decre-
ments in exhaled volumes and flow
rates during forced expiratory ma-
neuvers, and these decrements in-
crease with depth of breathing (20).
There is a wide range of reproduc-
ible responsiveness among healthy
subjects (21), and functional re-
sponsiveness to O, is no greater,
and usually lower, among cigarette
smokers (22, 23), older adults (24,
25), asthmatics (26, 27), and pa-
tients with chronic obstructive pul-
monary disease (28, 29). The only
exception is that patients with aller-
gic rhinitis had greater changes in
airway resistance (30).

The effects of O, on respiratory
function accumulate over time. Fo-
linsbee et al. (16) exposed 10 adult
male volunteers to 6.6 h of O, expo-
sure at 120 parts per billion (ppb).



Moderate exercise was performed
for 50 min/h for 3 h in the morning,
and again in the afternoon. The
functional decrements become pro-
gressively greater after each hour of
exposure, reaching average values
of about 400 mL for forced vital ca-
pacity (FVC) and approximately
540 mL for forced expiratory vol-
ume in one second (FEV,) by the
end of the exposure. Follow-up
studies by Horstman et al. (17) done
on 21 adult males with 6.6-h expo-
sures at 80, 100, and 120 ppb pro-
duced similar responses at 120
ppb—that is, a mean FEV, decline
of 12.3%—whereas those men ex-
posed at 80 and 100 ppb showed
lesser changes which also became
progressively greater after each
hour of exposure. McDonnell et al.
conducted a further follow-up
study using the same exposure pro-
tocol by exposing 38 additional
healthy young men (18) to 80 ppb.
As shown in Figure 1, there was a
mean FEV, decline of 8.4% at the
end of the sixth hour of exposure,
which was similar to that seen by
Horstman et al. (17) for the same ex-
posures.

The time scale for the biological
integration of O; exposure also can
be deduced from the rate at which
the effects dissipate. Folinsbee and
Hazucha (31) studied 18 young
adult females exposed to 350 ppb
0; for 70 min, including two 30-
min periods of treadmill exercise at
40 L/min. Their mean decrement in
FEV, at the end of the exposure was
21%; at 18 h thereafter, it was 4%,
and at 42 hours it was 2%.

In summary, it is now clear that
the respiratory function effects of
ozone can accumulate for many
hours, and that an appropriate aver-
aging time for transient functional
decrements caused by O, is > 6 h.
Thus, there is less scientific basis
for the current health-based expo-
sure limit with an averaging time of
1 h than previously believed. As
shown in Figure 2, O; exposures in
ambient air now can have broad
peaks with 8-h averages of about
90% of the peak 1-h averages (32);
the functional decrements among
active people out of doors exposed
during the summer to ambient con-
centrations are likely to be much
greater than those predicted on the
basis of the responses in the cham-
ber studies following 1- to 2-h expo-
sures.

Mean respiratory symptom scores
have been closely associated with
group mean pulmonary function
changes in adults acutely exposed

in controlled exposures to Oj.
Hayes et al. (33), however, found
only a weak to moderate correlation
between FEV, changes and symp-
tom severity in an analysis conduct-
ed using data from individual sub-
jects.

Exposure to O, also can alter the
responsiveness of the airways to
other bronchoconstrictive challeng-
es, as measured by changes in respi-

Maximum 1-h average = 127 ppb
Maximum 8-h average = 120 ppb
Hours above 120 ppb = 4.8
Hours above 100 ppb = 8.5
Hours above 80 ppb = 11.4
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ratory mechanics. For example, Fo-
linsbee et al. (16) reported that
airway reactivity to the broncho-
constrictive drug methacholine for
the whole group of subjects was ap-
proximately doubled following
6.6-h exposures to 120 ppb O;. On
an individual basis, however, they
found no apparent relationship be-
tween the O;-associated changes in
methacholine reactivity and those
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in FVC or FEV,. The follow-up tests
by Horstman et al. (17), involving
6.6-h exposures to 80, 100, and
120 ppb, indicated 56%, 89%, and
121% mean increases in meth-
acholine responsiveness, respec-
tively.

Reports of Koren et al. (34) and
Devlin et al. (35) also described in-
flammatory and biochemical chang-
es in the airways following O, expo-
sure. In the initial studies, subjects
were exposed to 400 ppb for 2 h
while performing intermittent exer-
cise at a ventilation rate of 70 L/min
to examine cellular and biochemi-
cal responses in the airways. Bron-
cho-alveolar lavage (BAL) was per-
formed 18 h after the O; exposure.
(Lavage is instillation of sterile sa-
line solution and subsequent recov-
ery of most of the saline, cells, and
secretions contained therein.) An
8.2-fold increase in polymorphonu-
clear leukocytes (PMNs or neutro-
phils) was observed after exposure
to O,. Devlin et al. (35) reported that
a significant inflammatory re-
sponse, as indicated by increased
levels of PMNs, also was observed
in BAL fluid from subjects exposed
to either 80 or 100 ppb O, for 6.6 h.
The 6.6-h exposure to 100 ppb O,
produced a 3.8-fold increase in
PMNs at 18 h after exposure, where-
as the 6.6 h at 80 ppb produced a
2.1-fold increase. The amounts of
O, inhaled in the 80- and 100-ppb
protocols were ~2.0 and ~2.5 pg,
and the amount of O, inhaled was
~3.6 ug in the 400-ppb protocol.
Thus, the effect of concentration ap-
parently was somewhat greater than
that of exposure duration. The sig-
nificant increase in PMNs at a con-
centration as low as 80 ppb suggests
that lung inflammation from in-
haled O, has no threshold down to
ambient background O, levels.

Foster et al. (36) studied the effect
of 2-h exposures to 200 or 400 ppb
0O, with intermittent light exercise
on the rates of tracheobronchial mu-
cociliary particle clearance in
healthy adult males. The 400-ppb
O, exposure produced a marked ac-
celeration in particle clearance from
central and peripheral airways, as
well as a 12% drop in FVC. It is of
interest that the 200-ppb O, expo-
sure produced a significant acceler-
ation of particle clearance in pe-
ripheral airways, but failed to
produce a significant reduction in
FVC. This suggests that significant
changes in the ability of the deep
lung to clear deposited particles
take place before significant chang-
es in respiratory function.

Table 1 summarizes the nature of
the various human responses to sin-
gle exposures to O;. The weight of
the evidence from these results,
showing functional and biochemi-
cal responses, which accumulate
over multiple hours and persist for
many hours or days after exposures
at levels commonly encountered in
ambient air, is clear and compel-
ling.

Human epidemiology

Acute effects. Spektor et al. (37)
found that children at summer
camps with active outdoor recre-
ation programs had greater decre-
ments in lung function than chil-
dren exposed to O, at comparable
concentrations in chambers for 1 or
2 h. Furthermore, their activity lev-
els, although not measured, were
known to be considerably lower
than those of the children exposed
in the chamber studies while per-
forming very vigorous exercise. Be-
cause it is well established that
functional responses to O, increase
with levels of physical activity and
ventilation (20), the greater respons-
es in the camp children had to be
caused by other factors, such as
greater cumulative exposure, or to
the potentiation of the response to
O, by other pollutants in the ambi-
ent air. Cumulative daily exposures
to O, were, in fact, generally greater
for the camp children, because they
were exposed all day long rather
than for a 1- or 2-h period preceded
and followed by exposure to clean
air.

A follow-up study (38) addressed
the issue of the potentiation of the
characteristic functional response
to inhaled O, by other environmen-
tal cofactors. It involved healthy
adult nonsmokers engaged in a dai-
ly program of outdoor exercise with
exposures to an ambient mixture
containing low concentrations of
acidic aerosols and NO,, as well as
0O,. Each subject did the same exer-
cise each day, but exercise intensity
and duration varied widely be-
tween subjects, with an average
breathing volume of 79 L/min, and
with the duration of daily exercise
averaging 29 min. Respiratory func-
tion measurements were performed
immediately before and after each
exercise period. O; concentrations
during exercise ranged from 21 to
124 ppb. All measured functional
indices showed significant mean
decrements (p < 0.01) associated
with O,. It was concluded that am-
bient cofactors potentiate responses
to O,. The functional responses
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seen in these studies are summa-
rized in Table 2 in terms of the per-
centage changes at an extrapolated
concentration of 120 ppb for the
mean of the groups, and for the indi-
viduals at the 90th percentiles of the
groups.

Kinney et al. (39) studied school
children in Kingston and Harriman,
TN, whose lung function was mea-
sured in school on as many as six
occasions during a 2-month period
in the late winter and early spring.
Child-specific regressions of func-
tion versus maximum 1-h O; expo-
sure during the previous day indi-
cated significant associations
between O, and function, with coef-
ficients similar to those seen in the
summer camp studies by Lippmann
et al. (40) and Spektor et al. (37).
Children in school may be expected
to have relatively low activity lev-
els; therefore, the relatively high
response coefficients may be attrib-
uted to potentiation by other pollut-
ants, or to a low level of seasonal ad-
aptation.

Kingston-Harriman is notable for
its relatively high levels of aerosol
acidity. As shown by Spengler et al.
(41), Kingston-Harriman has higher
annual average and higher peak
acid aerosol concentrations than
other cities studied, such as Steu-
benville, OH; St. Louis, MO; and
Portage, WI. Alternatively, the rela-
tively high response coefficients
could have been ascribed to the fact
that the measurements were made
in the late winter and early spring.
Linn et al. (42) have shown evi-
dence for a seasonal adaptation, and
children studied during the sum-
mer may not be as responsive as
children examined earlier in the
year.

Several epidemiology studies
have provided evidence of qualita-
tive associations between ambient
oxidant levels > 100 ppb and symp-
toms in children and young adults,
such as throat irritation, chest dis-
comfort, cough, and headache (43,
44). Thus, symptoms reported for
individuals exposed to O, in puri-
fied air are similar to those found
for exposures in ambient air; an ex-
ception is eye irritation, a symptom
commonly associated with expo-
sure to photochemical oxidants,
which has not been reported for
controlled exposures to O, alone.
Other oxidants, such as aldehydes
and peroxyacetyl nitrate, are prima-
rily responsible for eye irritation,
and generally are found in atmo-
spheres containing higher ambient
0, levels (45, 46).



Several studies have reported as-
sociations between ambient photo-
chemical oxidant pollution and ex-
acerbation of asthma (47-49), but
the role of O, specifically and the
nature of the exposure-response re-
lationships remain poorly defined.
Hammer et al. (43) found associa-
tions between photochemical oxi-
dants and respiratory symptoms in
healthy young adult females (100
student nurses) in Los Angeles, in

proportion to ambient ozone levels.
However, they ignored smoking and
serial correlation in the data and
other potentially colinear air pollut-
ants, and used linear regression to
model the probability of a respirato-
ry incident. Moreover, they as-
sumed a pollutant wguld have the
same impact on starting an episode
of symptoms as on prolonging the
episode; and they collapsed the
data on individuals to rates per day.

Environ. Sci. Technol., Vol. 25, No. 12, 1991

Schwartz and Zeger (50) reexam-
ined the original diaries from this
study and modeled incidence and
duration of a symptom separately.
They reported that photochemical
oxidants (at 74 ppb) were associated
with increased chest discomfort
(p < 0.001) and eye irritation (also
p < 0.001).

Ostro and Rothschild (51) used
the Health Interview Survey, a large
cross-sectional data base collected
by the National Center for Health
Statistics, to examine associations
between ambient air pollutants and
respiratory morbidity. They report-
ed an association between fine par-
ticulates and minor restrictions in
activity and respiratory conditions
severe enough to result in lost work
time and confinement to bed for
adults. O, was associated only with
more minor restrictions.

Bates and Sizto (52) examined as-
sociations between ambient air pol-
lutants and hospital admissions for
respiratory disease in Southern On-
tario. They found a consistent asso-
ciation in summer between hospital
admissions for respiratory disease
and daily levels of SO,*, O,, and
temperature, but no association for
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hospital admissions for a group of
nonrespiratory conditions such as
bone fractures. Multiple regression
analyses showed that all environ-
mental variables together accounted
for 5.6% of the variability in respi-
ratory admissions, and that when
temperature was forced into the
analysis first, it accounted for only
0.9% of the variability.

Ozkaynak et al. (53) studied hos-
pital admissions in relation to O,
for Boston, Springfield, Worcester,
New Bedford, and Fall River, MA.
They reported positive associations
between 1-h maximum O, levels in
the summer months and the daily
admissions for pneumonia and in-
fluenza.

Kinney and Ozkaynak (54) exam-
ined a 10-year record of daily mor-
tality data from Los Angeles Coun-
ty. Controlling for temperature, they
demonstrated associations between
short-term variations in total mor-
tality (excluding accidents and sui-
cides) and pollution. Similar results
were detected for cardiovascular
mortality. Temperature and O, had
the strongest association with mor-
tality, and annual regressions dem-
onstrated the consistency of the re-
sults over time.

Human epidemiology

Chronic effects. The chronic ef-
fects data base includes a quite lim-
ited amount of information on hu-
man effects and a more substantial
volume of data on effects seen in
laboratory animals undergoing
chronic exposures. A study by Linn
et al. (42) in Southern California
provided evidence for a seasonal
adaptation of lung function. In this
study, a group of subjects selected
for their relatively high functional
responsiveness to O, showed much
greater functional decrements fol-
lowing 2 h of exposure to O, at 180
ppb with intermittent exercise in a
chamber in the spring than they did
in the following autumn or winter;
moreover, their responses in the fol-
lowing spring were equivalent to
those in the preceding spring. These
findings suggest that some of the
variability in acute response coeffi-
cients reported for earlier con-
trolled human exposures to O; in
chambers could have been caused
by seasonal variations in respon-
siveness which, in turn, may be re-
lated to a long-term adaptation to
chronic O, exposure.

Epidemiological studies of popu-
lations living in southern California
suggest that chronic oxidant expo-
sures do affect baseline respiratory

function. Detels et al. (55) compared
respiratory function at two points in
time five years apart in Glendora (a
high-oxidant community) and in
Lancaster (a lower oxidant commu-
nity, but not low by national stan-
dards). Baseline function was lower
in Glendora, and there was a greater
rate of lung function decline over
five years.

Kilburn et al. (56) reported that
nonsmoking and ex-smoking wives
of Long Beach shipyard workers
had significantly lower values of
FEV,, midexpiratory flow, terminal
expiratory flow, and carbon monox-
ide diffusing capacity than those in
a matched population from Michi-
gan. The oxidant exposures in Long
Beach and Michigan are not known
precisely, but those in Long Beach
are similar to those in Lancaster,
whereas those in Michigan general-
ly are much lower. Both of these ep-
idemiological studies suggest pre-
mature aging of the lung in terms of
lung function, which might be ex-
pected on the basis of the cumula-
tive changes in lung structure seen
in the animals that undergo chronic
exposure protocols at concentra-
tions that occur regularly in ambi-
ent air in southern California (57—
63).

An autopsy study of 107 lungs
from accident victims 14-25 years
old in Los Angeles County by Sher-
win and Richters (64) reported that
27% had what were judged to be se-
vere degrees of structural abnormal-
ities and bronchiolitis not expected
for such young subjects, and anoth-
er 48% of them had similar, but less
severe abnormalities. In the absence
of corresponding analyses of lungs
of comparable subjects from com-
munities having much lower levels
of air pollution, the possible associ-
ation of the observed abnormalities
with chronic O; exposure remains
speculative. Some of the abnormali-
ties observed could have been
caused by smoking or drug abuse,
although the authors noted that
published work on the association
between smoking and small airway
effects showed lower degrees of ab-
normality [Cosio et al. (65)].

Although the results of these
studies strongly suggest serious
health effects, they have been found
wanting for standards setting by
EPA staff (66). The basis for the
skepticism about these findings lies
in the uncertainty about the expo-
sure characterization of the popula-
tions and the lack of control of pos-
sibly important confounding
factors. Some of these limitations
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are inherent in large-scale epidemi-
ological studies. Others can be ad-
dressed in more carefully focused
study protocols.

Further evidence for chronic ef-
fects of O, recently were reported
by Schwartz (67), based on an anal-
ysis of pulmonary function data
from the second National Health
and Nutrition Examination Survey
(NHANES 1I, 1976-1980). Using
ambient O, data from nearby moni-
toring sites, he reported a highly sig-
nificant reduction in lung function,
associated with exposure to O, for
persons living in areas in which the
annual average O, concentrations
exceeded 40 ppb.

In summary, chronic exposures to
ambient air appear to produce a
functional adaptation which per-
sists for at least a few months after
the end of the O, season, but which
dissipates by the spring. Several
population-based studies of lung
function indicate that accelerated
aging of the lung may be associated
with living in communities with
persistently elevated ambient O,,
but the limited ability to assign ex-
posure classifications of the various
populations accurately in these
studies makes a cautious assess-
ment of these data prudent.

Discussion

Little progress has been made in
controlling O, in ambient air, as in-
dicated by the presence of record
high ambient concentrations during
the summer of 1988. This phenome-
non was observed not only in the
United States; it also occurred in
Brazil, where O, levels in Sdo Paulo
state in 1988 were higher than in
previous years. Furthermore, O, ex-
posures in the heavily populated
eastern United States take place as
prolonged daily peaks that last
6-8 h or more, rather than sharp
peaks that last a few hours. Because
the various transient effects on lung
function are more directly propor-
tional to cumulative daily exposure
than to peak hourly concentration,
and because the current 1-h
NAAQS of 120 ppb is based on the
assumption of sharp daily peaks,
the degree of protection provided
by the current NAAQS is much low-
er than previously believed. The ap-
parently reversible effects that have
followed acute exposures lasting
from 5 min to 6.6 h include changes
in lung capacity, flow resistance,
epithelial permeability, and reactiv-
ity to bronchoactive challenges.
These effects may persist for many
hours or days after the exposure



ceases. Repetitive daily exposures
over several days or weeks can ex-
acerbate and prolong these effects.

Most of the data we have on tran-
sient functional effects of O, have
been obtained from controlled hu-
man exposure studies. Such studies
can provide information on chronic
effects of pollutants only to the ex-
tent that prior exposures affect the
transient response to single expo-
sure challenges. Furthermore, the
interpretation of the results of such
tests is limited by our generally in-
adequate ability to characterize the
nature and magnitude of the prior
chronic exposures. Most of the lim-
ited data we have on the effects of
chronic O, exposures on humans
come from epidemiological studies.

Epidemiological studies offer the
prospect of establishing chronic
health effects attributable to long-
term O, exposure in relevant popu-
lations, and offer the possibility that
the analyses can show the influence
of other environmental factors on
responses to O; exposure. On the
other hand, the strengths of any of
these associations may be difficult
to establish because of the compli-
cations introduced by uncontrolled
cofactors which may confound or
obscure the underlying causal fac-
tors.

The plausibility of accelerated ag-
ing of the human lung caused by
chronic O, exposure is greatly en-
hanced by the results of a series of
recent chronic animal exposure
studies in rats and monkeys (57—
63). There is little reason to expect
humans to be less sensitive than rats
or monkeys. On the contrary, hu-
mans have a greater dosage deliv-
ered to the respiratory acinus than
do rats for the same exposures. An-
other factor is that the rat and mon-
key exposures were to confined ani-
mals with little opportunity for
heavy exercise. Thus humans who
are active outdoors during the
warmer months may sustain greater
effective O, exposures than the test
animals. Finally, humans are ex-
posed to O, in ambient mixtures.
The potentiation of the characteris-
tic O; responses by other constitu-
ents of ambient air, seen in the
short-term exposure studies in hu-
mans and animals, also may con-
tribute to the accumulation of
chronic lung damage from long-
term exposures to ambient air con-
taining O,.

The lack of a more definitive data
base on the chronic effects of hu-
man exposures to ambient O, is a
serious failing which must be ad-

dressed with a long-term research
program. The potential impacts of
such exposures on public health de-
serve serious scrutiny and, if they
turn out to be substantial, strong
corrective action. Further controls
on exposure to ambient O; will be
extraordinarily expensive, and will
need to be very well justified.

In summary, the control of ambi-
ent O, to levels within the current
NAAQS presents an intractable
problem; the current NAAQS con-
tains little, if any, margin of safety
against effects considered to be ad-
verse; and about one-half of the U.S.
population resides in communities
in which the O, NAAQS is exceed-
ed. It is therefore important that
health scientists and control agency
personnel understand the nature
and extent of human exposures and
the effects they produce to commu-
nicate health risks effectively to the
public, and to help develop realistic
priorities and feasible options for
reducing human exposures.
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To facilitate new ways of thinking
about the technology transfer pro-
cess—particularly as Western mul-
tinational corporations (MNCs) ap-
pear poised to export potentially
hazardous technologies to Eastern
Europe and the Soviet Union—
Clark University, in conjunction
with the Center for Population
Studies in Luxembourg, the Gerling
Consulting Group (Ziirich, Switzer-
land, and Cologne, Germany), the
Stockholm Environment Institute,
and the Boston Institute for Respon-
sible Management, organized a
symposium in November 1990 in
Luxembourg under the patronage of
the Luxembourg government. The
symposium brought together repre-
sentatives of industry, government,
insurance and consulting compa-
nies, academia, and international
organizations to discuss experienc-
es with and ethical issues surround-
ing hazardous technology export
from Western nations to Third
World Countries. The conference
participants discussed, among other
topics, the opportunities and risks
of biotechnology transfer, the siting
of chemical production facilities,
and waste management issues.
Rather than report on each pre-
sentation, we focus on the key
issues addressed during the sympo-
sium, and synthesize the many per-
spectives expressed in the individu-
al papers, panel discussions, and
plenary debates. The participants
developed a set of ethical and prag-
matic guidelines for technology
transfer, which were later summa-
rized by the conference organizers
and endorsed by most participants.
The resulting document has been
forwarded to the Geneva-based Pre-
paratory Committee for the 1992
United Nations Conference on Envi-
ronment and Development in Bra-
zil. (This document can be obtained
from O. Renn, CENTED, Clark Uni-
versity, Worcester, MA 01610.) The

Précis 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.
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following sections reflect the major
arguments of this document.

Pragmatism and conciliation

The decade of the 1980s wit-
nessed a significant shift in the na-
ture of the debate over technology
transfer by MNCs to Third World
countries (7, 2). Until then, al-
though the debate was a continuum
rather than a dichotomy, it was
dominated by two opposing camps.
One, when taken to its extreme, ad-
vocated foreign investments of all
types in order to accelerate econom-
ic development (3). The other
viewed foreign investments as a
strategy of global capitalism to ex-
ploit the human and environmental
resources of Third World countries
(4-6). [For a comprehensive review
of different theoretical perspectives
that underlie contrasting assess-
ments of the impact of MNC tech-
nologies on Third World countries,
see Chapter 4 of Jenkins (6).] Both
camps were driven more by ideolo-
gy than by analysis in expressing
their respective viewpoints.

Today, formerly dichotomous
viewpoints are shifting toward a
new paradigm less constrained by
ideological imperatives. This para-
digm seeks to identify the elements
of technology transfer that are mu-
tually beneficial to the MNC and the
host country, and to determine ap-
propriate policies for risk reduc-
tion. Host country self-determina-
tion and the legacy of uncontrolled
foreign investments are helping to
shape this emerging paradigm.

The Union Carbide gas leak disas-
ter in Bhopal, India, was a water-
shed in the evolution of this new vi-
sion of corporate responsibility in
developing countries. Against the
backdrop of immense personal trag-
edy, the Bhopal accident demon-
strated vividly that cooperation be-
tween the MNC and the host
country is essential to ensure ade-
quate protection for workers, the
community, and the environment.
The simplistic view that foreign in-
vestment automatically benefits the
host country, even when substantial
hazards are involved, could no
longer be sustained. At the same
time, the exploitation perspective
was equally unsatisfactory in ex-
plaining the disaster. Instead, a mix
of management failures, poor train-
ing and supervision, gradual divest-
ment, and technologies inappropri-
ate to local conditions combined to
create the preconditions for an
acute breakdown of human and
hardware systems (7).
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With the collapse of the commu-
nist system, the ideological com-
petition between capitalism and
socialism has given further momen-
tum to more pragmatic approaches
to technology transfer and interna-
tional cooperation.

At its core, the new paradigm
views MNC and host country goals
in managing imported technologies
as non-zero-sum with significant
benefits to both parties, yet requir-
ing trade-offs and painful choices
among desirable private and public
goods. It impels the re-evaluation of
investment strategies, corporate be-
havior, and national goals in light of
these benefits and trade-offs. Suc-
cessful cooperation among MNCs
and host countries reveals that ex-
plicit mentioning of values and
trade-offs in negotiations enhance
performance and cooperation be-
tween host countries’ regulatory in-
stitutions and foreign investors.
Such a strategy calls for the consid-
eration of ethical principles to
guide MNCs, host countries, and
parent countries in their technology
transfer decisions.

Several existing codes of ethical
conduct designed to guide extrater-
ritorial corporate, and, in some cas-
es, governmental behavior show
close ties to early ideological inter-
pretations of hazardous technology
transfer. A perceived need to “con-
trol” inappropriate MNC activities
is a major theme presented in sever-
al codes drafted during the 1970s
(8-12). Emphasizing the pervasive
role of MNCs in the world economy,
these codes sought to control corpo-
rations with appropriate laws, poli-
cies, and regulations adopted by
governments and international or-
ganizations.

Other codes of conduct affecting
technology transfer have been draft-
ed by organizations that cast the for-
eign activities of MNCs in a more fa-
vorable light (13-16). Rather than
regulate MNCs, governments are en-
couraged to facilitate their positive
contributions through the creation
and development of effective capi-
tal markets and infrastructure. Inso-
far as regulations are necessary, it is
suggested that they be framed in
such a way that the rights of existing
enterprises are respected, new in-
vestment is encouraged, and flexi-
ble application of codes and guide-
lines is practiced.

Our reading of these and other
codes reveals their increasing detail
and pragmatism in balancing MNC
and host country interests. Notable
among these is the Conseil Eu-
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ropéen des Fédérations de I'Indust-
rie Chimique’s “‘Principles and
Guidelines for the Safe Transfer of
Technology” (13). In addition to
prescribing the allocation of respon-
sibilities between involved parties
(technology suppliers and receiv-
ers, contractors, and host states), the
guidelines explicitly cover seven
detailed stages of technology trans-
fer, from its procurement to imple-
mentation and routine operation.
Taken as a whole, we have found
existing codes and related ethical
literature (17) to contain a wide
range of prescriptive criteria useful
for the structuring of corporate and
national behavior in environment,
health, and safety.

At the beginning of a new decade
and with an eye toward the new
millennium, it is timely to consoli-
date these guidelines, to integrate
the often confusing ‘“‘recipes’” for
ethical conduct into a consistent
structure, and to evaluate the ‘“real
world” experiences (18-22) with re-
spect to achieving the desired goals.
Such review is all the more relevant
as the world faces new challenges
involving the export of hazardous
technologies from the industrial-
ized West to Eastern Europe and the
Soviet Union. Former communist
countries, eager to attract foreign in-
vestment, are positioned to set new
standards. Governments and poten-
tial investors will benefit from inte-
grated guidelines for all stages of the
technology transfer process.

Principles of ethical conduct

Drawing from the major schools
of ethics in philosophy, the export
of technologies and materials from
industrialized to developing or less
developed countries may be ana-
lyzed within the following four eth-
ical paradigms (23):

e Utilitarian. Whatever promises
the most benefits for all parties
involved, is also the most desir-
able arrangement for the pro-
posed transaction or transfer.

e Deontological. Based on civil
rights and generally accepted
standards of decent behavior, ar-
rangements are acceptable only if
they meet these standards regard-
less of actual outcome.

¢ Fiduciary. One of the parties
takes special responsibility for
the arrangement of the transac-
tion and acts as a patron for the
other parties.

¢ Consensual. All arrangements are
ethically acceptable if all the par-
ties affected explicitly or implic-
itly give prior consent to them.

The application of each principle
implies different procedures and
methods. If a utilitarian perspective
is accepted, options for arranging
transfers or exports would be evalu-
ated according to their cost/benefit
ratio, and measures to increase safe-
ty or environmental quality accord-
ing to their cost-effectiveness.

In contrast, the deontological
principle would oblige the parties
to meet special ethical criteria, for
example to reduce the risk to some
acceptable level or to implement
the best available pollution control
technology. The obligation to
achieve “equivalent” safety and en-
vironmental protection levels
(equal ends through possibly differ-
ent means) in the host country and
the exporting country is a typical
and widely used criterion based on
deontological reasoning.

According to the fiduciary ap-
proach, one party, for example the
corporation, assumes responsibility
for negative impacts of the transac-
tion on other parties (even without
legal obligation) and acts as an ad-
vocate to serve their interests. A
typical example might be the corpo-
rate arrangements to ensure safe
and environmentally beneficial use
of their products after they have
been sold to customers, commonly
referred to as product ‘‘steward-
ship.”

Finally, consensual principles fo-
cus on the procedures of reaching
an agreement. All parties involved
should be given the opportunity to
review the present knowledge of
potential impacts of the transaction
and then to select implicitly or,
even better, explicitly, an arrange-
ment that they all regard as benefi-
cial.

Each of these principles has obvi-
ous advantages and shortcomings. If
applied correctly, the utilitarian ap-
proach guarantees the optimal allo-
cation of given resources for obtain-
ing a specific set of objectives, but
may not be equitable or respect in-
dividual rights. The pursuit of de-
ontological criteria prevents or at
least mitigates unwanted conse-
quences, but may waste valuable
monetary or material resources. The
fiduciary principle obliges the most
appropriate party to base its actions
on an integration of values and in-
terests of all parties involved, but is
likely to produce biased value sets if
the values of the patron conflict
with the values of another party. In-
formed consent ensures that all par-
ties perceive a subjective benefit
from the selected arrangement, but



this perception may be based on in-

complete or biased information or

may be wrongly inferred from indi-
cations of implicit approval, such as
absence of organized opposition.

Given the imperfections of any
one of the four principles, a combi-
nation is preferable in order to take
advantage of the merits of each and
compensate for the shortcomings.
The following guidelines emerge:

(1) MNCs should accept a fiducia-
ry responsibility for their facilities
and products and act in the interest
of the people who are affected by
their economic activity. A rule of
thumb here is: Don’t do anything
that you would object to in your
own country under similar circum-
stances.

(2) 1t is essential to gain explicit
prior consent insofar as this is tech-
nically and politically feasible. Pri-
or consent can be accomplished
through:
¢ accepting the host country’s stan-
dards and regulations;
negotiating acceptable arrange-
ments with the legally responsi-
ble host country’s agencies;
providing full information about
potential impacts to all constitu-
encies;

* creating a vehicle to elicit public
concerns and possible objections;
and

e providing constituents with an
opportunity to voice their con-
sent or dissent.

(3) Fundamental civil rights should
not be traded off against economic
benefits or other objectives. In addi-
tion, the rule that health and safety
standards should be equivalent
(though not necessarily identical) to
those of the exporting country seems
wise to adopt. It should be waived
only in exceptional circumstances, for
example, to avoid a severe economic
disruption.

(4) If an MNC abides by Guide-
lines 1, 2, and 3, all other choices
left to the corporation or the host
country should be made on the ba-
sis of utilitarian methods, i.e., cost-
benefit, cost-effectiveness, and oth-
er utility optimization techniques.

Delineation of procedures

If these four guidelines are ac-
cepted as a basis for organizing the
transfer of hazardous technologies
or materials, the next step is to spec-
ify concrete objectives and appro-
priate procedures. Objectives are
yardsticks to measure the success or
failure of any given transaction with
respect to the four guidelines. Pro-
cedures, in turn, define the steps

necessary to implement these objec-
tives. The participants of the Lux-
embourg symposium suggested
many objectives and procedures
that would meet the ethical guide-
lines. Among the most important
are the following:

(1) In accordance with the fidu-
ciary commitment, it is essential
that the MNC, on its own initiative
or through mandate by a host gov-
ernment, provide diverse options,
all of which are capable of meeting
the goals intended by the transac-
tion. These options should include
nontechnological solutions as well
as solutions based on indigenous
technologies or methods, assuming
these are technically and economi-
cally feasible. It should not be auto-
matically assumed that the techni-

The Luxembourg Symposium
provided an opportunity for
industrialists, consultants,
administrators, and
academics to discuss their
perspectives. . .

cal options that are preferred in
industrialized countries are always
the most appropriate method of pro-
viding the same or a similar service
in many developing countries or in
Eastern European countries. At the
same time, however, a well-mean-
ing paternalistic offer of only so-
called “appropriate technologies”
is also inadequate insofar as the
MNC unilaterally determines what
is appropriate.

(2) Each of these options should
be carefully analyzed for potential
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impacts, both positive and negative.
This analysis serves two functions.
It provides the basic material for the
various constituencies to review the
impacts and gain the knowledge
necessary to approve or disapprove
a planned transaction. It also helps
to establish a data base to evaluate
different options and later measures
of safety and environmental protec-
tion according to cost-effectiveness.
Uncertainty about future impacts
will remain, but the impact analysis
provides the best current knowl-
edge available to make a prudent
decision.

(3) A preliminary selection of op-
tions should occur on the basis of
firm deontological principles. Any
option that violates any basic indi-
vidual right (as given in the UN Bill
of Rights or other international
code) or any host country law or
regulation (unless explicitly over-
ruled by the host country authority)
does not qualify for further consid-
eration. In addition, all options
should be dropped that do not pro-
vide a level of safety and environ-
mental protection equivalent to that
of an identical facility or technology
in the exporting country. In excep-
tional cases, one may waive this
principle if the evidence shows
clearly and unambiguously that a
cancellation of the proposed trans-
action may lead to a less desirable
environmental outcome than its im-
plementation. It should be noted,
however, that in almost every case a
new option can be designed that
meets the objective of equivalent
safety and is economically and
technically feasible. The burden of
proof for justifying a waiver of the
equivalence principle rests on the
corporation.

(4) The principle of equivalent
levels of safety and environmental
protection does not necessitate the
export of identical safety and envi-
ronmental practices. The goal is to
have functional equivalents avail-
able that achieve approximately
equal performance using a variety
of means. It is prudent to use the
tools of utility optimization meth-
ods to select the measures that will
ensure an equivalent degree of safe-
ty and environmental protection.
Regulations or strict rules requiring
the use of identical means may re-
sult in a waste of scarce resources.
Flexible responses to different lev-
els of workers’ qualifications, the
relative prices for labor and ma-
chines, infrastructural conditions,
and other situational variables may
be necessary to ensure economical
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operation and competitive advan-

tages.

(5) Notwithstanding the need to
be flexible in selecting the means
for ensuring equivalent levels of
safety, it is helpful to set priorities
for the selection of means, particu-
larly if the potential benefits of each
option are difficult to quantify. Pro-
posers and host countries should
develop priority lists which they
can use in later negotiations. A pri-
ority list for safety technologies may
appear as follows (ordered from
first to last priority):

e inherently safe technologies
(physical properties);

e forgiving technologies (able to
withstand human error);

¢ passive safety devices (do not
need human intervention to be
activated);

e active safety devices (do need hu-
man intervention to function);

e accident mitigation technologies
(protection of workers and resi-
dents in the case of accidents).
These technologies can and

should be combined to enhance the

overall safety level, but such a prior-
ity list helps to determine the feasi-
bility of the higher order means be-
fore turning to a lower order
solution. The same concept can be
applied to pollution management.

A priority list may appear as fol-

lows:

e avoidance of pollutants (through
materials and process innova-
tion);

¢ establishment of closed cycles
(recycling or reuse of potential
pollutants);

¢ volume reduction through recy-
cling;

¢ application of the “as low as rea-
sonably achievable” principle (to
reduce emissions of pollutants);

¢ incorporation of best available
control technologies to achieve
levels below permissible limits;
and

¢ meeting, but not achieving levels
lower than, regulatory standards.
(6) Option selection and modifi-

cation should be achieved by con-

sent between the proposer and the
host country agency. It seems advis-
able to focus first on the shared val-
ues and goal and then turn to con-
troversial issues. These negotiations
should be preceded by an agree-
ment by the host country and the
proposer to commit themselves to

a specific option and its special

modifications in terms of safety

standards and environmental pro-
tection. This process should incor-
porate the impact analysis (provid-

ing the factual base for debating
each option) and the preferences of
both parties (providing the value
base for aligning each other’s inter-
ests) into the negotiations. It is not
necessary to restrict the negotia-
tions through special rules other
than fairness, honesty, good will,
consistency and, if mutually agreed
to, a procedure for dispute resolu-
tion.

(7) After an agreement is reached,
it is the obligation of the proposer to
inform affected host country con-
stituents insofar as is possible. Even
if public involvement is not man-
dated in the host country, every ef-
fort should be made to provide in-
formation to the affected public and
to establish a forum for feedback.
Organizing such an involvement
process proves difficult in many re-
cipient countries, especially in
those countries unaccustomed to
public scrutiny of private and offi-
cial decisions. A process will be
successful when proposers are cog-
nizant of these constraints while
seeking to inform the public of po-
tential side effects and to incorpo-
rate local conditions (often un-
known by the regulator) into the
technical design or institutional
management of the technology or
facility. (An additional benefit is
that a public aware of side effects is
less at risk than an uninformed pub-
lic.)

(8) After the selected option is im-
plemented, fiduciary responsibility
should be the guiding principle for
the operating phase. Regardless of
the host country’s ability to monitor
or control safety and pollution, the
operators should act as if they were
entrusted by the host country to as-
sume responsibility for the impacts
of their actions on anything that the
host country values, ranging from
workers’ safety, community health,
and preservation of natural habitats
to conservation of cultural artifacts.
Many MNCs have developed so-
phisticated and effective protocols
to ensure self-regulation even in the
absence of external pressure or legal
obligations. Because the corporate
safety culture practices (i.e., the
guiding principles and values that
act as internalized motivators for all
employees within a company with
respect to safety and environmental
health) differ considerably, it is not
appropriate to standardize these
protocols and to develop a boiler-
plate for all purposes. It is impor-
tant, however, that each company
create a system of internal checks
and balances. This system should
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ensure and specify monitoring re-
quirements, safety checks, emission
controls, and impact assessments.
The less a host country exercises su-
pervision in environment, health,
and safety, the more important be-
comes the internal corporate organi-
zation to ensure controls.

(9) Within reasonable limits, cor-
porate responsibility extends to up-
stream processing of the product
and downstream distribution, even
in the absence of legal require-
ments. The latter, known as product
stewardship, is particularly perti-
nent to developing countries where
end-users are often ill informed and
emergency medical response sys-
tems nonexistent or substandard.
However, this responsibility can
only be assumed within reasonable
boundaries. Car manufacturers, for
example, cannot be held responsi-
ble for an accident caused by a
drunken driver. What constitutes a
reasonable boundary cannot be de-
fined in abstract, but depends on
the nature of the technology and the
sociocultural context in which it is
placed. It appears, however, that
warning about risks and training
consumers to handle the product
safely fall within the responsibility
of the producer.

These nine specifications and
four principle guidelines offer a
foundation for MNCs to design their
own guidelines or evaluate their ex-
isting rules. Principles and guide-
lines applicable to MNCs are equal-
ly valid for host countries and the
international community. Safety
and environmental protection
equivalent to those of the exporting
country, adherence to inviolate
rights and values, enlargement of
technology options to serve host
country wants and needs, and as-
surance of corporate liability are
also relevant host country objec-
tives.

To realize these principles and
guidelines requires the develop-
ment of policies by host countries,
the exporting countries, and the in-
ternational community. Policy
structure largely depends on the
country’s political system, its cul-
ture, and its regulatory style. How-
ever, policies can be classified in
terms of compliance mechanisms
(information, incentive, and coer-
cion) and implementing agency (in-
ternational, governmental, corpo-
rate).

In reviewing the policy instru-
ments—self-regulation by the
MNCs, provision of economic in-
centives for environmentally re-



sponsible behavior, or imposition of
regulatory standards upon the
MNCs—it seems advisable to re-
serve national standards for inviola-
ble values (such as protection of life
and health) and for other national
objectives that are impossible or ex-
tremely difficult to link to the self-
interest of the MNCs. Examples of
the latter are equitable development
(i.e., equal development opportuni-
ties for all regions of a country and
for all social classes) or national
self-sufficiency. Excessive stan-
dards may deter potential investors
and, given that provision for ade-
quate health and safety levels is in
the self-interest of many MNCs,
may turn out to be redundant or
even counterproductive. However,
most MNCs prefer to adjust to pre-
scribed standards rather than to face
high degrees of regulatory uncer-
tainty.

International guidelines may help
host countries to use internationally
available expertise to articulate na-
tional standards and to build regu-
latory capacity. Another possibility,
although difficult to accomplish,
may be the establishment of an in-
ternational body with authority to
monitor facilities in all member
countries. The major emphasis
should be on linking economic in-
centives with self-regulation within
the context of acceptable host coun-
try environmental targets and risks.
If effectively implemented, an inter-
national organization is the most
flexible, cost-effective, and nonbu-
reaucratic path by which to meet
the desired objectives.

In conclusion. . .

The Luxembourg Symposium on
Values and Responsibilities in the
Transfer of Hazardous Technologies
provided an opportunity for indus-
trialists, consultants, administra-
tors, and academics to discuss their
perspectives; to review their experi-
ence with existing codes of conduct
and corporate performance; and to
outline a list of principles, guide-
lines, and procedures for responsi-
ble and mutually beneficial path-
ways to sustainable development in
the Third World and Eastern Euro-
pean countries.

The major conclusion of the sym-
posium was that, despite many
drawbacks and problems, coopera-
tion between MNCs and host Euro-
pean countries can be arranged in a
mutually beneficial manner. Princi-
ples of ethical conduct have helped
to shape successful policies in the
past; they will continue to be need-

ed for meeting the challenges of the
future.

A fiduciary approach to safety
and environmental management
that is sensitive to cultural values
and lifestyles of the host country,
coupled with good-faith attempts to
gain approval by affected constitu-
encies, is at the heart of the recom-
mendations. In addition, constitu-
tional rights, international law,
and—to a lesser degree—the rule of
equivalent safety and environmen-
tal quality should be regarded as in-
violate values which should not be
sacrificed for economic gain.

On the procedural side, govern-
ments are well advised to take ad-
vantage of the self-interest of MNCs
and encourage self-regulation. Legal
controls and regulations are neces-
sary, but should be coupled with
economic incentives to ensure cost-
effectiveness and bureaucratic sim-
plicity. Corporations should devel-
op policies for internal monitoring
and constant quality control within
the organization. This is particular-
ly essential in countries with weak
regulations and inadequate enforce-
ment.

Responsible export of hazardous
technologies poses a major challenge
in today’s global economy. Corporate
and host country environmental
goals are invariably pursued concur-
rent with economic development, so-
cial justice, national identity, and po-
litical autonomy. Balancing these
goals is a complex task for host coun-
tries and MNCs, particularly when
hazardous technologies are involved.
The participants of the Luxembourg
symposium expressed hope and con-
fidence that the outcome of their de-
liberations may help all parties to
cope with this task.
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RESEARCH NEEDS

The good news about bioremedia-
tion is that it can destroy toxic, haz-
ardous, or other unwanted com-
pounds at some sites in the field
effectively and inexpensively. The
bad news is, it is not currently ap-
plicable to other sites or com-
pounds.

Nevertheless, because of the posi-
tive outcome of many bioremedia-
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By Martin Alexander

tion efforts, their lower costs as
compared with other technologies,
and the frequent absence of any un-
desirable products or consequences
from such approaches, EPA’s Bio-
remediation Action Committee
convened a workshop in April in
Washington, DC, to make recom-

mendations to the agency. Specifi-
cally, participants were to recom-
mend the most appropriate high-
priority research needs to promote
bioremediation and to devise means
to overcome the constraints on the
effectiveness of this technology at
the more difficult sites or for the
more refractory chemical mixtures.
In effect, the workshop was asked
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how to increase the good news and
reduce the bad.

priority research area

improving the demgn of process-
es for bioremediation;
overcoming problems associated
with scale-up from simple labora-
tory systems to field operations;
and

¢ developing innovative bioreme-

diation processes.

Microorganisms are amazingly
versatile in destroying organic com-
pounds. Probably every molecule of
biosynthetic origin—and uncount-
ed numbers of simple, complex, or
novel molecules made by chemists
in the laboratory or generated by in-
dustry—can be transformed by one
or another bacterium, fungus, or
mixture of microorganisms. The
conversions may take place within
or below the soil, in pristine or
wastewaters, and at shallow or great
depths. They occur in dilute or rea-
sonably concentrated solutions, in
aerated or anoxic environments,
and at modestly low or high pH val-
ues.

Bioremediation currently is being
used at highly dissimilar sites to de-
compose many types of pollutants.
Possibly the largest such activity to
date has been that in Prince William
Sound to destroy oil released into
the water from the Exxon Valdez.
Hydrocarbons from leaking under-
ground storage tanks are being de-
stroyed, and the polluted ground-
water is being freed of the unwanted
compounds by enhancing microbial
activity in the aquifers. Surface
soils that have been tainted with a
variety of materials are being
cleaned by indigenous microorgan-

used by bioremediation companles

isms whose activities have been
promoted by various approaches

] blodegradable mol-
ecules Because bacteria and fungi

.Compounds that
would be destroyed
by microorganisms
are not easily
degraded in polluted
soils and aquifers.

can be readily obtained that, in the
laboratory, not only metabolize
these substrates but use them to
support microbial proliferation,
some nonspecialists believe that all
that is required is to add the micro-
organisms to the contaminated en-
vironment and the problem is
solved. Alternatively, because the
indigenous biodegrading popula-
tions needed only O,, N, or P to en-
hance growth on the compound or a
supplemental carbon source to
cometabolize it, the solution to the
problem is presumed to be straight-
forward.

However, the reality is quite the
contrary. Many compounds that
normally would be quickly de-
stroyed by microorganisms appar-
ently are not easily degraded in pol-
luted soils, subsoils, and aquifers
because they are not readily avail-
able. The chemicals may be sorbed,
dissolved in nonaqueous-phase lig-

uids, present in a physically inac-
cessible state, or bound in some
way that prevents microorganisms

considered. In addition, because o
difficulties in bioremediation of
complex wastes—including those
that contain substances toxic to the
biodegrading microorganisms—and
of compounds that are only biologi-
cally transformed by cometabolism,
an exploratory program is needed to
seek innovative processes for com-
plex wastes and pollutants trans-
formed only by cometabolism.

Although EPA convened the
workshop, its recommendations are
relevant to the missions of other
governmental agencies’ programs as
well. The recommendations also
should be of interest to scientists
and engineers in industry and uni-
versities who are investigating
means of eliminating unwanted
chemicals from soils, aquifers, and
surface waters. Undoubtedly, the
outcome of the research will make
the good news better and the bad
news less frequent.

A detailed report on the work-
shop can be obtained from Tom
Baugh, U.S. Environmental Protec-
tion Agency, RD-681, Washington,
DC 20460.

Martin Alexander is
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Professor of Soil
Science in the De-
partment of Soil,
Crop and Atmo-
spheric Sciences at
Cornell University.
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the EPA Bioremedi-
ation Action Committee and the Army
Science Board.
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THE GREENING OF

With surveys indicating that con-
sumers are willing to pay more for
“environmentally friendly” prod-
ucts, and manufacturers rushing to
cash in on this new market, govern-
ment and private agencies in many
countries are developing criteria for
what makes one product environ-
mentally better than another. In a
recently issued report, the Organi-
zation for Economic Cooperation
and Development (OECD) has stud-
ied progress and trends towards en-
vironmental or ‘“‘green’’ labeling
within its member countries (1).
The report, Environmental Label-
ling in OECD Countries, finds that
many developed countries are well
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By Alan Newman

ahead of the United States in imple-
menting national labeling pro-
grams.

Germany takes the lead

The former West Germany has
taken the lead in these programs, is-
suing the world’s first green label in
1978. Today, Germany’s umwelt-
zeichen (environmental label) iden-
tifies more than 3600 products in 64
product categories. A 1988 consum-
er poll found that nearly 80% of re-
spondents recognized the label.

Labels are found on a wide range

of goods, including retreaded tires,
batteries low in hazardous sub-
stances, copiers with low emissions
and that reduce waste, low-noise
lawn mowers and construction ma-
chines, water-efficient plumbing
materials, energy-efficient boilers
and windows, and biodegradable
lubricating oils.

Anyone can propose a product
category. To determine a category’s
suitability and the appropriate cri-
teria for awarding labels, a complex,
four-step process is followed. Stud-
ies and hearings are conducted by
the Federal Environmental Agency
and the nonprofit Institute for Qual-
ity Assurance and Labeling (RAL).
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Based on their reports, the inde-
pendent, 11-member Environmen-
tal Label Jury (ELJ) decides whether
to add the new category. Members
of EL] are drawn from scientific and
environmental organizations, trade
unions, industry, consumer groups,
the German protestant church, fed-
eral states, and the news media.

Once a category is established,
manufacturers submit products for
labeling at their own discretion. ELJ
also decides which products fit the
criteria and awards labels. A legal
contract signed by the manufacturer
and administered by RAL finalizes
the process. Because the govern-
ment cannot coerce manufacturers
into meeting criteria, consumer
choices drive the program.

To cover costs, manufacturers pay
RAL a one-time 300-DM ($190) ap-
plication charge, an annual contract
fee based on product sales, and con-
tribute to a fund for advertising the
label.

International view

A decade after Germany issued its
first green label, Canada established
its Environmental Choice labeling
program following the German
model. However, in running Envi-
ronmental Choice the Canadian
government plays a significant role.

The program is administered and
legally indemnified by the Canadi-
an Ministry of Environment. An in-
dependent, 16-member advisory
board with broad-based representa-
tives appointed by the environment
minister serves as jury and final ad-
visor on approving criteria and la-
bels. Establishment of a product cat-
egory in Canada adds an additional
step to the German approach: a 60-
day period for public comment be-
fore final approval.

Japan’s EcoMark label program,
begun in 1989, is establishing cate-
gories for products that meet specif-
ic goals such as minimization of en-
vironmental impact from product
use and disposal, and significant
potential for environmental im-
provement with product use. The
program is administered within the
government’s environmental agen-
cy. A five-person, technically ori-
ented committee with both govern-
mental and nongovernmental
representatives awards labels.

Other developed countries are es-
tablishing labeling programs, and
OECD predicts that as many as 22 of
its member countries will have
some type of labeling by 1992. Of
particular interest is the establish-
ment of common standards for Nor-

way, Sweden, and Finland under a
joint Nordic Council Program,
which could be a model for the Eu-
ropean Community.

In the United States efforts to pass
legislation in Congress for a nation-
al program have been defeated and,
according to the OECD, are “unlike-
ly to pass in the near future.” EPA is
developing voluntary guidelines for
the terms “recycled” and “recycla-
ble,” and a few states have passed
legislation dealing with product
claims of recycling. California has
gone farthest, legislating definitions
for a host of terms such as “ozone-
friendly” and “photodegradable.”

With the U.S. government out of
the picture, private organizations
are implementing their own label-
ing programs. Green Cross Certifica-
tion Company (Oakland, CA) has re-
cently begun labeling products.
According to Linda Brown, Green
Cross ‘“‘certifies to the consumer
that the product’s claims are valid
and state-of-the-art.”” Thus the
Green Cross label would accompa-
ny terms such as “recycled materi-
al” or “‘biodegradable.” Brown says
that certification is a two-way street
because companies also learn the
implications of environmental la-
bels on products.

Green Cross operates as a self-
funded program, charging fees for
audits even if the product fails to
win approval. In addition to certify-
ing claims on labels, Green Cross
will conduct life-cycle audits. In
these cases, the label would certify a
range of claims or “achievements”
for the product.

The nonprofit Green Seal Pro-
gram (Washington, DC) has yet to is-
sue a label, but, according to
spokesperson Susan Alexander, is
close to finalizing standards for
products such as facial tissues and
re-refined motor oil using life-cycle
criteria. Current funding for Green
Seal comes from foundations and
“concerned individuals.”

A Pandora’s box

Despite the potential benefits of
green labeling, the implementation
of these products opens a Pandora’s
box of decisions. For instance,
OECD points out that spray deodor-
ants without chlorofluorocarbons
represent an environmental step
forward, but roll-on deodorants ex-
pel no organics and could claim to
be an even better environmental
choice. Juries have tried to compare
products that they believe compete
with each other. Thus, roll-ons
could be considered a different mar-

Environ. Sci. Technol., Vol. 25, No. 12, 1991

ket segment than spray deodorants.

Beyond questions of criteria, the
development of a category does not
ensure that manufacturers will sub-
mit products for labeling. According
to OECD, in Japan and Germany label
applications have concentrated in
only a few categories. Thus more
than half of the German labels have
been awarded in just four categories:
paints and varnishes, gas burners,
stripping agents for wastewater treat-
ment, and recycled paper.

Labeling also raises questions
about foreign trade. As part of their
programs, German and Canadian
representatives visit manufacturing
plants to ensure compliance with
labeling criteria. For products man-
ufactured on foreign soil, the pro-
gram overseers must rely on good-
faith assurances from the company
executives or complaints about vio-
lations from competitors. Ironically,
in the late 1970s, when German pa-
per manufacturers boycotted a label
marking recycled products, it was
the granting of a label to an Ameri-
can company that ended the oppo-
sition.

The U.S. Green Cross and Green
Seal programs have found one way
around the dilemma of foreign man-
ufacturers. Green Seal has entered
into an alliance with Underwriter’s
Laboratory (UL) which is already
based in 74 countries. UL will in-
spect plants for Green Seal as well
as provide technical support for
standards. Similarly, Green Cross
is employing the Canadian-based
SNC Lavalin process engineering
firm, which also has international
branches, for plant inspections.

Nevertheless, labeling may pro-
duce some economic gains for do-
mestic manufacturers. According to
the report, at least in these early
days of labeling, the main beneficia-
ries have been small and medium-
sized companies trying to capitalize
on environmental concerns. Ideally,
labeling will also provide long-term
benefits for the environment.
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ASEA OF CHANGE:

Monitoring the Oceans'
Carbon Cycle

The Earth undergoes major process-
es of change that are reckoned in
scales of decades to millennia (1).
Most of these changes result from
natural causes. During the past cen-
tury, however, human activities
have contributed directly to what is
now considered an inevitable, detri-
mental change in the global envi-
ronment (2). Although the proxi-
mate cause of this change appears to
be the atmospheric accumulation of
so-called ‘“‘greenhouse” gases (CO,,
H,0, NO,, CH,, chlorofluorocar-
bons) as a direct consequence of ur-
banization and industrialization,
the ultimate cause clearly is over-
population of our planet.

Because of their ability to store
and transport large amounts of heat
and to serve as a potential sink for
anthropogenic CO,, the world’s
oceans may play an important role
in modulating global climate. Un-
fortunately, the rates of these funda-
mental processes are not well
known (3, 4); consequently, predict-
ing global environmental change
currently is not possible. Long-term
records of relevant biogeochemical
parameters are essential for docu-
menting ecosystem changes and for
differentiating natural ecosystem
variability from changes induced by
human activities. However, long-
term studies generally have been
discouraged, especially in academic
institutions, because of the relative-
ly high costs involved and negative
attitudes about ‘‘environmental
monitoring.” Consequently, time-
series data are rare. Most of the
time-series data currently available
are based on retrospective studies

By David M. Karl and
Christopher D. Winn

such as ice core or sediment core
analyses.

In 1986, the International Council
of Scientific Unions (ICSU) estab-
lished the International Geosphere—
Biosphere Programme (IGBP): A
Study of Global Change. As de-

Views are insightful commentaries on
timely environmental topics, repre-
sent an author’s opinion, and do not
necessarily represent a position of the
society or editors. Contrasting views
are invited.
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scribed by executive director and
secretariat Thomas Rosswall, “IGBP
will be a worldwide research effort,
unprecedented in its comprehen-
sive interdisciplinary scope, to ad-
dress the functioning of the Earth
system and to understand how this
system is changing. The body of in-
formation generated by the IGBP
will form the scientific underpin-
ning for predictions relating to fu-
ture causes and effects of global
change” (2).

The major oceanic component of
IGBP is the Joint Global Ocean Flux
Study (JGOFS), established in 1987
as a core project of IGBP under the
auspices of the Scientific Commit-
tee for Ocean Research (SCOR).
JGOFS research will focus on the
oceanic carbon cycle and its sensi-
tivity to change, and on the regula-
tion of the atmosphere—ocean CO,
balance (5, 6). The U.S. component
of JGOFS consists of five specific
program elements:

e process studies designed to cap-
ture key regular events;

e time-series observations of long
duration at strategic sites;

¢ a global survey of important oce-
anic properties;

¢ a vigorous modeling effort to as-
similate results, create knowl-
edge, and generate testable hy-
potheses; and

e development of an accessible,
composite biogeochemical data

base (7).

Of these program elements, the
time-series studies will be crucial
for assessing the baseline or mean
state of oceanic ecosystems and the
natural variability therein. The
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studies are prerequisites for the de-
sign of any program to measure hu-
man activity-induced global envi-
ronmental change (8, 9).

In 1988, two U.S.-JGOFS time-
series stations were established: one
in the North Atlantic Ocean near
Bermuda (10) and the other in the
North Pacific Ocean near Hawaii.
This article will focus on the Hawaii
Ocean Time-series (HOT) program.

The oceanic carbon cycle

The ocean and atmosphere sys-
tems are closely coupled, and the
flux of carbon across the air-sea in-
terface is substantial on a global
scale. It is generally believed that
the oceans have removed a signifi-
cant portion of anthropogenic CO,
added to the atmosphere; however,
the absolute partitioning between
the ocean and terrestrial spheres is
not well documented (4).

The cycling of carbon within the
ocean is controlled by a set of re-
versible oxidation-reduction reac-
tions that involve dissolved inor-

matter, in which marine biota serve
as the critical catalysts. Principal
pathways for the production and
decomposition of organic matter
involve prokaryote and eukaryote
oxygenic photoautotrophy and aer-
obic bacterial respiration, respec-
tively (11). The determination of the
rates and mechanisms of the remov-
al of DIC from the ocean surface by
biological processes, the export of
biogenic carbon (as organic and car-
bonate particles) to the ocean’s inte-
rior, and the sites of remineraliza-
tion and burial of biogenic carbon
all are important to the JGOFS pro-
gram (6). The continuous down-
ward flux of biogenic materials,
termed the “biological pump” (12),
is a central component of all con-
temporary studies of biogeochemi-
cal cycling in the ocean, and there-
fore, of all studies of global
environmental change. Recent esti-
mates indicate that the oceanic bio-
logical pump can remove ~ 7.4 giga-
tons (1 gigaton = 10"® g) of C per
year from the oceans (13). This val-

bal primary production, and is
roughly equivalent to the annual in-
put of CO, to the atmosphere by fos-
sil fuel burning.

As the particles sink through the
mesopelagic zone (200-2000 m
depth), more than 90% of the export-
ed organic matter is recycled to DIC
through the combined activities of
bacteria and metazoans. These inter-
mediate-depth waters thus can be
viewed a “biological filter,” at least
with respect to the transport of par-
ticulate organic matter. Consequent-
ly, less than 1% of the organic carbon
initially produced near the ocean
surface ever enters the deep sea, and
only a small fraction of that amount
is preserved permanently in abyssal
sediments. Despite the importance of
the biological pump and biological
filter, we lack a detailed understand-
ing of the structure, mechanisms,
and rates of these processes. The
HOT program is designed, in part, to
provide a comprehensive and quan-
titative description of the organic
carbon cycle in the upper kilometer

ganic carbon (DIC) and organic ue is approximately 10-20% of glo-  of the North Pacific Ocean.
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HOT site selection

The central portion of the North
Pacific Ocean is the largest uniform
body of water on our planet; delim-
ited from 15° N to 35° N latitude
and 135° E to 135° W longitude, it
occupies approximately 20 x
10° km? of the Earth’s surface. In
October 1988, a permanent site, re-
ferred to as Station ALOHA (A
Long-term Oligotrophic Habitat As-
sessment), was established about
100 km north of Oahu, HI, at 22°
45" N, 158° 00" W (Figure 1). Sta-
tion ALOHA is in deep water
(4750 m), 50 km upwind of the
steep topography associated with
the Hawaiian Ridge, and is relative-
ly free of biogeochemical effects of
the Hawaiian Islands. For these rea-
sons, Station ALOHA is considered
to be a valid benchmark for the
study of oligotrophic oceanic pro-
cesses. Station KAHE, a coastal site

located off Kahe Point at the 1500-m
isobath, also is routinely occupied
as part of our field program.

The primary study area is charac-
terized by warm (>24 °C) surface
waters with low nitrate concentra-
tions (<10 nM), shallow but season-
ally variable mixed layers (40-100
m depth), low standing stocks of liv-
ing organisms, and a persistent
deep water maximum in chloro-
phyll concentration at approximate-
ly 100 m (14). As with most com-
plex oceanic phenomena that have
been investigated to date, we expect
that time-series measurements of
individual components of the
carbon cycle will contain a substan-
tial amount of random or “white”
noise [i.e., constant variance per
unit frequency (15-17)]. The separa-
tion of signal from noise obviously
is fundamentally important to the
HOT program. Variability in time
and space will need to be assessed

because it will be impossible to de-
fine ecosystem variability and vari-
ations rigorously without knowl-
edge of local-scale (10-100 km)
heterogeneity. Although the vari-
ability in the rates of key bio-
geochemical processes in the olig-
otrophic North Pacific Ocean on
annual time scales was expected to
be small relative to other marine ec-
osystems that are dominated by
strong seasonal cycles, we already
have observed considerable vari-
ability (factors of 3- to 7-fold) in key
biogeochemical processes, such as
rates of primary production and
particle flux, during our first three
years of investigation.

Core parameters

Ideally, the suite of time-series
parameters should collectively pro-
vide the data base necessary for cal-
ibration and validation of existing
biogeochemical models, including
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local meteorology; upper ocean
physics; and rates of organic parti-
cle production, export, and rem-
ineralization (Table 1). Because the
magnitude of most long-enduring
changes in oceanic properties is
likely to be small relative to natural
variability, it is essential that each
measurement be made at the high-
est level of precision and accuracy.
Therefore, well-structured quality
control and assurance and interlab-
oratory comparison and calibration
programs are crucial. Although it is
straightforward to estimate analyti-
cal precision, accuracy is problem-
atic because of a scarcity of certified
reference materials for many of the
desired analytes and rate processes.
This becomes increasingly impor-
tant as global data sets are estab-
lished that comprise the collective
contributions of many individual
laboratories.

Our specific cruise objectives,
sampling strategies, and analytical
protocols are described in detail
elsewhere (14, 18), and will be sum-
marized here only briefly. Current-
ly, data are collected at approxi-
mately monthly intervals during
five-day research cruises; station
time at ALOHA typically is 72 h.
During this time, we deploy and
recover a free-drifting, satellite-
tracked sediment trap mooring with
individual collectors positioned at
depths of 150, 300, and 500 m. We
also conduct a 12-h in situ primary
productivity experiment using a
separate radio-tracked buoy and
collect discrete water samples to
depths of 4700 m for specific chem-
ical and biochemical determina-
tions (Table 1).

During each HOT cruise, a
“burst” of consecutive profiles of
water temperature and conductivity
from the surface to 1000 m also is
made over a 36-h period to span the
local inertial period (~ 31 h) and
three semidiurnal tidal cycles. This
sampling strategy is designed so
that the high-frequency signals can
be averaged to prevent these com-
ponents from “aliasing” the lower
frequency signals that are of greater
interest to our program (14). During
a given 36-h period, vertical dis-
placements of isotherms and associ-
ated biogeochemical gradients in
excess of 30 m typically are ob-
served in the upper portion of the
water column. This regular, period-
ic movement of isotherms may have
important implications for primary
production and particle flux by dis-
placing light-limited, nutrient-
saturated algae into the lighted por-

tion of the water column; these
effects are not routinely included in
oceanic productivity models.

To understand oceanic variability
more fully and to quantify secular
changes, it will be necessary to col-
lect data at each time-series station
for at least a decade, and probably
longer. For example, current mod-
els suggest that the magnitude of the
oceanic sink for CO, is 2 gigatons
year ' (19), a “predicted” increase
of approximately 1 mmol C m™
year " for surface waters. This annu-
al increase in DIC is equivalent to
the current analytical precision
(0.05-0.10%) in the measurement
of DIC; this again emphasizes the
importance of maintaining an accu-
rate, high-precision time-series data
base. Moreover, the natural annual
variability in DIC concentrations at
Station ALOHA exceeds this “pre-
dicted” annual increase by at least
an order of magnitude. Similarly, it
has been demonstrated that the sea-
sonal variability in mixed-layer
pCO, near Bermuda is greater than
the secular pCO, increase measured
for the 24-year period 1957-1981
(20). Clearly, the unambiguous
demonstration of a long-term in-
crease in surface ocean DIC or pCO,
will require at least a decade of care-
ful measurement.

Finally, JGOFS time-series sites
also are expected to provide calibra-
tion data for remotely sensed obser-
vations (e.g., from satellites and
moored instruments), deep-water
laboratories for the development
and testing of novel techniques and
instruments, and sites for educa-
tional activities and intercompari-
son experiments. In the future, ad-
ditional JGOFS time-series sites
will be established to document re-
gional ecosystem variability and
variations in other representative
oceanic provinces. For this pur-
pose, high-latitude stations, espe-
cially in the Southern Hemisphere,
will be essential for a complete un-
derstanding of the sensitivity of the
oceanic carbon cycle to global envi-
ronmental change.

Prospectus

Long-term, time-series studies are
ideally suited to the study of slow or
subtle processes, rare or irregularly
spaced events, and complex phe-
nomena (21), all of which are funda-
mental to our understanding of bio-
geochemical cycles in the world
ocean. The HOT program already
has begun to furnish a time-series
data set on oligotrophic ecosystem
variability, a rich source of testable
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hypotheses. During the initial stag-
es of what we hope will become a
long-term study, it is essential to re-
evaluate the experimental design to
ensure that the data being collected
are the most relevant to JGOFS ob-
jectives. Preliminary results from
our measurements at Station ALO-
HA indicate variability in bio-
geochemical processes at frequen-
cies ranging from hours to months.
Consequently, a strategy that calls
for denser sampling ultimately may
be required to resolve adequately
the stochastic changes that appear
to control oligotrophic ecosystem
dynamics.

In the near future, we will estab-
lish the capability of making contin-
uous measurements of sea-surface
meteorology, upper ocean physics,
dissolved gas concentrations, ocean
optics, and particle flux from bot-
tom-moored platforms. We also
anticipate enlisting the unique ca-
pabilities of an instrumented, au-
tonomous underwater vehicle to
help resolve spatial and temporal
variability in physical and bio-
geochemical processes. Finally, the
deployment of a semipermanent (3-
to 6-month duration) staffed re-
search platform at Station ALOHA,
which could be serviced by helicop-
ter or high-speed surface craft,
would greatly improve our ability to
document and interpret variability
in biogeochemical rate processes
that are not amenable to remote
sensing.

A longer term goal of oceanic
time-series studies will be to estab-
lish the capability of obtaining sys-
tematic global measurements of key
biogeochemical parameters in a
manner analogous to the World
Weather Watch program for atmo-
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spheric processes (22, 23). The emer-
gence of a coordinated and compre-
hensive global ocean observation
network would provide numerous
opportunities for ocean climate pre-
diction and for basic research in
oceanography.
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By E. Ann Cardinal

Often the government communica-
tor hears the technical and scientif-
ic staff complain that “The public
just doesn’t understand the com-
plexities of the problem.” Just as of-
ten, the communicator hears from
the public that “Your scientist
treats me as if I'm stupid,” or
“You're not living this nightmare, I
am!” As with many problems that
affect the public and that need a
governmental decision, scientists
and the public both have legitimate
claims. The problems are complex
and the public does feel ill-
equipped to understand the full
complexity of the problem.

It would appear that there is little
or no room for discussion and com-
promise between these two posi-
tions, but on closer scrutiny there
are many areas where these two fac-
tions can agree and where the ulti-
mate decision can benefit from the
information of both sides.

Public’s view of government’s role

Many people see risk assessment
and the management of risk, along
with risk communication, as intrin-
sic roles of government agencies.
However, the public has its own in-
terpretation of how their govern-
ment should assess, manage, and
communicate risk.

The research literature on the
subject indicates that the public and
government scientists differ in the
interpretation of “risk,” especially
environmental risk. A current ex-
ample of this difference is how ra-
don and asbestos are perceived.

EPA has determined that lifetime
exposure to these two contaminants
ranks among the highest potential
environmental risks that have been
identified to date and that the risks
can be decreased by taking some ac-
tion. The operative phrase here is
“taking some action.”

The Agency, working with school
administrators and others, has set
guidelines for managing asbestos-
containing materials. The public
has also taken a very active role in
this process. Many schools have
done tests and have determined that
asbestos-containing materials exist
in their buildings. After sharing this
information with the teachers and
parents (as they are required to do),
local education officials find that
only complete removal is satisfacto-
ry to the public, even though during
remediation short-term exposure
can actually increase. Parent organi-
zations have demanded that schools

be closed until the asbestos problem
has been addressed. Where EPA has
recommended just monitoring for
asbestos that is neither friable nor a
threat to children and workers, par-
ents take children out of the build-
ing until the asbestos is removed.

Contrast this to the response to ra-
don. EPA finds radon in most areas
of the United States and has at-
tempted to set safety limits in
homes. In areas where very high
levels of radon have been found,
there are families who will not test
for radon; others do test and find ra-
don but do not remediate.

In areas with very high levels of
radon in homes, EPA studies have

found that some people are reluc-
tant to test for fear they might un-
cover a problem requiring remedia-
tion. Still others offer explicit
reasons their home will not have as
severe a problem as their neigh-
bor’s, for example, the home has not
been sealed as tightly as their neigh-
bor’s, or they have a basement
“vent” such as an open window.

Public perception of risk

Why has the public reacted so in-
tensely to asbestos and not to ra-
don? As can be seen from Table 1,
there are some differences in how
the public perceives the problems.
The most easily recognized differ-
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ences are that asbestos can easily be
seen, whereas radon cannot; radon
is naturally occurring, whereas the
asbestos material used in schools is
considered nonnatural; homes are
assumed to be safe—a parent would
not knowingly subject his or her
family to a hazard; and asbestos
workers are known to get cancer,
whereas there have been no “docu-
mented” cancers from radon.

People have made decisions
about these two contaminants for
SOme Very COMmMON-Sense reasons.
Every day we make decisions about
risky activities through a similar
process. We first evaluate the risks
involved in a particular activity,
comparing this activity with past
activities in which we have partici-
pated or with which we are familiar.
We might talk with friends, neigh-
bors, or a trusted expert. We then
decide if the consequence of the ac-
tivity is worth the risk.

If we find that an activity is very
risky, our concern about it will be
high and we may not do it or will
take increased precautions. If we
decide that the activity is low in
risk, then our concern will also be
low and we will probably partici-
pate in the activity without much
precaution. It is important to keep
in mind that this process can take
seconds for a familiar activity or it
can take several weeks or months
for an unfamiliar activity.

To governmental technical and
scientific staff, many of the public’s
reactions to government decisions
seem out of line with the facts. Be-
cause it is based on education and
access to information, the govern-
ment’s decision may be very differ-
ent from the public’s; this can cause
havoc in the professional’s life.

Government employees may be
subjected to verbal and written
abuse because of their own or an
agency’s position. The decision
may be challenged by the press, by
Congress, and even by superiors
and peers. Professionals may find
themselves at odds with friends,
neighbors, and family. Even though
their job descriptions may not say
“communicator,” most government
employees—technical, scientific,
legal, policy, press, or other—are
likely to be asked to communicate
some risk information to the public
some time in their career.

The public believes that govern-
ment has a basic responsibility to
share all information on any action
that it takes to protect the communi-
ty. On the other hand, scientists and
government agency officials con-

1983



tend that information that has not
been scientifically validated is not
legitimate information.

If the government withholds in-
formation—no matter how prelimi-
nary—it is perceived by the public
as not being truthful. If the govern-
ment gives preliminary information
that is later found to be erroneous,
the public accuses the government
of causing unnecessary alarm.

The scientist sees risk determina-
tion as a technical process; the pub-
lic sees it as a personal decision pro-
cess. The chart developed by
Krimsky and Plough (Table 2)
shows why public often reacts with
anger and frustration to the govern-
ment’s comment that the risk is
“negligible”” or ‘“‘acceptable.” In
their research, Krimsky and Plough
found striking differences between
how the public responds to scientif-
ic information and how the scientist
views evidence. Technical ration-
ales put everything in the third per-
son. However, the cultural rationale
personalizes all activities (e.g., the
IRS always picks on the “little
guy”). The technical rationale for
controversy in science assumes that
science will ultimately find a reso-
lution and therefore the public need
not worry. On the other hand, the
public views scientific controversy
as another reason for not trusting
science to be able to answer public
issues. The public perception of
which expert to trust may have little
or no relationship to the credentials
of any of the “experts.”

The scientist believes in and ac-
cepts structured scientific evidence
as the basis for decisions, whereas
the public tends to distrust scientif-
ic answers that cannot fully explain
all their concerns. Consequently,
the public will rely on familiar, per-
sonally known, and trusted friends
with local knowledge to interpret
the relevance of scientific informa-
tion. As individuals we tend to rely
on friends and local acquaintances
to obtain information about some
unfamiliar activity (e.g., in a new
neighborhood, where to get your car
fixed or hair cut). Local communi-
ties perceive that experts do not
know the specific circumstances of
their situation and therefore cannot
judge what is best for their commu-
nity (e.g., road designs, shopping
centers, new home developments).

Communicating risk to the public

Can the government ever predict
how the public will react to infor-
mation about a potential risk? Yes,
if, early in the activity, communica-

tion planning is incorporated into
the process according to a set of
EPA guidelines published in April
1988 labeled the “Seven Cardinal
Rules of Effective Risk Communica-
tion.” Although they appear inef-
fective at first glance, use of these
rules will help government staff
communicate with the public:
¢ Accept and involve the public as
a legitimate partner. Government
must accept that the public has
legitimate concerns, even when
the community is angry. Do not
become defensive; instead, en-
courage the public to discuss rel-
evant facts. It may be necessary to
meet with certain individuals to
discuss personal problems.
¢ Plan carefully and evaluate your
effort. Technical staff must work
with the public affairs/outreach
staff. Too often what appears to
be a nonissue to a technical per-
son becomes a headline story to
the press officer. Government
should speak with a single voice
in order not to confuse and cause
greater concern. Evaluate each
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planned activity so that the expe-
riences will enable the agency to
better prepare the next plan.
Listen to the public’s specific
concerns. Technical and public/
outreach staff must be quiet and
listen not only to what is being
said but how, the context of the
discussion, the hidden meanings
of the anger, and observe the
body language. What appears to
be an individual health issue may
be a property issue to the larger
community. Remember, no com-
munity is completely unified on
a specific issue; however, the
spokesperson for a particular
group will attempt to convince
the government that he or she
speaks for the majority.

Be honest and frank, but you do
not have to tell all. Omit discus-
sions that occurred prior to the fi-
nal decision and every nuance of
each issue that might affect the
outcome. Nor should agency rep-
resentatives always say, “I don’t
know,” because you are obligating
yourself and your agency to find-



ing the answer. Even though you
wrote a highly technical report,
the public really doesn’t care; they
only want to know the outcome.
Coordinate and collaborate with
other credible sources; otherwise
it will be difficult to get these
sources on board later. It is likely
to appear to the public that you
are attempting to justify your ac-
tions after the fact. Also, credible
sources may find it hard to recon-
struct all your decision steps.
Meet media needs by having
technical staff work with the
press staff to ensure that accurate
and timely information is given,
and that the appropriate techni-
cal staff will be available for clar-
ification. Early discussions with
press staff can help in getting the
word out to a large number of
people at a specific time.

Speak clearly and with compas-
sion. Choose the appropriate staff
to talk with the public and press.
There should be “dry-run’ pre-
sentations. The spokespersons
must understand why there is
concern or controversy and be
well versed in the topic and com-
fortable with their role in the
communication process. (If you

do not agree with the decision,

you probably should not be the

one to communicate it.)

Risk communication is difficult
because everyone will interpret ev-
ery word using his or her individual
definition. Because the concept of
risk is difficult to understand, and
because there are many different in-
terpreters of the information, the
government risk communicator
must understand the concerns of
the government and the public.
Government staff must also under-
stand that though it may appear that
members of the public do not un-
derstand, they often do, and they
have probably made their decision
on the risk issue. They just choose
not to agree with the government.

Additional reading

Communicating Radon Risk Effectively:
A Mid-Course Evaluation; U.S. Envi-
ronmental Protection Agency: Wash-
ington, DC, July 1987; EPA-230-07-89-
029.

Evaluation and Effective Risk Com mu-
nications Workshop Proceedings; In-
teragency Task Force on Environmen-
tal Cancer and Heart and Lung
Disease. U.S. Environmental Protec-
tion Agency: Washington, DC, Janu-
ary 1991; EPA/600/9-90/054.

Krimsky, S.; Plough, A. Environmental
Hazards: Communicating Risks as a
Social Process; Greenwood: Westport,
CT, 1988.

Improving Risk Communication; Na-
tional Research Council; National
Academy Press: Washington, DC,
1989.

National Research Council. Improving
Risk Communication; National Acad-
emy Press: Washington, DC, 1989.

Risk Communication About Chemicals
in Your Community; U.S. Environ-
mental Protection Agency: Washing-
ton, DC, December 1989; EPA-230/09-
89-067.

Risk Communication Training Course
Materials; U.S. Environmental Protec-
tion Agency: Washington, DC, 1989.

Summary Report of Radon Outreach
Workshop; U.S. Environmental Pro-
tection Agency, Region III: Washing-
ton, DC, May 1990.
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Rockville, MD. For-
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of Superfund com-
munity relations,
EPA Region III. She
has worked more than 20 years as a con-
sultant, public interest group represen-
tative, and citizen activist.
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REGULATING ENVIRONMENTAL
CARCINOGENS:

Where do we draw the line?
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By David C. Kocher and
F. Owen Hoffman

We believe there is a fundamental
problem with current regulatory
policies for limiting routine expo-
sures of the public to radionuclides
and other carcinogens. Specifically,
there is a clear inconsistency in the
levels of acceptable health risk asso-
ciated with (1) standards for radio-
nuclides only developed under au-
thority of the Atomic Energy Act
and (2) standards developed under
authority of other laws for all car-
cinogens, including radionuclides,
or for chemical carcinogens only.
We first discuss the apparent in-
consistencies in levels of acceptable
risk associated with the two catego-
ries of standards described above.
We then propose a set of principles,
based on distinguishing unambigu-
ously between unacceptable and
trivial risks, which could provide
more consistent regulation of carci-
nogenic risks to the public. Our pro-
posed regulatory framework takes
into account such important factors
as costs of risk reduction in relation
to benefits in risks averted, techni-
cal feasibility, and societal concerns
(e.g., public perceptions of risk).

The Atomic Energy Act

The current framework for regu-
lating radiation exposures of the
public under authority of the Atom-
ic Energy Act may be referred to as a
“top-down”’ approach. This ap-
proach has two components (7-4).
First, a limit on radiation dose to in-
dividuals from all sources of expo-
sure except natural background,
corresponding to an upper bound
on acceptable risk, is established in
radiation protection standards.
Then, doses are reduced below the
limit by requiring that exposures be
kept ‘““as low as reasonably achiev-
able”” (ALARA). In applying the
ALARA principle to risk reduction,
such factors as cost versus benefit,
technical feasibility, and societal
concerns are taken into account.

Dose limits in radiation protec-
tion standards for the public (1-4)
correspond to a limit on acceptable
lifetime risk from all nonnatural ra-
dionuclides of 5 x 107 (2). Howev-
er, the development of many stan-
dards that specify lower dose limits
for specific practices or sources (5,
6) and that represent an application
of the ALARA principle virtually
ensures that the lifetime risk from
all nonnatural radionuclides will
not exceed 1072 (1, 2).

Regulations under other laws

The current framework for regu-
lating exposures of the public to
chemical carcinogens, and for regu-
lating radiation exposures under
laws other than the Atomic Energy
Act, is the opposite of that de-
scribed above and may be referred
to as a “bottom-up” approach. In
this approach, there is no standard
that defines an upper bound on ac-
ceptable risk from all carcinogens
and sources of exposure. Rather, for
specific exposure situations only (7,
8), a lower bound on acceptable risk
is established as a goal, and this goal
then may be increased to reflect
risks that reasonably can be justi-
fied. Examples are described below.

Zero risk was established as a goal
by both the Delaney Clause of the
Federal Food, Drug and Cosmetic
Act Food Additives Amendment of
1958, which addresses carcinogenic
food additives (e.g., pesticides), and
by standards for radionuclides and
chemical carcinogens in drinking
water developed under the Safe
Drinking Water Act (9). However,
these goals have been relaxed,
based on considerations of cost and
technical feasibility, to permit life-
time risks of 107® for pesticides (7)
and 107*-107° for carcinogens in
drinking water (6, 9, 10). Accept-
able risks of 10™-107°® also have
been embodied in standards devel-
oped under the Clean Air Act for
airborne emissions of radionuclides
and other carcinogens (11, 12) and
in standards developed under the
Comprehensive Environmental Re-
sponse, Compensation, and Liabili-
ty Act (CERCLA) for cleanup of haz-
ardous substances (13).

Regulatory inconsistency

The “top-down” approach to reg-
ulating exposures to radionuclides
under the Atomic Energy Act clear-
ly is fundamentally different from
the “bottom-up” approach to regu-
lating exposures to radionuclides
and other carcinogens under other
laws. As a result, upper bounds on
risks to the public regarded as “ac-
ceptable” in the two cases clearly
are inconsistent—that is, lifetime
risks of 107 or greater in the former,
but 107#-107° in the latter.

This inconsistency is particularly
apparent for disposal of low-level
radioactive waste. For disposals
permitted under the Atomic Energy
Act (14, 15), limits on radiation
dose to hypothetical inadvertent in-
truders onto disposal sites corre-
spond to limits on lifetime risk in
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the range 5 x 107 to 2 x 1072, How-
ever, for past, unpermitted dispos-
als subject to cleanup under CERC-
LA, current standards include a
maximum lifetime risk to intruders
of 10™-107° as a goal for remedia-
tion (13). This difference in accept-
able risks for virtually identical
practices seems quite illogical.

Proposal for consistent regulation

We believe that the fundamental
inconsistency in current approach-
es to regulating exposures of the
public to radionuclides and other
carcinogens described above can be
reconciled and that a reasonable ba-
sis for more consistent regulation of
risks from all carcinogens can be de-
veloped. Our proposed regulatory
framework, shown in Figure 1, con-
tains three basic elements:
¢ A de manifestis lifetime risk in

the range 107'-1072, which

would define an upper bound on
acceptable risk from all carcino-
gens and sources of exposure and
above which regulatory action
would be taken to reduce risks re-
gardless of cost;

¢ A de minimis lifetime risk in the
range 107*-107°, which would
define risks from any carcinogen
and source of exposure so trivial
that regulatory action to reduce
risks would be unwarranted; and

e For lifetime risks above de mini-
mis levels, reduction of risks
based on application of the

ALARA principle.

Regarding the third element, we
would emphasize that a de minimis
risk is not the goal of ALARA (1).

The elements of this proposal are
not new. A de manifestis risk and re-
duction of risks using the ALARA
principle are fundamental tenets of
radiation protection (1—4). For chem-
ical carcinogens, all elements have
been embodied in many decisions on
whether or not to reduce risks by reg-
ulatory action, albeit only implicitly
and on an ad hoc basis (7). However,
in contrast to current regulatory poli-
cies for radionuclides or chemical
carcinogens, we believe that all ele-
ments should be adopted as an ex-
plicit set of principles for regulating
risks to the public from all exposures
to any carcinogens.

The key to our proposal is to rec-
ognize that the lifetime risks of 107~
107° embodied in some standards
are de minimis rather than de mani-
festis levels. This interpretation is
clearly supported by an analysis
that showed that regulatory authori-
ties usually have not acted to reduce
risks from chemical carcinogens
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when the risk to a few individuals is
below 10~ and the average risk in
large populations is below 107° (7).
We believe that acceptance of life-
time risks of 10™*-107° as de minimis
is the only reasonable way to recon-
cile the “top-down” and “bottom-
up” approaches currently used in
regulating exposures of the public to
radionuclides and other carcinogens.

The use of ranges for the de mani-
festis and de minimis risks would
permit taking into account the size
of an exposed population; that is,
higher levels could be used when
only a few individuals are at risk,
but lower levels could be used for
large populations (7). In addition,
the proposed ranges for these risks
permit considerable flexibility in

accommodating the kinds of subjec-
tive societal judgments involved in
applying the ALARA principle to
particular exposure situations.
Therefore, absolute uniformity of
regulatory decisions for limiting
carcinogenic risks to the public
would not be required.

Discussion and conclusions

The proposed de manifestis and
de minimis risks to the public are
consistent with
e radiation protection standards for

all nonnatural radionuclides (1-4),
e standards for exposure to natural-

ly occurring radionuclides in ura-

nium and thorium mill tailings

(16), which correspond to a life-

time risk greater than 1072 (2, 6),

FIGURE 1

107!
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De manifestis

Risks, depending on size of
exposed population, that are
“unacceptable”; if exceeded,
risks should be reduced
regardless of cost

10 =

10°

10:%

—

De minimis

Risks, depending on size of
exposed Populatlon, that are
“acceptable”; further reduction
of risks by regulation is
unwarranted

102

}._

Proposed framework for regulating exposure of the public to
radionuclides and chemical carcinogens?

ALARA

Additional efforts required
to reduce risk to levels
considered “as low as
reasonably achievable”

B b Ghe

Below this level, application
of ALARA principle to further
risk reduction depends
on the level selected
as de minimis

10:°

“ The vertical scale denotes lifetime risk of stochastic health effects. Possible measures of risk include fatal
cancers and hereditary effects, cancer incidence, or fatalities plus weighted nonfatal cancer incidence (2).

1988 Environ. Sci. Technol., Vol. 25, No. 12, 1991

e guidances on remedial action
levels for exposure to natural
background radiation, principal-
ly external radiation and radon
decay products (1, 17), which
correspond to risks of 107% or
greater (2, 17),

many regulatory decisions on
whether or not to reduce risks
from chemical carcinogens (7),
and

proposed exemption levels for ra-
diation exposure (1, 18, 19),
which correspond to risks of
about 5 x 107°.

Our proposal also could be ap-
plied to accidental exposures to any
carcinogens. Indeed, the de mani-
festis risks are consistent with
guidelines for undertaking respons-
es to radiation accidents (20-22),
which correspond to risks of about
1-4 x 107°, and with the action level
for PCBs in fish (23), which corre-
sponds to a risk of about 107°.

Thus, our proposed regulatory
framework is consistent with virtu-
ally all regulatory policies for limit-
ing routine and accidental expo-
sures of the public to radionuclides
and other carcinogens. Again, how-
ever, this consistency is achieved
only if the lifetime risks of 107*-
10~° embodied in some standards
are interpreted as de minimis.

We believe that more consistent
regulation of risks to the public
from radionuclides and other car-
cinogens along the lines proposed
here has two obvious benefits. First,
it would encourage consideration of
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risks from any carcinogen and source
of exposure in the context of risks
from all sources, as opposed to the
rather piecemeal approach embodied
in past regulatory decisions, particu-
larly for chemical carcinogens (7).

Second, the proposed de manifes-
tis risks are consistent with risks
from naturally occurring carcino-
gens, which average about 1072 for
radionuclides (2, 24) and greater
than 1072 for other carcinogens (25).
Therefore, the proposed de minimis
levels would ensure that risks much
lower than unavoidable background
risks do not receive unwarranted at-
tention.
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ESST REGULATORY FOCUS

Competitiveness and
environmental quality

Alvin L. Alm

The competitive position of U.S. in-
dustry in the world market repre-
sents the most serious long-term
_problem afflicting the U.S. econo-
‘my. Recessions will come and go,
but as the world moves to a global
economy, the U.S. competitive po-
sition will be critical to our econom-
ic well-being. Countries that have
lost their competitive edge, such as
Great Britain, will have a lower na-
“tional income than other Western
nations.
- The ability of U.S. firms to com-
- pete will be based heavily on devel-
oping and maintaining strong posi-
“tions in certain domestic markets,
“ the quality of the U.S. labor force
_and educational system, the success
“of technological development, and
the ability of our firms to upgrade
- quality. The determinants of a com-
petitive edge are clearly set forth in
_a brilliant book, The Competitive
Advantage of Nations, by Michael
Porter of the Harvard Business
- School. Porter concludes that true
‘success in global markets flows
_from innovation sparked by com-
. petitive domestic markets, avail-
ability of discriminating customers,
- and overcoming of short-term obsta-
cles. Countries seeking true compet-
itive advantage must aim for quality
- and service, not rely on low-cost la-
“bor or natural resource advantages.
. Porter does not believe higher envi-
. ronmental costs threaten the com-
petitive position of the United
- States, but rather that they stimulate
innovation.
. Porter’s view is not the conven-
~tional wisdom among economists

and busmess people, some of whom
argue that environmental expendi-
tures add to the cost of U.S. goods,
reducing their competitiveness in
international markets. Proponents
of this view conclude that the Unit-
ed States should impose less strin-
gent standards or that other nations
should be cajoled into establishing
higher environmental standards.

Economic models

These views are buttressed by
macroeconomic models that show
poor economic performance caused
by the imposition of environmental
standards. But these models do not
take into account the benefits of re-
ducing the exposure of people and
ecosystems to poIlutmn [See Regu-
latory Focus, Oct. issue, p. 1685.]
For example, macroeconomic mod-
els portray production of cigarettes
as a positive economic contribu-
tion, whereas measures to control
unhealthy air pollutants are por-
trayed as a reduction to economic
growth This portrayal is particular-
ly ironic because U.S. health costs
are fast spiralling out of control, re-
sulting in a significant reduction in

- productivity. The “productive” ac-

tivity of producing cigarettes is not
helping the matter, whereas reduc-
tion of air pollution is. I am not sug-
gesting that cigarette production be
banned, but we should account for
its costs, just as we need to account

-for environmental benefits.

There is no way to correctly ac-
count for all the environmental ben-
efits that flow from environmental
requirements. We can only infer

that the benefits must be close to or

greater than costs, because the high-
est environmental expenditures, by
far, are incurred in the countries
with the healthiest economies.

On the margin, environmental
costs may adversely affect trade for
a few firms in a few industries, par-
ticularly in the extractive indus-
tries. The question is whether the
worldwide concern over the envi-
ronment will help or hurt the Unit-

0013-936X/91/0925-1993$02.50/0 © 1991 American Chemical Society

ed States’ competitive position in
the long term.

According to Porter’s thesis, tight
environmental standards should
help. Over the years, U.S. firms
have developed technologies and
services to characterize environ-
mental problems and clean them
up. Currently, the United States is
far ahead of most other countries in
providing environmental products
and services. The U.S. environmen-
tal market has all the characteristics
that should lead to global success,
including discriminating custom-

~ ers, fierce domestic competition,

and a well-trained work force.

What the government can do

What, if anything, should the gov-
ernment do to promote environ-
mental markets in the future? First
and foremost, the government
should provide leadership in inter-
national environmental activities
and aggressively support domestic
environmental programs. As long as
U.S. standards represent the “wave
of the future,” development of a do-
mestic environmental control mar-
ket should enhance export.possibil-
ities. Second, support for R&D and
testing of domestic technology
should help bring new products
and technologies on line. Third, the

_government should positively pro-

mote exports to help get U.S. exper-
tise in front of potential customers.
If the Michael Porter thesis is cor-
rect, the United States has a tremen-
dous opportunity to develop a
strong competitive position for en-
vironmental products and services.
Considering the prize—a market es-
timated at $200 billion and grow-
ing—it is hard to ignore the allure of
foreign environmental markets.
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Policy Implications of Greenhouse
Warming. National Academy of
Sciences. National Academy Press,
2101 Constitution Avenue, N.W.,
Washington, DC 20418. 1991. xiii +
127 pages. $14.95 ($18, foreign), pa-
per.

Policy Implications of Green-
house Warming addresses a wide
range of issues such as energy poli-
cy, deforestation, population
growth, and the proper role of the
United States in an international
strategy. Research needs also are
discussed, as are social and eco-
nomic impediments to responses to
the threat of global warming.

Biosynthesis and Biodegradation of
Cellulose. Candace H. Haigler and
Paul J. Weimer, Eds. Marcel Dekker,
270 Madison Ave., New York, NY
10016. 1991. xi + 684 pages. $175,
cloth.

The enzymatic breakdown of cel-
lulose could be a path toward the
economical production of renew-
able fuels. Biosynthesis and Biodeg-
radation of Cellulose explains the
occurrence, functions, and produc-
tion of cellulose in plants, and con-
tinues with discussions of the
breakdown of cellulose by cellulase
enzymes and by other means.

Acidic Deposition and Aquatic Eco-
systems: Regional Case Studies.
Donald F. Charles, Ed. Springer-
Verlag, 175 Fifth Ave., New York,
NY 10010. 1991. xii + 747 pages.
$98, cloth.

Acidic Deposition and Aquatic
Ecosystems explains acid deposi-
tion’s path to waters and what its ef-
fects on waters and aquatic biosys-
tems are. Case studies cover parts of
the United States, including the Ad-
irondack Mountains (NY), New En-
gland, Florida, and the Sierra Neva-
da and Cascade Mountains of the
West. Long-term trends in water
chemistry are discussed in one con-
tributed paper.

Harnessing Science for Environ-
mental Regulation. John D. Gra-
ham, Ed. Praeger Publishers, One
Madison Ave., New York, NY
10010. 1991. viii + 242 pages.
$39.95, cloth.
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Harnessing Science for Environ-
mental Regulation takes the posi-
tion that advice from experts out-
side government “is critical to the
competence and credibility of regu-
lations designed to protect public
health.” The book examines three
organizations formed to improve
regulatory science: The Chemical
Industry Institute of Toxicology, the
Science Advisory Board of EPA,
and the Health Effects Institute.

International Journal of Energy,
Environment and Economics. T.
Nejat Veziroglu, Ed. Nova Science
Publishers, 283 Commack Rd.,
Suite 300, Commack, NY 11725-
3401. 1991. Quarterly. $95 for indi-
viduals, $145 for libraries.

Among topics in the first issue are
clean coal combustion, reduction of
gaseous pollutant emissions, green-
house effect, flywheel energy stor-
age, trends in nonrenewable energy,
and oceanic sinks for anthropogenic
CO,. The editor is director of the
Clean Energy Research Institute of
the University of Miami (FL).

Chemical Ecotoxicology. Jaakko
Paasivirta, Lewis Publishers, 2000
Corporate Blvd., N.W., Boca Raton,
FL 33431. 1991. 155 pages. $49.95;
$60 outside United States, cloth.

Topics include cycles of chemi-
cals in the environment, risk assess-
ment and management, analysis of
trace chemicals, organohalogens,
mercury, oil residues in the envi-
ronment, and forestry industry
emissions. Author’s work was de-
scribed in ES&T [1988, 22(9), 998].

Understanding Computer Use in
Ground Water Science. National
Water Well Association. NWWA
Bookstore, P.O. Box 182039, Dept.
017, Columbus, OH 43218. 1991.
$31.25 ($25 for NWWA members;
add $3 for shipping and handling).
Catalog No. K810.

This latest addition to the NWWA
anthology series contains 24 papers
on subjects such as aquifer analysis,
pumping tests, chemistry, contami-
nant transport, regional hydrology,
statistics, the unsaturated zone, and
how computers are used to solve
groundwater-related problems.

Environmental Biotechnology for
Waste Treatment. Gary S. Sayler,
Robert Fox, and James W. Black-
burn, Eds. Plenum Publishing, 233
Spring St., New York, NY 10013-
1578. 1991. 298 pages. $52.50 ($63
outside United States and Canada).

Environmental Biotechnology for
Waste Treatment aims to integrate
the latest engineering applications
with the newest research advances.
Topics include efficient agents for
microbial degradation, bench-scale
demonstrations of biodegradation
of carcinogenic hydrocarbons, and
microbiological aspects of bioreme-
diation and biorestoration.

Microbial Production and Con-
sumption of Greenhouse Gases:
Methane, Nitrogen Oxides, and
Halomethanes. John E. Rogers and
William B. Whitman, Eds. Ameri-
can Society for Microbiology, 1325
Massachusetts Ave., N.W., Wash-
ington, DC 20005. 1991. 298 pages.
$59.

Carbon dioxide is not the only gas
that is suspected of causing global
warming; gases such as methane,
halomethanes, and NO, also share
the blame, according to many scien-
tists. Papers in this book examine
the microbial production and con-
sumption of these gases and what
role they and CO, will play in glo-
bal warming.

Environmental Management in De-
veloping Countries. Organization
for Economic Cooperation and De-
velopment. OECD Publications and
Information Center, 2001 L St.,
N.W., Suite 700, Washington, DC
20036-4910. 1991. $52.

This volume consists of papers
from a Development Centre Semi-
nar for practitioners and researchers
from developing countries. It takes
stock of the issues and practices of
environmental management in a de-
velopment context, as well as spe-
cial difficulties faced by developing
countries.

OSHA Technical Manual, second
ed. Government Institutes, Inc., 4
Research Pl., Suite 200, Rockville,
MD 20850. 1991. 265 pages. $63
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($65 outside United States; prices
include shipping), paper.

This updated edition provides
technical guidance, especially for
newly covered areas such as indoor
air, hospitals, construction sites,
and oil wells. Topics include sam-
pling for surface contamination,
shipping and handling of samples,
personal sampling for air contami-
nation, protective clothing, noise,
and injuries.

The Dose Makes the Poison: A
Plain-Language Guide to Toxicolo-
gy, second ed. M. Alice Ottoboni.
Van Nostrand Reinhold, 115 Fifth
Ave., New York, NY 10003. 1991.
$24.95.

Are chemicals in our air, food,
and water harmful, and if so, to
what degree? Effects of chemicals at
home and at work are presented in
layman’s language. Topics include
the way those chemicals that cause
harm do so, what influences de-
grees of toxicity, paths of exposure,
carcinogenesis, and teratogenesis.
The author has been a staff toxicolo-
gist with the California State De-
partment of Public Health.

Receptor Modeling for Air Quality
Management. P. K. Hopke, Ed.
Elsevier, P.O. Box 882, Madison
Square Station, New York, NY
10159. 1991. x + 330 pages. $157.

This book examines the back-
ground and application of receptor
models for source identification
and quantitative mass apportion-
ment of airborne pollutants. Ambi-
ent and source sampling are dis-
cussed, together with commonly
used models, recent advances in
this field of modeling, and the per-
spective of regulators on how mod-
els fit into the development of an air
quality management plan. The
book’s aim is to furnish a guide to
implementing receptor modeling as
part of a management plan.

The Water Encyclopedia. Frits van
der Leeden, Fred Louis Troise, and
David Keith Todd, Eds. Water Infor-
mation Center, 125 E. Bethpage Rd.,
Plainview, NY 11803. 1991. 800
pages. $135.

The aim of The Water Encyclope-
dia is to answer almost every statisti-
cal question that might be asked
about water in one book, thereby
eliminating the need to hunt through
textbooks, journals, reports, and gov-
ernment publications.

ame ntal
FavirQations

Environmental
Applications

he only book on expert systems devoted

solely to environmental applications, this

comprehensive review discusses the state
of the art in developing expert systems to
solve environmental problems. Covering more
than 65 identified systems, this work includes
many systems never before published.

Beginning with a broad overview, this 16
chapter text describes the process of expert
systems development and all stages in their
life cycles. These include chapters on verifica-
tion and validation of systems; neural net-
works; systems to support environmental
sampling, analysis, and data validation; and
the future of expert systems in the Environ-
mental Protection Agency.

Other chapters focus on applications areas
for expert systems. Each system is described
and emphasis is placed on problems encoun-
tered during development and how they were
solved. The final chapter defines the needs
identified within EPA for expert systems and
looks at areas of future environmental expert
system development.

Contents

Overview of Environmental Expert Systems -+ Success
Factors for Expert Systems - Verification and Valida-
tion of Environmental Expert Systems - Neural Net-
works and
Analysis, and Data Validation - IQAP Functlnnll Re-
quirements ¢ Prediction of Aquatic Toxicity of Con-
taminants + A Citizen's Helper for Chemical Informa-
tion « Diagnosing Performance Limiting Factors - The
Activated Sludge Advisor Prototype + Hazardous
Waste Site Investigations * The Cost of Remedial Ac-
tion Model * Performing Risk Assessments for Haz-
ardous Waste - Remedial Action Priority and MEPAS
« Defense Priority Model « The Future of Expert
Systems

Judith M. Hushon, Editor, Roy F. Weston, Inc.

Developed from a symposium sponsored by the Divi-
sion of Chemical Information of the American Chemi-
cal Society
ACS Symposium Series No. 431
232 pages (1990) Clothbound
ISBN 0-8412-1814-5 LC 90-37399
$49.95

American Chemical Society
Distribution Office, Dept. 78
1155 Sixteenth St. NW.
Washington, DC 20036

or CALL TOLL FREE

800-227-5558

(in Washington, D.C. 872-4363) and use your credit card!

Enhanced
Biodegradation of
Pesticides in the
Environment

his book is the first to focus exclusively
Ton the adaptation of microorganisms for
rapid pesticide degradation. No other vol-
ume has covered research information on this
subject so completely and comprehensively.
Beginning with an introductory chapter, this
20-chapter volume is divided into three sec-
tions discussing the following:
© General field and laboratory observations of en-
hanced pesticide degradation
® Microbiological and biochemical aspects of micro-
bial adaptation to pesticides in terrestrial and
aquatic systems
® Management strategies and possible solutions to
the problem of decreased pesticide efficacy

It concludes with an appendix of key

chemical structures.
Contents
Pesticides in the Soil Microbial Ecosystem

Effects of Long -Term Phenoxyalkanoic Acid
Herbicide Deg-
radation - Carbamothioate Herbicides « char

in Soil « D of
|nsecticides Insecticides in Soil & Microbial
Activity - Degradation of S-Ethyl N,N-Dipro-
pylcarbamothioate in Soil + Roles of Fungi &
Bacteria « Inﬂnenc: of Metabolites on Dagra
dation - M o Deg-
radation by Soil Bacteria ¢ Response of Mi-
crohlal Populations to Carbofuran
of Mi in Subsur-

face Environments + Microbial Adaptation in
Aquatic Ecosystems - Coping with Soil Insec-
ticide Degradation « Systems Allowing Use of
Carbamothioate Herbicides - Persistence of
Carbamothioate Herbicides + Spectrophoto-
metric Methods - Detoxification of Herbicide

Waste in Soil - Implications for Use & Study
of Pesticides in Soil

Kenneth D. Racke, Editor, DowElanco

Joel R. Coats, Editor, lowa State University
Developed from a symposium sponsored by the
Division of Agrochemicals of the American Chemical
Society

ACS Symposium Series No. 426

312 pages (1990) Clothbound

ISBN 0-8412-1784-X LC 90-34194
$64.95

0O+-R+D-E+R F+-R-0-+M

American Chemical Society
Distribution Office, Dept. 71
1155 Sixteenth St., N.W.
Washington, DC 20036

or CALL TOLL FREE

800-227-5558

(in Washington, D.C. 872-4363) and use your credit card!
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ESHT MEETINGS

Jan. 8-10, 1992 Knoxville, TN
Molecular Biology for
Environmental Scientists and
Engineers

Center for Environmental
Biotechnology

Workshop is designed for nonbiolo-
gists and will emphasize DNA
structure and repair, mutagenesis,
recombinant DNA, and related en-
vironmental issues. Attendance
will be limited to 40 persons.

Fee is $135. Sue Markland Day,
Center for Environmental
Biotechnology, 10515 Research Dr.,
Suite 100, Knoxville, TN 37932;
(615) 675-9450.

Jan.14-16 Cambridge, MA

The World at Risk: Natural
Hazards and Climate Change
Massachusetts Institute of
Technology

Topics will highlight predicting
hazards affected by climate change,
outlining strategies for prevention
or adaptation to such hazards, and
engineering and governmental re-
sponses.

Fee is $50. Anne Slinn, Center for
Global Change Science, MIT,
Building 54-1312, Cambridge, MA
02139; (617) 253-4902; fax (617)
253-0354.

Jan. 15-17 Orlando, FL
International Conference on
Hazard Identification and Risk
Analysis, Human Factors, and
Human Reliability in Process
Safety

American Institute of Chemical
Engineers

This conference will examine oil
spills, occupational hazards, fires
that involve toxic materials, human
exposure, hazards caused by trace
substances, and fault analysis.

Fee is $595. ETA, P.O. Box 2008,
Westfield, NJ 07090; (908)
233-2300; Fax (908) 233-2015.

Jan. 22-24 Arlington, VA
EPCRA/SARA Title III Compliance
Update; Form R Workshop; Data
Management

Government Institutes, Inc.

1996 Environ. Sci. Technol., Vol. 25, No. 12, 1991

These three seminars cover crucial
aspects of the Emergency Planning
and Community Right-to-Know Act
(EPCRA), including compliance
with EPCRA and managing Section
311, 312, and 313 data.

Tim Hohman, Government
Institutes, Inc., 4 Research Pl., Suite
200, Rockville, MD 20850; (301)
921-2345.

Jan 27-31 Austin, TX

Advanced Water Pollution Control:
Physical and Chemical Waste
Treatment, Sludge Handling and
Disposal

The University of Texas at Austin

This course teaches the fundamen-
tals of physical and chemical meth-
ods for treatment and serves as a
framework in the analysis, design,
and operation of wastewater treat-
ment facilities.

Fee is $760. Cathy Williams,
Cockrell Hall 10.324, The
University of Texas, Austin, TX
78712-1080; (512) 471-3396; fax
(512) 471-0831.

Jan. 30-31 New Orleans, LA
Symposium on Superfund Risk
Assessment in Soil Contamination
Studies

American Society for Testing and
Materials

Session topics will stress EPA-
approved methodology and state-of-
the-art modifications for handling
site-specific and “‘real-life”” prob-
lems in assessing risk at hazardous
waste sites.

No symposium fee. Marsha Firman,
ASTM, 1916 Race St., Philadelphia,
PA 19103-1187; (215) 299-5400; fax
(215) 977-9679.

Jan. 30-31 Houston, TX
Remedial Strategies and Decision
Making

Geraghty & Miller, Inc.

“Remedial strategies’’ means
groundwater remediation. Seminar
topics will include soil remedia-
tion, bioremediation, waste minimi-
zation, site-specific risk assessment,
and case histories.

Richard M. Miller, American
Ecology Services, 127 E. 59th St.,
New York, NY 10022; (212)
371-1620.

Feb.4-6 Cincinnati, OH

In Situ Treatment of Contaminated
Soil and Water

Air & Waste Management
Association

Topics will include in situ treat-
ment technologies, delivery and re-
covery techniques, monitoring, reg-
ulatory issues, and case studies.

Janet M. Houthoofd, EPA, 5995
Center Hill Ave., Cincinnati, OH
45224; (513) 569-7524; fax (513)
569-7879.

Feb.4-6 San Francisco, CA
National R&D Conference on the
Control of Hazardous Materials
Hazardous Materials Control
Research Institute

Topics will include innovative
technologies, contaminated aquifer
control, biotreatment, site safety,
emergency response, toxics control,
and state and federal programs.

R&D '92/HMCRI, 7237 Hanover
Parkway, Greenbelt, MD
20770-3602; (301) 892-9500; fax
(301) 220-3870.

Feb. 11-13 Dallas, TX

Solving Ground Water Problems
with Models

The Association of Ground Water
Scientists and Engineers

Conference topics will include
mathematical techniques, geochem-
ical and biochemical modeling,
nonpoint pollution, wellhead pro-
tection, model calibration, and
groundwater in wetlands.

Fee is $445 (NWWA members,
$395; students, $100). Solving
Ground Water Problems, National
Water Well Association, P.O. Box
182039, Dept. #017, Columbus, OH
43218; (614) 761-1711; fax (614)
761-3446.

Feb. 23-27 Seattle, WA
1992 Annual Meeting
Society of Toxicology
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Symposia will discuss genetic sus-
ceptibility to environmental agents,
chemical allergy, risks to humans,
controversies in cancer causation,
and protein changes as indicators of
toxicologic mechanisms.

Society of Toxicology, 1101 14th
St., N.W., Suite 1100, Washington,
DC 20005.

March. 1-6 Palm Coast, FL
Source Emission Monitoring and
Analysis XVI

Engineering Foundation

This conference will focus on up-
dates of EPA regulations and meth-
ods, air toxics, acid rain, area emis-
sions, state experiences, and
pollution prevention.

Engineering Foundation, 345 E.
47th St., New York, NY 10017;
(212) 705-7835; fax (212) 705-7441.

March 2-6 Orlando, FL.
Energy from Biomass and Wastes

Institute of Gas Technology

Topics will include biomass pro-
duction and component separation,
municipal solid waste processing,
alcohol fuels, genetic engineering,
conversion of cellulosics, and envi-
ronmental issues.

Susan Robertson, Institute of Gas
Technology, 3424 S. State St.,
Chicago, IL 60616; (312) 567-3881;
fax (312) 567-3857.

March 9-13 New Orleans, LA
PITCON ’92; The 43rd Pittsburgh
Conference on Analytical
Chemistry and Applied
Spectroscopy

Pittsburgh Conference

PITCON probably is the largest con-
ference of its kind in the world. It
will deal with subjects as diverse as
supercritical extraction, EPA Meth-
ods for analyzing organics in water,
analytical chemistry at the level of a
single cell, and frontiers in chemo-
metrics.

Pittsburgh Conference, Dept. CFP,
300 Penn Center Blvd., Suite 332,
Pittsburgh, PA 15235-5503.

March 16-18 Budapest, Hungary
Stability and Change in Nature:
Ecological and Cultural
Dimensions

International Forum for
Biophilosophy

Among questions studied will be: Is
there a good reason to establish bio-
diversity as an objective of environ-

mental policy? How can we act in
the absence of scientific evidence?
How seriously must we take hypo-
thetical dangers?

Elly Janssens, International Forum
for Biophilosophy, Craenendonck,
15, B-3000 Leuven, Belgium; phone
16 23 11 74; fax 16 20 53 08.

April 1-2  Arlington, VA
28th Annual Meeting
National Council on Radiation
Protection and Measurements

The emphasis will be on radiation
protection in medicine.

W. Roger Ney, NCRP, 7910
Woodmont Ave., Suite 800,
Bethesda, MD 20814; (301)
657-2652; fax (301) 907-8768.

April 1-2 Montreal, Canada

Fifth Conference on Toxic
Substances

Association for the Prevention of
Atmospheric and Soil
Contamination

Highlights will include polycyclic
aromatic hydrocarbons, treatment
technologies, disposal alternatives,
and legal aspects.

Conrad Anctil, Ministere de
I’Environnement du Québec, P.O.
Box 11, Sainte-Foy, QC G1X 4E4,
Canada; (418) 644-3420.

April 5-10 San Francisco, CA
203rd National Meeting of the
American Chemical Society
American Chemical Society

This meeting will include numer-
ous symposia on environmental
chemistry and related subjects.

American Chemical Society, 1155
16th St. N.W., Washington, DC
20036-4800; (202) 872-4396; fax
(202) 872-6128.

April 6-9 Washington, DC
2nd Annual Environmental
Technology Exposition and
Conference (ETEX ’92)

The Interface Group

This conference is an international
business forum for buyers and sell-
ers of environmentally related prod-
ucts and services. It will cover the
gamut of new technologies.

The Interface Group, 300 First Ave.,
Needham, MA 02194-2722; (617)
449-6600; fax (617) 449-6953.

April 6-10 Bangkok, Thailand
Pacific Basin Conference on
Hazardous Waste

Pacific Basin Consortium for
Hazardous Waste Research
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Topics will include minimization,
stabilization, risk assessment, data
base development, and emergency
planning.

Pacific Basin Consortium for
Hazardous Waste Research, c/o
East-West Center, 1777 East-West
Rd., Honolulu, HI 96848; (808)
944-7555; fax (808) 944-7298.

April 20-23 Prague,
Czechoslovakia

Energy and Environment:
Transitions in Eastern Europe
University of North Dakota and
Power Research Institute Prague

Topics will include coal cleaning,
air and water quality, new clean
coal use options, solid waste use
and disposal, energy resources, and
nonfuel uses of coal. One technical
tour will visit the Northern Bohe-
mia “Moonland,” an area devastat-
ed by intense power and mining ac-
tivity.

Mike Jones, Energy and
Environmental Research Center,
University of North Dakota, Box
8213, University Station, Grand
Forks, ND 58202-8213; (701)
777-3120; fax (701) 777-5181.

April 22-29 Erice, Sicily, Italy
Innovative Technologies for
Cleaning the Environment: Air,
Water, and Soil

Department of Energy and others

Sessions will cover soil and ground-
water contamination, surface water
pollution, air pollution, pollution
prevention, and cleanup in Eastern
Europe, the Mediterranean, and the
Persian Gulf.

Richard C. Ragaini, Environmental
Protection Dept., Lawrence
Livermore National Laboratory,
P.O. Box 808, L-192, Livermore, CA
94550; (510) 423-8877; fax (510)
422-2528.

April 27-29 Tampa, FL
International Conference on
Ground-Water Ecology

U.S. Environmental Protection
Agency

Topics will highlight effects of pol-
lutants on groundwater organisms,
modeling of groundwater ecology,
basic research needs, effects of at-
mospheric deposition, watershed
planning, and case studies.

John Simons, Mail Code WH-550G,
U.S. Environmental Protection
Agency, 401 M St., S.W.,
Washington, DC 20460; (202)
260-7091.
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€SE&T PRODUCTS

AIR POLLUTION

Compressed air filtration. Filter re-
moves particulates, water, and oil
from compressed air with pressure
drop not exceeding 3 psi. Ask for
Bulletin 101. Deltech 99

Breather for emergency response.
Lightweight self-contained breath-
ing apparatus gives at least 60 min
protection in a hazardous environ-
ment, for example, during an emer-
gency response. Biomarine 100

Indoor air cleaning. UCAIR air
cleaning system removes a wide
range of indoor air pollutants, in-
cluding volatile organic com-
pounds. Union Carbide 101

VOC destruction. RE-THERM sys-
tem ‘“has proven effective in con-
trolling airborne volatile organic
compounds and air toxics.” System
is a regenerative thermal oxidizer.
REECO 102

HAZARDOUS
MATERIALS

Air stripping of VOCs. Pre-engi-
neered air strippers remove more
than 99% of volatile organic com-
pounds by air stripping; other com-
pounds also are removed, often
with the same efficiency. Hydro
Group 103

CFC substitution. Company offers
proprietary technology that will
help industries and developing
countries eliminate chlorofluoro-
carbons from their manufacturing
processes, just as company has
done. Northern Telecom 104

FGD slurry recirculation. CB-SC
pump recirculates wet slurries in
flue gas desulfurization (FGD)
plants. Pump is computer aided and
has high hydraulic efficiency. Bar-
rett, Haentjens 105

Recycling commingled materials.
System processes up to 300 tons per
day of commingled steel, bi-metal,
and aluminum cans; glass; plastics;
newsprint; and corrugated paper.
Mayfran International 106

INSTRUMENTS

Fast toxicity test. Model 500 toxici-
ty test system can furnish results in
less than 30 min and screen 29 sam-
ples or process three complete seri-
al dilution bioassays at a time.
“Only a few mL "’ of sample are re-
quired for a full assay. Microtox

107

Organic vapor sampling. Tenax™/
CMS sampling tube provides a
means to sample volatile nonpolar
organic vapors such as aromatic and
chlorinated hydrocarbons with de-
tection possible at parts-per- billion
level. MSA 108

Monitoring water contaminants.
Chemsensor is a portable device
that measures chemicals in indus-
trial water and groundwater in real-
time and in situ. Package weighs
less than 5 1b. Sippican 109

H,S calibrator. Model 727 portable
H,S calibrator is small enough to fit
on belt and weighs 1.25 lb. It runs
on a 1.5-V battery and can be used
to calibrate any fixed or portable
H,S monitor. Texas Analytical Con-
trols 110

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 necessary.
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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.

DO monitors. Series 9610 dissolved
oxygen monitors can measure 0-20
ppm or 0-200% saturation. Probe
mounting up to 1000 ft (305 m) from
the receiver is available. Device
uses microprocessor-based elec-
tronics. Capital Controls 111

HPLC columns. OmniPac family of
high-performance liquid chroma-
tography columns combines advan-
tages of ion chromatography and re-
versed-phase chromatography in a
single solvent-compatible material.
Packings are of highly crosslinked
divinylbenzene polymer. Dionex

112

Remote air sampling. SUMMA pas-
sivated 6-L canister will sample air
at 2-500 cm®/min without power or
pump. It is based on EPA Method
TO-14 for measuring volatile organ-
ic compounds and assures sample
stability for gas chromatography.
Andersen Instruments 113

Water contamination testing. Porta-
ble DLE Kit provides on-site mea-
surement of contaminants in water,
including carbon tetrachloride, tol-
uene, HCN, H, S, benzene, gasoline,
and trichloroethylene. National
Draeger 114

Submersible pH sensor. This pH
sensor package is fully submersible
and is “‘suitable for tough pH mea-
surement” in applications such as
oily wastewater, electroplating,
wastewater treatment, and pulp and
paper. George Fischer Signet 115

H,S in wastewater. Model 722R/
500 offers continuous, unattended
on-line analysis of H,S in wastewa-
ter to ppm levels. Houston Atlas

116

Stack gas measurement. Pathfinder
long-path gas cell improves moni-
toring of stack gas from industrial
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plants. Path length may vary from
0.4 to 12.4 m. Connecticut Instru-
ment 117

Portable gas detector. Triple Plus is
a four-channel unit that can moni-
tor the atmosphere continuously for
flammable and toxic gases and oxy-
gen levels. Up to four sensors can be
fitted at any one time. Device
weighs less than 2 Ib. CEA Instru-
ments 118

Hydrocarbon monitoring in water.
Aquascan can monitor volatile or-
ganic compounds such as benzene
in water continuously in real time
“at infinitesimal levels within min-
utes.” It also sounds alarm when
preset levels of VOCs are exceeded.
Device is said to be the first of its
kind. Sentex Sensing Technology

119

Detection modules. Stand-alone de-
tection modules use thermionic and
flame ionization detectors to sniff
out halogenated vapors from water
and soil, electronegative vapors
from various samples, and organic
nitrogenated pollutants in water.
Other applications are possible.
DET 120

Hazardous waste monitoring. CEN-
TURY Organic Vapor Analyzer
128GC monitors volatile organics at
hazardous waste sites to help meet
Superfund requirements. Device is
portable. Ask for laboratory applica-
tion data sheet LAD 001-022. Fox-
boro 121

NO, monitoring. Model 7100 con-
tinuous emission monitoring sys-
tem uses nonsampling electrochem-
ical cell technology to provide EPA-
certifiable NO, monitoring of flue
gases. Measuring ranges are select-
able. Land Combustion 122

SFE sample extraction. Supercriti-
cal fluid extraction of pesticides
and polycyclic aromatic hydrocar-
bons from soil and certain other or-
ganic substances from other media
can be quantitative. Ask for Appli-
cations Bulletin 71. Isco 123

PUBLICATIONS

Clean Water Act issues. ENSR
NEWSLETTER Number 3, 1991,
contains an article on major issues
of Clean Water Act reauthorization,
by Windsor Sung, Ph.D., and on the
new operating permit program of
the Clean Air Act, by Robert Iwan-
chuk. ENSR 124

Compliance calendars. Compliance
Wall Planner for 1992 warns com-
panies of EPA, DOT, and OSHA
deadlines by which they must be in
environmental or industrial hy-
giene compliance; the cost is $45
(three for $95) plus $3 for shipping
and handling. Compliance Calen-
dars 125

Innovative PCB remediation. ENVI-
RON Report 1991, 5(2), 2, describes
innovative remediation technology
options for polychlorinated biphe-
nyls. Volume also contains an arti-
cle on lead sources, exposures, and
uptake. ENVIRON International

126

Solar electricity. Solar Electricity
Today is an introductory video (6
min, 20 s) that presents a summary
of the status and prospects of solar
electricity. Price varies with type of
videotape. EPRI 127

Questions about recycling. Recy-
cling is no panacea for the nation’s
solid waste problem, according to
the Journal of Regulation and Social
Costs 1991, 1(3). Article criticizes
solid waste rules. National Chamber
Foundation 128

SERVICES
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Environmental services. EI Envi-
ronmental Services Directory is a
2000+ page reference that provides
detailed information about 5300 en-
vironmental services in the United
States. The reference is divided into
states and then into categories of
service. EI 129

SOFTWARE

Recycling. Computer bulletin board
provides users access to buyers and
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sellers of materials for recycling;
emphasis is on Florida. Through a
modem, dial 1-800-348-1239 for in-
structions on use. TREEO 130

Environmental mapping. Global
Positioning System is available for
environmental mapping and re-
source management tasks as diverse
as endangered species habitats, for-
est fires, and soil surveys. Trimble
Navigation 131

Regulatory compliance. RegScan
Version 4.0 maintains data bases on
EPA, OSHA, and Department of
Transportation regulations with
monthly updates. Searches are
“speedy and complete.” Regulation
Scanning Technology 132

Environmental modeling. Geo-
science Modeling System portrays
geological and environmental mod-
els in three dimensions. Site charac-
terization and hydrogeological
studies are among the significant
features. Lynx Geosystems 133

Hazardous substances. Environ-
mental hazardous substances data
base is especially applicable to real
estate buyers and lenders to inform
them about current and historical
site activity with regard to hazard-
ous substances. Data base empha-
sizes Illinois. Illinois State Museum

134

Toxicity test information. Improved
search and retrieval system for the
AQUIRE data base is available; the
data base now includes 105,300 tox-
icity studies that cover 5200 chemi-
cals and 2400 species. AQUIRE is
an EPA data base. Technical Data-
base Services 135

Chromatography management.
PYRAMID Chromatography Manag-
er provides graphics, “on-the-fly”
editing, reconfiguration, and cus-
tomization. Demonstration disk
shows conversion of HPLC channel
to GC specifications. Software
works with Windows 3.0, but the
demonstration does not require
Windows. Axxiom Chromatogra-
phy 136

STANDARDS

Hazardous waste. EPA has certified
15 solid-waste reference samples;
they are “‘the first commercially
available reference materials made
from ‘real-world’ hazardous
wastes.” Fisher Scientific 137

1999



CLASSIFIED SECTION

Analytical Chemists-

Quality Assurance
San Antonio, TX

UNIVERSITY OF CALIFORNIA
AT BERKELEY

DEPARTMENT OF
CIVIL ENGINEERING

The University of California at Berkeley, Depart-
ment of Civil Engineering, invites applications
for a tenure-track assistant professor position,
pending budgetary approval, in Environmental
Engineering in the area of air quality engineer-
ing. This position requires an engineer/scientist
with knowledge of thermodynamics, chemical
kinetics, and fluid mechanics as applied to the
characterization and control of urban or regional
air quality problems including both criteria pollut-
ants and air toxics. Desirable areas of expertise
include, but are not limited to the following:
emissions characterization, emissions control
technology, incineration technology for waste
treatment and reduction, atmospheric transport
and transformation processes, atmospheric de-
position, and air quality control strategies. The
successful candidate will be responsible for
teaching undergraduate and graduate courses in
environmental engineering and must show po-
tential for high quality research in this field. An
engineering background and a doctoral degree in
an appropriate field are required. The position
will be available July 1, 1992. Interested persons
should apply in writing by submitting a resume,
statement of research and teaching interests, list

We need three professionals to help us develop and monitor quality assurance activities in a
major environmental restoration program. Individuals will be responsible for interpretation
of environmental data. which characterize potential sources and identify the extent of
contamination from hazardous waste sites. In addition. selected individuals will review
sampling and analysis plans. work plans and statements of work. and recommend modifica-
tions or additions 1o the documents to meet objectives of project and program require-
ments. On=site evaluations of environmental laboratories providing analytical services will
be conducted by our staff chemists. B 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. citizen-
ship. willingness to travel. and expertise in quality assurance and quality control in chemi-
cal measurements are required. Experience in conducting laboratory audits and data
validation is highly desirable. B An independent. not-for-profit organization. MITRE
works in the public interest. solving complex technical problems by providing system
engineering. technical assistance. system integration and acquisition support to government
and civil agencies. In additionto com- go o0 L eiqential ideration, pl
petitive salaries. we offer a comprehen-  forward your resume to: The Office of
Human Resources, Section M11, The

MITRE Corporation, 7525 Colshire Drive,
McLean, VA 22102.

sive benefits package.

MITRE is proud to be an equal opportunity/affirmative action employer and is committed to

diversity in our workforce. MITRE's
Corporate Offices are located in Bedford,
MA and McLean, VA

MITRE

of publications, and names and addresses of ref-
erences. Applications must be submitted by Feb-
ruary 15, 1992. Apply to: Search Committee for
Faculty Position in Environmental Engineering,
c/o professor Keith C. Crandall, Chair, Depart-
ment of Civil Engineering, 760 Davis Hall, Uni-
versity of California, Berkeley CA 94720. The
University of California is an Equal Opportunity,
Affirmative Action Employer.

ENVIRONMENTAL
CHEMIST

The Department of Agricultural Chemistry at
Oregon State University invites applications
for a tenure-track Assistant Professor posi-
tion. Applicants must have a Ph.D. with a
strong background in Chemistry and re-
search experience concerned with the fun-
damental physical, chemical or biochemical
processes influencing the fate and behavior
of pesticides and other chemicals in the en-
vironment. The successful candidate would
be expected to develop an externally funded
research program, mentor graduate stu-
dents, and contribute to departmental teach-
ing and Extension efforts. Qualified individ-
uals should forward a curriculum vitae, a
statement of research interests and a list of
at least three references to:

Environmental Chemist Search Committee
Department of Agricultural Chemistry
Oregon State University
Weniger Hall, Room 339
Corvallis, OR 97331-6502

Application deadline is December 15, 1991.

OSU is an AA/EEO employer and is responsive
to the needs of dual-career couples.

FACULTY POSITION / ENVIRONMENTAL
ENGINEERING — The Department of Civil
Engineering at UCLA invites applications
for a tenure-track faculty position in envi-
ronmental engineering, effective July 1,
1892. The level of the appointment is open,
but junior candidates are preferred. Appli-
cants should have an earned Ph.D. degree
in Civil or Environmental Engineering or
equivalent, with some professional experi-
ence very desirable. Preference will be giv-
en to applicants with a strong background in
the area of groundwater hydrology with em-
phasis on laboratory and field studies of
contaminant transport, fate of chemicals in
saturated and unsaturated zones, and
groundwater remediation. Responsibilities
include: the development of a strong re-
search program; advising graduate stu-
dents; and teaching graduate and under-
graduate courses in environmental
engineering. The School of Engineering and
Applied Science at UCLA is committed to
excellence in research and teaching at both
graduate and undergraduate levels. The
school provides unique opportunities for
highly qualified individuals with evidence for
independent scholarly research. Interested
persons should send a resume and state-
ment of research interests by February, 15,
1992 to: Chair: Environmental Engineering
Search Committee, Department of Civil
Engineering, 4531 Boelter Hall, University
of California, Los Angeles, CA 90024-
1593. UCLA is an Equal Opportunity/ Affir-
mative Action Employer.

Research Analyst

World Resources Institute (WRI), an environ-
mental policy and research center, seeks a
research, analyst for a two-year appointment
to participate in the research, outreach, and
development phases of new and ongoing pro-
jects of its Program on Technology and the
Environment. Work will be carried out under
the supervision of the program director. The
Technololgy Program explores policy options
to accelerate the development and adoption
of cleaner, more resource efficient technol-
ogies in the U.S. and abroad. Current projects
are investigating regulatory effects on inno-
vation, corporate environmental accounting,
market-based environmental policies, gov-
ernment support for environmentally critical
technologies, and issues in international
technology cooperation.

The ideal candidate would have a strong back-
ground in technology and policy, with under-
standing of both the technical and policy as-
pects of environmental issues. Ability to
conduct effective policy analysis, to write
well, and to speak effectively are important.
Postgraduate education, or equivalent career
experience, is desirable. Salary in the mid-
$30,000's and full benefit package. Interested
candidates should submit resume, writing
sample, and references to: Robert Repetto,
Director of Economics and Technology Pro-
grams, World Resources Institute, 1709 New
York Ave, NW, Washington, DC 20006. WRI
is an equal opportunity employer.
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SSIFIED SECTION

SUPERVISOR,
BIOREMEDIATION
RESEARCH

IGT, a leading energy and environ-
mental R&D organization, has an
immediate opening in our Biotechnol-
ogy and Environmental Research area
for a PhD in Environmental Engineer-
mg, Sonl Microbiology, Agronomy, or
chnical Engineering, with a mini-
mum 5-8 years experience in toxic and
hazardous waste management R&D.
Must have project management, pro-
posal and report preparation, and field
or large-scale test experience, along with
the ability to assume technical- and
management-related responsibilities.

Will be responsible for planning/de-
signing soil and groundwater biotreat-
ment experiments; analysis of data;
report and proposal writing; and tech-

presentations for govemment- and
|ndustry funded programs. Must have

oral and written communication
skllls and the ability to work well with
staff at all levels.

IGT offers a professional environment,
excellent benefits, competitive salary,
and 100% tuition assistance. For confi-
dential consideration, please send res-
ume with salary requirements to:

Personnel Dept. VS-3

Institute of Gas Technology lG I
3424 S. State Street

Chicago, IL 60616 EOE/AA

HEAD, DEPARTMENT OF ENVIRONMENTAL SCI-
ENCE AND ENGINEERING, OREGON GRADUATE
INSTITUTE OF SCIENCE & TECHNOLOGY. Appli-
cations are invited from scientists and engineers
who have (1) a distinguished record of scholarly
productivity in environmental research, (2) a
strongly funded research program, (3) extensive
experience in teaching at the graduate level, and (4)
strong evidence of leadership ability. The depart-
ment operates a multidisciplinary research and
educaunn program covenng the chemncal phySI-
gi ing, and

pects of the multimedia environment. Candldales
should send a complete CV with the names and
addresses of five references to Dr. James J. Hunt-
zicker, Provost, Oregon Graduate Institute, 19600
NW von Neumann Dr., Beaverton, OR 97006.
Closing date: 1/31/92. An equal opportunity/affir-
mative action employer.

POSITION AVAILABLE

Full-time, tenure-track position with de-
veloping and expanding undergraduate
Environmental Sciences Program; to
teach existing courses, develop an envi-
ronmental sciences curriculum and re-
search program; Ph.D. in environmental
science or related discipline; research
interests to complement existing sci-
ence faculty. Send letter and names of
three references to Thomas J. Murphy,
Depaul University, Environmental Scl-
ences Program, 25 E. Jackson Bivd.,
Chicago, IL 60604 by 15 January 1992.
Equal opportunity employer, M/F.

KUWAIT INSTITUTE FOR SCIENTIFIC RESEARCH

Kuwait Institute for Scientific Research (KISR) is a nonprofit organization actively engaged in applied
research in the fields of environmental and earth sciences; food resources; engineering; petroleum,
petrochemicals and materials and techno-economics.

KISR has vacancies in the following fields:

AIR POLLUTION
Major duties:

® Conducting research projects on the fate of air pollutants.

® Studying the effect of microscale & macroscale factors on the transportation & transformation of air
pollutants.

e Correlating the air pollution studies to the environmental health program.

® Studying the composition & dynamic characteristics of air pollutants.

® Developing an air pollution index to be related to the human health program.

Qualifications:

Applicants should have a Ph.D. in Air Pollution Dynamics and Chemistry plus 5 years of related experience.

ANALYTICAL CHEMISTRY

| aspects and ing the yses on

Major duties:

e Conducting research projects on the envirc
mental studies program.

® Participating and developing a software package to assist the research team.

® Reviewing analytical methodologies and supervising the analysns of samples.

e Traning the project team on sample preparation, analysis, expt ion and in preparation of re-
ports.

Qualifications:

Applicants should have a Ph.D. in Analytical Chemistry plus 5 years related experience. Practical knowl-

edge in using modern analytical techniques, eg., GC/MS, GC HPLC, SCFC, ICP and ASV.

ENVIRONMENTAL HEALTH
(Water Quality & Management)

Major dutles:

e Conducting fish, bacterial and sediment assays.

® Participating in marine environmental studies related to the impacts of oil pollution on population
dynamics and diversity of marine organisms.

e Conducting and supervising project activities related to marine and ecology studies and submitting
reports.

® Training project team during the various stages of the project.

Qualifications:
Applicants should have a Ph.D. in Environmental Health-Water Quality and Management plus 5 years of
related experience.
MICROBIOLOGY
Major duties:
e Conducting research projects on environmental pollution, such as: bi iati ique for oil

lakes and contaminated soil.
® Participating in the studies on biological engineering systems, and suggesting recommendations in
solving problems.
Involving in bioassay research program.
Training the project team on various techniques of laboratory and finalizing reports.
Qualifications:
Applicants should have a Ph.D. in Microbiology plus 5 years of related experience.

ENVIRONMENTAL IMPACT ASSESSMENT

Major duties:

® Conducting research projects on EIA to define and evaluate health impact, environmental hazards,
ecological effects and economical and social changes due to the existing urban activities, industrial

pansion and other d | changes.

® Initiating and following up research projects addressing to immediate and long term needs of the
Government and industrial agencies.

@ Supervising and training the project team throughout the various stages of project and final report
preparation.

Qualifications:

Applicants should have a Ph.D. in EIA plus minimum of 5 years of experience on Environmental Impact

Assessment of marine environment.

MARINE POLLUTION
Major duties:

e Conducting research projects on oil pollution assessment and fate of petroleum hydrocarbons in the
marine environment.

Reviewing and evaluating marine environmental studies program.

Participating in multidisciplinary experimental investigations on the impacts of oil pollution on marine
biota and ecology.

Submitting, supervising and completing projects related to marine environmental studies.
Training project team throughout the various stages of development of the project, field survey,
sample lysis, experil ion and preparation of final reports.

Qualifications:

Applicants should have a Ph.D. in Chemistry (or related environmental and marine sciences) plus 5 years
of experience.

KISR offers attractive tax free salaries commensurate with qualifications and experience and generous
benefits that include: gratuity, free furnished air-conditioned accommendation, school tuition fees for
children, six weeks annual paid vacation, air tickets, free medical care and life insurance.

Interested applicants are requested to send their Curriculum Vitae with supporting information not later
than one month from the date of this publication, to:
Personnel Manager
Kuwait Institute for Scientific Research
P.O. Box 24885, 13109 Safat - KUWAIT.
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CLASSIFIED SECTION

UTAH STATE
UNIVERSITY

Graduate studies in Water and
Environmental Engineering

If you are looking for an outstanding grad-
uate program in water or Environmental
Engineering consider the strengths of the
Department of Civil and Environmental
Engineering (CEE) and the Utah Water Re-
search Laboratory (UWRL) at Utah State
University:

One of the largest and top-ranked uni-
versity water research groups with a
dedicated water and environmental
engineering faculty of approximately
thirty

Large nationally- and internationally-
recognized funded research pro-
grams

Good working relationships with
many other departments

One of the largest and best equipped
hydraulics laboratories with over
80,000 sq. ft. enclosed

A well equipped environmental anal-
ysis laboratory with state-of-the-art
chemical instrumentation and bio-
process facilities

Excellent computer facilities includ-
ing work station and supercomputer
access for students

Challenging, broad, and up-to-date
coursework programs

Graduate Research Assistantships
which are awarded on a competitive
basis

A beautiful mountain valley location
with year-round recreational oppor-
tunities

Programs lead to Masters (thesis and non-
thesis) and Doctoral degrees, and a profes-
sional degree between the M.S. and Ph.D.,
specializing in Water Engineering:

e Fluid Mechanics and Hydraulics

¢ Groundwater

¢ Hydrology

e Water Resources
and Environmental Engineering:

« Hazardous and Toxic Waste Manage-

ment
» Natural Systems Engineering

For more information on our graduate pro-
grams and current research programs send
a letter describing your academic and re-
search interests, with a resume, to: Profes-
sor D. S. Bowles, Head, Water Division
(Telephone: 801/750-3157), or Professor R.
C. Sims, Head, Environmental Division
(Telephone: 801/750-2926) Utah State Uni-
versity, Logan, Utah 84322-8200. [n keeping
with AFFIRMATIVE ACTION/EQUAL OP-
PORTUNITY guidelines, minorities, the
physically disadvantaged, and women are
particularly encouraged to apply.

Graduate Fellowships
in Water Sciences

Graduate stipends of $17,000 perannum
will be awarded to Fellows appointed
through the USDA National Needs in
Water Sciences Training Program. The
interdisciplinary nature of the program is
designed for Fellows toinitiate innovative
research emphasizing systems
science/computer modeling simulation
as it relates to all aspects of water scien-
ces. The program is directed by an inter-
departmental committee of faculty and
provides Fellows with broad and rigorous
training in basic research and creative
application of computer modeling and
simulation. Three Fellowships will be
awarded to outstanding first year doc-
toral students in the 1992-93 academic
year. Minority students are encouraged
to apply. Fellows must be U.S. Citizens
or native residents of U.S. Protectorates.
For information concerning the applica-
tion procedure, please contact:

Dr. Frank M. D'ltri, Co-Director, 334
Natural Resources Bldg., MSU, East
Lansing, M| 48824 (517) 353-3744

Dr. Boyd G. Ellis, Co-Director, 512 Plant
and Soil Sciences, MSU, East Lansing,
M| 48824 (517) 355-0217

Application Deadline: December 31, 1991.

MSU is an Affirmative Action/ Equal Oppor-
tunity Institution.

LOWEST COST-HIGHEST PERFORMANCE
GAS CHROMATOGRAPHS AND INTEGRATORS

SEVEN DETECTORS FOR FIELD PORTABLE-TEMP. PROG.
DATA SYSTEMS-INTEGRATORS

ALL EPA-ASTM METHODS MEINTPCRATORS
GAS SAMPLING VALVES
THERMAL DESORBERS
AUTOSAMPLERS

FID TCD ECD FPD
PID ELCD NPD
COMBINE ANY OR ALL 0, STARTING AT $2495.00
SRI INSTRUMENTS  RENTALS AT 0.5% PER DAY

TRAINING CLASSES
213-214-5090 fax5097 [RANNOOLASSES

DEPARTMENT OF GEOLOGY
WASHINGTON STATE UNIVERSITY

A tenure-track Assistant/Associate Profes-
sor position will be available in low-tempera-
ture geochemistry in the Department of Geol-
ogy. Washington State University, Tri-Cities
campus with a research affiliation at Battelle-
Pacific Northwest Laboratories beginning Au-
gust, 1992 or later. Preference will be given to
applicants with research interests in organic
geochemistry or oxidation-reduction reactions
at mineral/water interfaces. Experience in
both experimental and modeling approaches
to surface/aqueous geochemistry is desired.
Candidates will be expected to divide their
time equally between teaching and research,
advise graduate students, seek extramural re-
search funding and interact with the faculty on
the Pullman campus.

The position requires a Ph.D. in the Geologi-
cal Sciences with an emphasis in geochemis-
try and a strong interest in and demonstrated
capacity for publishable research and suc-
cessful teaching at the upper division under-
graduate and graduate levels. A record of pub-
lication in refeered journals and extramural
funding is desired. A letter of application, vitae
and three letters of recommendation should be
sent to: Dr. P. E. Rosenberg, Search Commit-
tee, Department of Geology, Washington
State University, Pullman, Washington
99164-2812; (509) 335-4368 FAX: (509)
335-7816.

Screening of applications will begin on Jan-
uary 15, 1992 and will continue until a suitable
candidate has been identified. Representa-
tives of the geology faculty will interview se-
lected candidates at the October, 1991 Meet-
ing of the Geological Society of America in
San Diego or in Pullman at a later date.

Washington State University is an EO/AA
educator and employer. Protected group mem-
bers are encouraged to apply.

POSTDOCTORAL
APPOINTEE

1GT, aleadingenergy andenvironmental
R&D organization, has an immediate
opening in our Biotechnology and Envi-
ronmental Research area for a PhD in
Microbiology, Biochemistry, Organic
Chemistry or Agronomy. Actual research
experience in microbiology, organic
chemistry of oxidative reaction, biore-
mediation, and analytical chemistry of
environmental samples required. Knowl-

edge of EPA QA/QC protocols a plus..

Will be responsible for conducting task-
related research for an ongoing EPA
project, analyzing and reporting results,
and suggesting future experiments. Must
haveexcellent work habits, good oral and
written communication skills, and be a
self-starter who is able to work with
minimal supervision.

IGT offers a professional environment,
excellent benefits, and competitive sal-
ary. For confidential consideration, please
send resume with salary requirements to:

Personnel Dept. BK-3

Institute of Gas Technology IG I
3424 S. State Street

Chicago, IL 60616 EOE/AA

GRADUATE STUDY in ENVIRONMENTAL ENGI-
NEERING at Michigan Technological University.
Motivated, bright individuals with a degree in engi-
neering or the environmental sciences are sought
for graduate study in the following areas: adsorp-
tion, photocatalytic oxidation, and biological treat-
ment of hazardous pollutants; groundwater remedi-
ation; transport phenomena, waste minimization;
and surface water quality modeling. Excellent facil-
ities, enthusiastic faculty, and pristine living area.
University fellowships, Department of Education
fellowships, and research assistantships are avail-
able on a competitive basis. Contact: Dr. C. Robert
Baillod, Environmental Engineering Center, Mich-
igan Technological University, Houghton, MI
49931 (906) 487-2530. Michigan Tech is an Affir-
mative Action/Equal Opportunity Employer/educa-
tional institution.

2002 Environ. Sci. Technol., Vol. 25, No. 12, 1991

GRADUATE STUDY in ENVIRONMENTAL SCIENCE AND
ENGINEERING at the Oregon Graduate Institute. Highly
qualified, strongly motivated students sought for exciting re-
search programs in transport and fate of organic and inor-
ganic contaminants, aquifer remediation, microbial ecology
and , bi ion, bi y, analyti-
cal environmental chemistry, numerical modeling, estua-
rine and coastal studies, elemental cycling in terrestrial
ecosystems, atmospheric chemistry and physics, and glob-
al climate change. Intensive research experience, state-of-
the-art instr faculty-student interac-
tion. Twelve-month course Masters program. Research
assistantships with tuition remission available te qualified
Ph.D. Write: Dep of Envil Sci-
ence and Engineering, 19600 N.W. Von Neumann Dr.,
Beaverton, OR 97006, (503) 690-1196. (Closing date 2/
15/92 for Ph.D. applications. Applications for 12-Month
M.S. program will be accepted after that date.) OGI is an
Affirmative Action/Equal Opportunity Employer
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Tulane University

Faculty Position in
Environmental Restoration

The Department of Chemical Engineering at Tulane Univer-
sity is seeking to add a tenure-track faculty member with
research interests in Environmental Restoration. We are
particularly interested in individuals whose research spe-
cialization is in the area of Radioactive Waste Management
and Disposal. The department seeks candidates who are
capable of ishing an ized re-
search program and who have a strong commitment to
teaching at the graduate and undergraduate levels. The ap-
plicant should possess a Ph.D. in a technical field with at
least one degree in Chemical Engineering. Appointments
may be made at either the junior or senior level, depending
on the qualifications and experience of the applicant. Re-
view of applications will begin on January 15, 1992 and will
continue until position is filled. Send letter of application,
curriculum vitae, statement of research plans, and a list of
three references to Professor Peter N. Pintauro, Chair,
Faculty Search Committee, Department of Chemical En-
gineering, Room 327 Boggs Center, Tulane University,
New Orleans, LA 70118. Tulane University is an Equal Op-
portunity Employer; applications from qualified women and
minorities are encouraged.

Tho IIlInoIs State Walor Survey Invnos ap-

for an
SCIontIsi in the Office of Mmosphorlc
Ch y. A major comp of this job

will be to develop and improve sample
preparations and gas chromatography
method for analysis of PCBs, pesticides,
PAH's and other organic pollutants in air
and precipitation samples. Assist in the lab-
oratory operations and management of rou-
tine sample analysis for program involving
large numbers of environmental samples.
Ph.D. or M.S. in analytical chemistry or a
related field with experience in the analysis
of trace organic pollutants in environmental
samples. Candidates must have experience
with GC and GC/MF methods. Some labora-
tory management is desirable. Availability:
January 1, 1992. Salary: Negotiable. Dead-
line: December 1, 1991. Position Number
3189. Send to Joyce Ch

Director of Human Resources, IIIInols
State Water Survey, 2204 Grlffith Drive,
Champaign, IL 61820. FAX: 217/333-
6540. The University of lllinois is an Affir-
mative Action Equal Opportunity employer.

ENVIRONMENTAL ENGINEER (Rank
Open)—Research specialization open;
preference for hazardous waste, combus-
tion engineering, or atmospheric sciences.
Post-doctoral research preferred. Tenure
track position on the Bloomington Campus
for the 1992-93 academic year. Requires
appropriate terminal degree; more senior
applicants must have credentials consis-
tent with the proposed rank at a major
research university. Must demonstrate a
serious interest in applied research, pro-
fessional service applications, and a com-
mitment to high teaching standards. Gradu-
ate and undergraduate teaching will be
expected. Ability to teach applied statistics
to our undergraduate and professional mas-
ters students preferred. interest in environ-
mental and natural resources policy an im-
portant attribute for applicants.

Send application letter and vitae no later
than January 10, 1992. Search will contin-
ue, however, until suitable candidate se-
lected.

John L. Mikesell
A late Dean for Academic Affairs
School of Public and
Environmental Affairs
Indiana University
Bloomington, IN 47405
AN EQUAL OPPORTUNITY, AFFIRMATIVE ACTION EDUCATOR
EMPLOYER AND CONTRACTOR, M/F

ENVIRONMENTAL ENGINEER. Use site as-
sessment data to develop site Remedial Action
Plan (RAP) consistent with SARA (Superfund
Amendment and Reauthorization Act), RCRA
(Resource Conservation and Recovery Act) and
OSHA (Occupational Safety and Health Act) to
reclaim the oil contaminated soil and ground-
water and industrial wastewater. Use computer
model to simulate and predict the subsurface
contaminant transport and biodegradation and
to prepare spreadsheets and presentations. 40
hrs/wk. Master's in Environmental Engineering.
$29,038/yr. Apply at the Texas Employment
Commission, Tyler, Texas or send resume to
the Texas Employment Commission, TEC
Building, Austin, Texas 78778. Job Order
#6422214. Ad paid by An Equal Employment
Opportunity Employer.

CLASSIFIED
ADVERTISING RATES

Unit 1-T 3-T 6-T 12-T 24-T
1inch  $145 $140 $130 $125 $120

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

Environmental Science & Technology
Classified Advertising Department
500 Post Road East
P.0. Box 231
Westport, CT 06881
(203) 226-7131/Fax (203) 454-9939

Gregory Chair in Civil Engineering

The College of Engineering at Texas A&M University
invites applications and nominations for the Gregory
Chair in Civil Engineering. Candidates for this chair
should be engineers of national standing in the field of
environmental engineering who can provide intellectu-
al leadership for the Department as well as enrich the
scholariy environment at Texas A&M University.

or i should have

the characteristics of originality, creativity and produc-
tivity in the areas of teaching and research. The holder
of the Gregory Chair will be expected to maintain an
active program of funded research, contribute to the
1eachlng program and continue a leadership role in the

engineering pi ion at the national
and international level.

Applications should include a detailed resume and
be sent to: Dr. Bill Balchelor, Chalr, Gregory Chair
Search C of Civil
Texas A&M Unlversny, College Station. X 77843-
3136, 409/845-0311. Review of applications will be-
gin December 1, 1991. References will be requested
of all finalists.

Texas A&M University is an equal opportunity/affir-
mative action employer with a strong commitment to
the achievement of diversity among its faculty and
staff.

PROFESSIONALS

Jointhe team. . . Brown & Root, Inc.. is
gearing up for some of the most
challengingprojectsinourhistory atour
Houston, Texas Regional office. The
following positions are currently
available.

Environmental
Specialist
Serves as technical lead for projects
involving environmental assessments

and impact studies.

Requirements of the position are:
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Effect of Fuel Structure on Emissions from a Spark-Ignited Engine

Edward W. Kalser,* Walter O. Siegl, Yitshak 1. Henig, Richard W. Anderson, and Frederick H. Trinker

Ford Motor Company, Scientific Research Laboratories, Mail Drop 3083, Dearborn, Michigan 48121-2053

B Seven pure fuels (methane, ethane, propane, n-butane,
isopentane, isooctane, and toluene) have been run in a
single-cylinder production-type engine at four operating
points. Measurements of the emitted engine-out hydro-
carbons, NO,, CO, and CO, have been made at each con-
dition and show effects partially explainable by changes
in flame temperature and H/C ratio of the fuel. The
results show that both the total engine-out hydrocarbon
emissions and the distribution of individual hydrocarbon
species in the exhaust gas are sensitive to the fuel used.
In the case of total hydrocarbon emissions, ethane pro-
duces the lowest and toluene the highest (4X ethane) under
all operating conditions. The percentage contribution of
unburned fuel to the hydrocarbon emissions varies from
95% for methane fuel to 50% or below for isooctane.
These percentages are affected by engine operating pa-
rameters, particularly speed and spark timing. Olefins
constitute the majority of the remaining emitted hydro-
carbons for alkane fuels. Toluene also emits a large per-
centage of unburned fuel (80%) but little olefin (1%).
Benzene (6%) and benzaldehyde (6%) are major nonfuel
hydrocarbon emissions from toluene but are not observed
to an appreciable extent from the alkane fuels (<0.3%).

Introduction

Tailpipe emissions are a critical consideration in the
design process of automobiles because of government
regulations based on environmental concerns. Current
restrictions control the total mass of emitted non-methane
hydrocarbons, CO, and oxides of nitrogen (I). Possible
future requirements may regulate the photochemical re-
activity of these emissions in the atmosphere, and such a
change would require the control of specific hydrocarbon
species in the exhaust in addition to the total mass.

In order to design power train systems that meet
emissions standards, it is critical to understand the com-
bined effects of engine design, catalyst design, and fuel
composition on regulated emissions. A considerable effort
has been expended in exploring the effects of variables
related to engine design [e.g., crevice volumes (2, 3), oil
films (4-6), and fuel/air equivalence ratio (7-9)] on hy-
drocarbon emissions. However, systematic studies of the
effect of fuel composition on emissions have not been
pursued as thoroughly. To better understand the effects
of fuel structure on hydrocarbon, CO, and NO, emissions,
it is important to carry out experiments on single-com-
ponent fuels to avoid the difficulties associated with the
interpretation of emissions data from multicomponent
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mixtures. Measurement of emissions from a few pure
hydrocarbon fuels has been carried out in the past (e.g.,
refs 7-9). However, no extensive experiments have been
performed using a variety of fuel types in the same engine
in order to carefully compare the effect of fuel structure
on emissions under nearly identical engine operating
conditions.

In our experiments, we compare the engine-out NO,, CO,
and, particularly, hydrocarbon (HC) emissions from four
gaseous (methane, ethane, propane, and n-butane) and
three liquid [isopentane, isooctane (2,2,4-trimethyl-
pentane), and toluene] fuels using a single-cylinder engine.
Both the total HC and individual HC species emissions
were determined during these experiments. Finally, a
mixture containing five liquid fuel components was also
tested in the same engine to examine possible interactions
between fuel components. The results of these experi-
ments provide significant insight into the effect of fuel
structure on HC emissions from spark-ignited engines.

Experiment

The engine used in these experiments is a single cylinder
of 475-cm? displacement volume and a compression ratio
of 9:1. It is based on a Waukesha CFR fuel testing engine.
Modifications to the Waukesha include adapting a mul-
ticylinder head for single-cylinder operation and the fa-
brication of an aluminum block to support a cast-iron
drop-in liner. The head incorporates a helical intake port
and masked intake valve to generate a swirl ratio of 3,
promoting rapid combustion and a high tolerance to di-
lution. The engine is equipped with a production-type
piston-ring assembly package and is controlled by a dy-
namometer facility.

The base-line engine condition was a fuel/air equiva-
lence ratio (®) of 0.9 (fuel lean), MBT (minimum advance
before top dead center for best torque) spark timing, 1500
rpm, 90 °C coolant temperature, and a load of 3.8 bar
IMEP. These steady-state conditions are typical of a
midspeed, midload cruise. A slightly fuel lean mixture was
chosen for most measurements to minimize the effect on
hydrocarbon emissions of small errors in setting the
fuel/air ratio. The gaseous fuels (methane, ethane, pro-
pane, and n-butane) were mixed with the inlet air up-
stream of the intake manifold while liquid fuels (iso-
pentane, isooctane, toluene, and the multicomponent
mixture) were introduced by a fuel injector located in the
intake port. The multicomponent fuel (tracer fuel) con-
sisted of 7.3 mol % (moles of species per total moles in
mixture) n-pentane, 6.4% n-hexane, 5.7% n-heptane,
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Figure 1. Total wet hydrocarbon emissions measured with the hot FID detector: solid bar, base line; fine crosshatched bar, MBT-12° spark
timing; coarse crosshatch, 2500 rpm; unfilled bar, = 1.15. Section B data were obtained from the engine when the total HC emissions from

isooctane and propane fuels were 20% larger than in (A) (see text).

36.2% toluene, and 44.4% isooctane. At base-line con-
dition, MBT spark advances (crank angle degrees BTDC)
were as follows: CH, (19), CoHg (15), CsHg (17), C{Hy, (18),
CsH,, (20), CgH g (23), C;Hg (19), tracer (22).

In addition to the base-line condition, experiments were
carried out at either 2500 rpm, MBT-12° spark advance
(retarded timing), or ® = 1.15 while the other conditions
were kept the same as base line. Spark sweeps were carried
out for each fuel to identify the MBT spark timing.
Maintaining a consistent spark timing for all fuels is vital
when comparing HC and NO, emissions, because these
emissions are strongly dependent on spark advance (7).
In this engine, the crank angle of peak cylinder pressure
at MBT spark timing for all seven fuels was earlier found
to be 13° after top dead center. Consequently, for all of
the current MBT data, the angle of peak pressure was
maintained at 13 + 1° for each fuel. The air flow required
to maintain the specified load was similar at the same
engine condition for all of the fuels (varying between 7.7
and 7.9 kg/h under base-line conditions).

An emissions console provided dried engine-out exhaust
gas measurements of CO, CO,, O,, and NO by passing the
exhaust gas through a cooled trap. Total hydrocarbon
emissions were determined by using a heated flame ioni-
zation detector (FID) connected to the exhaust system by
a heated sample line to minimize loss of low-volatility HC
species in the sampling system and were, therefore, mea-
sured wet. In addition to the total HC measurements,
individual HC species mole fractions were measured by
withdrawing partially dried exhaust gas samples from the
exhaust pipe for gas chromatographic (GC) analysis. These
samples were stored at reduced pressure (120 Torr) in a
darkened Pyrex flask to reduce residual water condensa-
tion and sample loss on the walls. All emissions data are
engine-out measurements with no catalytic after-treatment.

Two gas chromatographs were used in the hydrocarbon
species analyses. Undiluted exhaust emissions from the
gaseous fuels were analyzed on a 6-ft Durapak column
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(n-octane/Porasil C) at 70 °C. This column separates
hydrocarbons up to C; in 10 min, and after this period, the
helium carrier gas flow is reversed to back-flush any re-
maining heavier hydrocarbons. Both the individual species
and the lumped-together back-flushed hydrocarbons are
detected by a flame ionization detector. The second GC,
described in detail in ref 10, is capable of separating C,—C,,
hydrocarbons with no known overlap. This latter GC was
used primarily to analyze diluted (9:1) exhaust samples
from the liquid fuels. The GC analyses identified 90 +
10% of the species contributing to the hot FID total HC
measurement for all fuels except isooctane and toluene for
which approximately 80 + 10 and 70 + 10%, respectively,
were identified. Aldehyde emissions were not measured
with the exception of benzaldehyde. The difference be-
tween the hot FID and GC total carbon values could arise
either from loss of some heavier components during sam-
pling or the presence of oxygenates that are not detected
by our GC column.

Results

(a) Total HC Emissions. Figure 1 presents the total
undiluted exhaust HC emissions [in ppm C; (3 ppm() X
carbon no.(i) for all HC species i where ppm(i) = P(i)/P-
(total) X 108)] measured by the hot FID with no water
removed for the seven pure fuels and the tracer fuel
mixture. Data are available at the four engine conditions
studied for all fuels except isopentane, for which data were
obtained only at the base-line condition. The data pres-
ented in this figure are split into two groups: those that
were obtained before and after the total HC emissions from
the engine increased by approximately 20% as determined
by measurements using propane or isooctane fuel. This
difference was caused by running the engine between data
sets A and B under different conditions, which may have
changed the amount of deposits in the cylinder. Within
each data set, the HC emissions remained constant upon
repeat measurements. The first group (A of Figure 1)



includes the gaseous fuels, isopentane, and measurements
with isooctane fuel that gave lower total HC emissions.
The HC emissions of toluene and the tracer fuel were
measured relative to the higher emission value of isooctane,
as shown in section B of Figure 1. Within each group, the
HC emissions were reproducible to 5% upon repeat
measurements made with either propane or isooctane fuel.

As can be seen in Figure 1, the total hydrocarbon
emissions mole fraction is strongly affected by the fuel
used. These emissions vary by as much as a factor of 4
at the base-line condition, with toluene exhibiting the
highest and ethane the lowest HC mole fraction in the
exhaust for all conditions studied. Because the air flow
through the engine is nearly identical for all fuels at the
same operating condition, the engine-out hydrocarbon
mass emissions per kilowatt-hour would be directly related
to the total HC mole fractions (ppm C,) presented in
Figure 1. All four engine conditions studied show the same
trend. Methane has approximately 50% larger HC
emissions than ethane, which is followed in turn by mon-
otonically increasing HC emissions as the carbon number
of the alkane fuels increases. Toluene, although it has
fewer carbon atoms than isooctane, always has the highest
HC emissions. These results demonstrate the substantial
sensitivity of total engine-out HC emissions to the struc-
ture of fuel molecules and illustrate the importance of
chemistry in determining HC emissions.

During fuel-lean operation, two primary sources of HC
emissions have been identified: storage of fuel in crevice
volumes (2, 3) and dissolving of fuel in oil films (4-6), both
of which shield fuel from the passage of the flame in the
combustion chamber. In-cylinder sampling measurements
have demonstrated that incomplete combustion in the bulk
gas does not contribute to HC emissions at fuel-lean
equivalence ratios except at high dilution levels (11, 16).
Furthermore, for HC fuels having carbon numbers less
than 6, the effect of an oil film is expected to be minimal
since the solubility of these fuels in oils is small (12). Thus,
for the C,~C; fuels, storage in crevice volumes is the major
source of HC emissions.

The fraction of the initial fuel charge stored in the
crevices should be similar for all fuels, because to a first
approximation the fuel affects neither the volume nor the
filling pattern of the crevices. Much of the observed
difference in total HC emissions for the C,—C; fuels must
result, therefore, from two critical differences caused by
fuel structure: (1) different amounts of total carbon are
present in the intake charge at the same ® because of the
different H/C ratios of the fuels; and (2) different degrees
of burnup of fuel molecules occur upon exiting the crevice
volumes because of their different reactivity, diffusion rate,
and flame temperature. With respect to observation 1, a
& = 0.9 intake mixture of each of the fuels tested contains
the following total HC carbon mole fractions (ppm C,):
CH,4 (86000), C,Hg (102000), CsHg (109000), C;Hyo
(113000), CsH,, (115000), CgHys (119000), and C,H,
(144 000). Therefore, if all storage and burnup factors were
identical, isopentane would emit a factor of 1.13 more
carbon-containing species (HC and carbon oxides) than
an ethane-fueled engine, far less than the observed dif-
ference, and ethane would have 20% more HC (and carbon
oxide) emissions than methane fuel, opposite to the ob-
served data.

The effect of H/C ratio on CO and CO, emissions is
illustrated in Figure 2. The CO, mole fractions (moles
of CO, per total moles in exhaust gas) are reproducible to
better than £3% upon repeat measurements, which were
carried out with propane or isooctane fuel. The CO mole
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Figure 2. CO and CO, mole fractions plotted as a function of the initial
carbon content of the intake mixture.

fractions had a larger error (£10%), possibly because of
small differences in setting the fuel/air ratio. Note that
the carbon dioxide does increase linearly, and the line
through the data is that anticipated on the basis of the
change in initial carbon content. The CO also increases,
although there appears to be a break between the liquid
and gaseous fuels, with the liquid fuels having somewhat
higher CO emission. The two solid lines through the CO
data are those predicted on the basis of the initial carbon
content in the intake mixture with the left point of each
line fixed at its average measured value. It is possible that
this discontinuity might result from slightly poorer mixing
of the fuel charge within the cylinder after injection and
evaporation of the liquid fuels in the intake port. To
provide better mixing in one test, isooctane was injected
into the intake manifold upstream of the intake port and
the inlet air was heated to approximately 373 K. Both the
HC and CO emissions were identical with those obtained
with the normal unheated port injection, suggesting that
mixing may not be the cause of the slightly increased CO
emission from the liquid fuels.

Unlike the CO, results, the HC data in Figure 1 are not
directly related to the initial carbon content of the intake
charge, and this suggests that burnup must play an im-
portant role in determining the HC emissions. It has been
determined previously that 60-80% of the material stored
in crevices burns up before exiting the exhaust pipe, with
much of this burnup occurring within the engine cylinder
(13). Partial burnup of hydrocarbons stored in crevices
or oil films could impact HC emissions significantly be-
cause the seven fuels may have very different reactivity
with respect to this burnup process. In order to estimate
the effect of burnup on HC emissions, the free-radical
species most responsible for consuming the fuel as it exits
from storage areas into the hot burned gas must be iden-
tified. On the basis of equilibrium calculations carried out
for & = 0.9 mixtures in the temperature range 1500-2800
K, the hydroxyl radical is present at approximately 8 times
the density of the next most abundant reactive species (H
or O atoms). Therefore, it is reasonable to assume that
the chemical consumption rate of stored fuel molecules is
controlled by their OH reaction rate constants.

While rate constants for the reaction of OH with the fuel
hydrocarbons are not available at flame temperatures, they
have been measured near 1000 K for methane, ethane,
propane, and toluene, yielding relative values of 1, 4.6, 6.6,
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and 3, respectively (14), based on k(CH,) = 1.93 X 1072
cm®/molecule-s). Extrapolating these non-Arrhenius rate
expressions developed for temperatures below 1000 K, the
relative rate constants at 1700 K are calculated to be 1,
3.2, 3.9, and 2.3 [using k(CH,) = 1.93 X 1072 cm?®/mole-
cule:s]. Estimation of OH rate constants for alkanes based
on structure can also be used to determine the relative rate
constants for all of the alkane fuels (17). This results in
rate constant ratios of 1:3.7:5.8:7.8:10.1:13.6 for methane,
ethane, propane, n-butane, isopentane, and isooctane at
1000 K and 1:2.4:3.6:4.9:5.9:8.2 at 1700 K from the mea-
sured values cited above for CH,. Although the calculated
rates at 1700 K lie closer together, the trends remain the
same, with methane being by far the least reactive fuel.
The higher reactivity of ethane in comparison to methane
could explain a reduction in total HC emissions when
ethane fuel is used. However, propane, butane, isopentane,
and isooctane all have larger rate constants for OH reaction
than ethane, because they contain additional abstractable
hydrogen atoms. On the basis of the above argument, the
total emissions for these fuels might be expected to be less
than that of ethane, opposite to the observed trend. Thus,
features other than OH reactivity must contribute sig-
nificantly to the burnup of stored hydrocarbons. The
increased carbon content as the H/C ratio decreases is also
insufficient to explain the magnitude of the observed
trends as mentioned previously. The equilibrium OH
density in the burned gas at a given temperature will in-
crease with increasing H/C ratio of the fuel, and this could
lead to additional burnup for the lighter alkane fuels.
However, the equilibrium OH density for isooctane is only
8% less than that of ethane, and this effect seems too small
to influence the HC emissions significantly.

Differences in adiabatic flame temperature of the fuels
could affect burnup by changing the temperature of the
burned gas. Calculations of adiabatic flame temperatures
were carried out for each fuel by assuming that the initial
temperature and pressure of the inlet charge were 350 K
and 0.5 atm, respectively. The charge was adiabatically
compressed by a factor of 9 by using the heat capacity
appropriate for each fuel mixture, and the gas was then
allowed to burn at constant volume. The adiabatic flame
temperatures calculated in this manner are methane 2774
K, ethane 2800 K, propane 2804 K, butane 2805 K, iso-
pentane 2804 K, isooctane 2800 K, and toluene 2863 K.
The burned gas temperatures are nearly identical for all
fuels except methane and toluene. The slightly lower flame
temperature of methane could contribute to the observed
higher exhaust HC mole fractions relative to ethane, al-
though the difference is small. Thus, the effect of burned
gas temperature alone does not seem sufficient to explain
the observed trends in the HC emissions.

An additional aspect that might contribute significantly
to the burnup of stored hydrocarbons later in the cycle is
molecular diffusion. Gas stored in ring crevices will be laid
down along the wall in a layer a few tenths of a millimeter
thick as the piston descends. This wall layer is of the order
of the thickness of the thermal boundary layer, which is
characterized by a sharp decrease of the temperature and,
consequently, equilibrium free-radical concentrations as
the wall is approached. At sufficiently large distances from
the wall, the temperature and the associated equilibrium
OH density should be high enough to rapidly consume all
hydrocarbons regardless of the fuel species. For example,
at a typical average pressure of 5 atm during the expansion
stroke and an equilibrated OH density at 1700 K (2 X 10
molecules/cm?), the half-life for a molecule having an OH
rate constant of 3.7 X 107! cm3/molecules [that observed
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for propane (14)] would be 0.1 ms (approximately 1 crank
angle degree). This is a fast consumption rate on the
engine time scale and is a temperature far below that
reached in the combustion process. The time required for
a fuel molecule in the layer deposited near the wall to reach
this distance will, however, be inversely related to the
molecular diffusion constant of the fuel species. On the
basis of this assumption, higher molecular weight hydro-
carbon species, which have slower diffusion rates, would
exhibit less burnup, and have higher engine-out emissions,
as is observed. This is a consequence of late-cycle burnup
alone, assuming that sources of HC emissions are identical
for all of the fuels.

(b) Hydrocarbon Species in the Exhaust. Table I
presents the engine-out exhaust HC species concentrations
at base-line condition for each of the fuels tested. Careful
GC analyses of exhaust samples from propane fuel by both
GC techniques revealed that species with a higher mo-
lecular weight than propane contribute <3% to the total
HC emissions. Thus, for a properly operating engine, any
contribution of burning engine oil to the total HC emis-
sions seems negligible. For every fuel, the major HC
species present in the exhaust is the fuel itself. However,
the fractional contribution of unburned fuel to the total
HC emissions varies substantially, as shown in Table I. For
methane fuel, exhaust methane comprises 95% of the
identified hydrocarbons. Higher molecular weight alkane
fuels emit a smaller percentage of unburned fuel, falling
to 50% for isooctane. Under lean conditions, the balance
of the HC emissions from alkane fuels consists primarily
of olefins formed by §-scission of alkyl radical C-C bonds
(15) for the higher molecular weight fuels. To a lesser
extent, disproportionation reactions of methyl radicals may
generate C,H, from highly branched alkanes such as iso-
octane. Products that can be formed by g-scission are
italicized in Table I. H-atom elimination from alkyl rad-
icals is also a probable source of olefins, particularly for
the light hydrocarbon fuels (e.g., CsHg from C3Hg and C,H,
from C,Hp).

The HC emissions from toluene fuel are of a substan-
tially different character. They consist primarily of un-
burned fuel (83%) and have very low olefin content (1%).
The balance of the identified emissions are aromatic
fragmentation (benzene) or partial oxidation (benz-
aldehyde) products. Although benzene currently is a
nonregulated HC emission, it is a species of potential
health concern and is generated in appreciable quantity
(6%) only by the aromatic fuel. Of the alkane fuels, only
isooctane produces any measurable benzene (0.3%).

The major exhaust HC species from tracer fuel are those
expected from the two principal components present in
the mixture. For this reason, to a first approximation,
knowledge of the exhaust species formed by pure fuels
provides useful information about emissions from fuel
mixtures. These species analyses demonstrate that not
only the total engine-out HC emissions but also the dis-
tribution of species are very sensitive to the fuel type.

Tables II-1V present exhaust HC species emissions for
the three other engine conditions. For retarded spark and
higher speed operation, the contribution of the unburned
fuel to the total HC emissions becomes smaller although
it remains a major component in the exhaust, as has been
observed previously (7). During fuel-rich operation,
methane and acetylene emissions contribute a larger
fraction to the exhaust hydrocarbons than under lean
conditions. This has been observed in more limited engine
fuel tests (7-9, 11) and results primarily from incomplete
combustion in the chamber during flame passage (11).
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Table I. Measured Species Mole Fractions (ppm C,)° in Exhaust at Base-Line Condition

fuel
exhaust species CH, C,Hg CsHg CH, CsH,, CgHyg C,Hg tracer

methane 700 3 11 10 33 28 14 22
acetylene 4 8 19 18 49 35 54 44
ethylene 22 170 196 235 198 59 14 109
ethane 12 374 6 5 13 17 8
allene 1 7 20 15
propyne 30 17 13
propylene 102 90/ 166 141 119
propane 423 3

1,3-butadiene 13 4 10
trans-2-butene 43

cis-2-butene 27

isobutene 97 351 221
2-methylbut-1-ene 11 13 5
n-butane 555

pentane 32
isopentane 596

hexane 30
2-methylpent-1-ene 5 1
4,4-dimethylpent-1-ene 8 6
4,4-dimethyl-trans-pent-2-ene 22 18
2,4-dimethylpent-1-ene 14 9
2,4-dimethylpent-2-ene 24 15
heptane 36
isooctane 9 790 415
benzene 5 95 43
toluene 1283 460
ethylbenzene 12 10
benzaldehyde 80 34
unburned fuel,® % 95 67 56 61 48 51 83 56

2ppm C,(species i) = ppm(i) X carbon no.(i). These data are undiluted and partially dried samples having less than 5% water remaining.
®Contribution of unburned fuel to total HC emissions.

Table II. Measured Species Mole Fractions (ppm C,)° in Exhaust at MBT-12°

fuel

exhaust species CH, C,Hg C;Hg CHy CgH g C,Hg tracer
methane 493 2 T 7 35 15 26
acetylene 3 8 14 19 50 89 63
ethylene 14 134 140 176 88 25 117
ethane 8 156 4 4 22 9
allene 26 13
propyne 17 13
propylene 64 85 166 100
propane 159
1,3-butadiene 9 7 11
trans-2-butene
cis-2-butene
isobutene 195 376 162
2-methylbut-1-ene Bl 15 5
n-butane (555
pentane 14
isopentane
hexane 12
2-methylpent-1-ene 6
4,4-dimethylpent-1-ene 8
4,4-dimethyl-trans-pent-2-ene 22 11
2,4-dimethylpent-1-ene 13 5
2,4-dimethylpent-2-ene 23 8
heptane 14
isooctane 528 183
benzene 7 126 46
toluene 922 277
ethylbenzene 12 9
benzaldehyde 97 30
unburned fuel,® % 95 52 41 40 37 71 44

2ppm C,(species i) = ppm(i) X carbon no.(i). These data are undiluted and partially dried samples having less than 5% water remaining.

®Contribution of unburned fuel to total HC emissions.

(c) NO, Emissions. The emitted mole fractions of NO,
for dried exhaust gas samples are presented in Figure 3

for each engine condition. The instrument used for these
measurements has a scale maximum of 3000 ppm, and for
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Table III. Measured Species Mole Fractions (ppm C,)° in Exhaust at & = 1.15

fuel

exhaust species CH, CoHg CyHg CH,o CgH;s C;Hg tracer
methane 1814 108 166 167 300 148 252
acetylene 28 101 161 180 248 362 268
ethylene 114 286 252 289 165 32 198
ethane 38 724 28 19 37 30
allene 21 17
propyne 25 17
propylene 85 106 168 141
propane 837
1,3-butadiene 8 6 9
trans-2-butene
cis-2-butene
isobutene 328 210
2-methylbut-1-ene 11 6
n-butane 952
pentane 63
isopentane
hexane 66
2-methylpent-1-ene
4,4-dimethylpent-1-ene 4
4,4-dimethyl-trans-pent-2-ene 14 16
2,4-dimethylpent-1-ene 7
2,4-dimethylpent-2-ene 14 8
heptane 86
isooctane 1412 825
benzene 9 410 141
toluene 3756 827
ethylbenzene 19 20
benzaldehyde 31 12
unburned fuel,® % 91 60 55 56 51 79 58

2ppm C,(species i) = ppm(i) X carbon no.(i). These data are undiluted and partially dried samples having less than 5% water remaining.
b Contribution of unburned fuel to total HC emissions.

Table IV. Measured Species Mole Fractions (ppm C;)? in Exhaust at 2500 rpm

fuel

exhaust species CH, C,Hg C3Hg CHy CgH g C;Hg tracer
methane 474 3 8 9 43 17 31
acetylene 4 4 22 28 61 105 73
ethylene 22 152 156 194 110 39 127
ethane 7 100 4 3 20 9
allene 27 13
propyne 27 16
propylene 65 90 162 94
propane 126
1,3-butadiene 6
trans-2-butene
cis-2-butene
isobutene ard 302 136
2-methylbut-1-ene i 12 8
n-butane (160
pentane 9
isopentane
hexane 8
2-methylpent-1-ene
4,4-dimethylpent-1-ene 6
4,4-dimethyl-trans-pent-2-ene 15 8
2,4-dimethylpent-1-ene 9 5
2,4-dimethylpent-2-ene 13 6
heptane 8
isooctane 281 113
benzene 9 144 47
toluene 834 209
ethylbenzene 13 i
benzaldehyde 96 30
unburned fuel,’ % 94 39 33 33 26 67 36

Sppm C,(species i) = ppm(i) X carbon no.(i). These data are undiluted and partially dried samples having less than 5% water remaining.
®Contribution of unburned fuel to total HC emissions.

any case in which 3000 ppm is reached, the value repre-
sents a lower limit to the actual NO, mole fraction.

Methane has the lowest NO, level of any of the gaseous
fuels, reflecting the smaller N, fraction in the mixture and
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Figure 3. Total dry NO, emissions: solid bar, base line; fine crosshatched bar, MBT-12° spark timing; coarse crosshatch, 2500 rpm; unfilled
bar, = 1.15. The maximum detector response is 3000 ppm; values that reach 3000 ppm are lower limits. Section B data were obtained from
the engine when the total HC emissions from isooctane and propane fuels were 20% larger than in (A) (see text).

a lower adiabatic flame temperature. The remaining
gaseous fuels show a small increase in NO, as the number
of carbon atoms in the molecule increases, although the
change is not very great, consistent with the similar flame
temperatures of these fuels presented earlier. Isopentane
and isooctane emit 15% less NO, than any of the gaseous
fuels other than methane. This might result in part from
evaporative cooling of the intake charge by the liquid fuels
during fuel injection.

Conclusions

These engine experiments have determined both the
total engine-out exhaust hydrocarbon emissions and the
individual hydrocarbon species from a single-cylinder en-
gine operated on seven pure hydrocarbon fuels [four gas-
eous (methane, ethane, propane, and n-butane) and three
liquid (isopentane, isooctane, and toluene)] and one fuel
mixture. The results prove that the total emissions and
individual species concentrations are influenced signifi-
cantly by the chemical structure of the fuel. Total HC
emissions span a factor of 4 under the same operating
conditions, with ethane producing the lowest and toluene
the highest total HC emissions. In all cases, unburned fuel
constitutes a large fraction of the emitted hydrocarbons
although the percentage contribution varies from 95% for
methane to 50% for isooctane at the base-line engine
condition. High speed or retarded spark operation reduces
the unburned fuel contribution by up to a factor of 2 for
some fuels. Olefins formed by C-C bond scission of alkyl
radicals makeup the bulk of the remainder of the HC
emissions from the alkane fuels. For the aromatic fuel,
toluene, olefins are not observed in appreciable quantity,
but benzene and benzaldehyde are present. It is probable
that both the total HC emissions and individual species
mole fractions in the exhaust are controlled by the post-
combustion burnup of fuel stored in crevices and oil films
under fuel-lean conditions. During fuel-rich operation,
methane and acetylene, formed by incomplete combustion

in the bulk gas, contribute a greater amount to the HC
emissions for all fuels.

The mole fraction of CO, increases with decreasing H/C
ratio of the fuel as expected, with toluene producing ap-
proximately 60% more CO, than methane for the same
output power. NO, emissions show a much smaller, but
still significant (20%), variation with fuel structure. This
latter observation can be explained in part by differences
in adiabatic flame temperature and, in the case of the
liquid fuels, evaporative cooling of the intake charge during
fuel injection.

Registry No. CH,, 74-82-8; C;Hj, 74-84-0; C3Hg, 74-98-6; C;H,,
106-97-8; IC;H,,, 78-78-4; ICgH 4, 540-84-1; CH;Ph, 108-88-3; C¢Hs,
71-43-2; CHOPh, 100-52-7; CO, 630-08-0; NO,, 11104-93-1; CO,,
124-38-9; C,H,, 74-86-2; C,H,, 74-85-1; C3Hg, 115-07-1; allene,
463-49-0; propyne, 74-99-7; 1,3-butadiene, 106-99-0; trans-2-butene,
624-64-6; cis-2-butene, 590-18-1; isobutene, 115-11-7; 2-methyl-
butene, 563-46-2; pentane, 109-66-0; hexane, 110-54-3; 2-
methyl-1-pentene, 763-29-1; 4,4-dimethyl-1-pentene, 762-62-9;
4,4-dimethyl-trans-2-pentene, 690-08-4; 2,4-dimethyl-1-pentene,
2213-32-3; 2,4-dimethyl-2-pentene, 625-65-0; heptane, 142-82-5;
ethylbenzene, 100-41-4.
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Dynamic Partitioning of Semivolatile Organics in Gas/Particle/Rain Phases

during Rain Scavenging
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B A simple model for studying the below-cloud rain sca-
venging of semivolatile organics (RSSVO) is presented.
The dynamic partitioning of semivolatile organics in
gas/particle/rain phases during a rain event is discussed
in relation to field data for rain scavenging of semivolatile
organics. The RSSVO model considers the gas and particle
scavenging, dry deposition, source emissions, atmospheric
degradation of organics, and meteorological conditions such
as height of cloud base, rain rate, wind direction, and
temperature. Case studies for pyrene and fluoranthene
rain scavenging are illustrated for the 11/9-10/82 and
3/11/82 Los Angeles rain events. It is shown, based on
the above case studies, that (1) wet scavenging of semi-
volatile organics is affected by the variation of particle size
distribution during rain events and (2) the chemical gas-
eous and particle-bound atmospheric concentrations vary
significantly during rain events, and thus, the use of a
time-invariant scavenging coefficient in multimedia mass
balance calculations should be reexamined.

Introduction

Precipitation scavenging is an important intermedia
transport process responsible for the removal of particle-
bound air pollutants from the atmospheric via in-cloud and
below-cloud scavenging. Numerous field studies and
modeling studies of precipitation scavenging have been
conducted since the early 1970s. Research activities on
rain scavenging in the 1970s included studies on the col-
lection efficiency of particles by raindrops with the goal
of gaining basic understanding of scavenging mechanisms
(1-8). In the 1980s, a greater emphasis was placed on
integrated modeling and field studies in order to under-
stand acid deposition. For example, numerous compre-
hensive models that include in-cloud and below-cloud
scavenging mechanisms and cloud microphysics and
chemistry have been developed and applied to identify and
to quantify the major scavenging mechanisms responsible
for the scavenging of acidic compounds (9-19). The in-
terested reader is referred to excellent reviews of the
complexity of precipitation scavenging published by Hales
(10, 20) and to a comprehensive proceedings on the subject
by Pruppacher et al. (21).

tPresent address: Systech Engineering, Inc., 3744 Mt. Diablo
Blvd., Ste 101, Lafayette, CA 94549.
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In addition to the important link between precipitation
scavenging and acidic deposition, rain scavenging has also
been identified as an important pathway for chemical
exchange between the atmosphere and natural water
surfaces. For example, semivolatile organics such as po-
lycyclic aromatic hydrocarbons (PAHs) and poly-
chlorinated biphenyls (PCBs) are removed from the at-
mosphere and enter water surfaces by dry deposition and
by precipitation scavenging of gases and particles (22). The
relative importance of gas and particle wet scavenging
processes depends on the particle size distribution, the
partitioning of organic compounds in the gas and particle
phases, and the Henry’s law constant (23). Given the
complexity of rain scavenging, it has been common practice
in most mass balance studies to apply empirical ap-
proaches that make use of an overall rain scavenging ratio
(Woveran) for the calculation of wet deposition fluxes
(22-30), as defined below:

Woveran = We(l = ¢) + Wo (1)

in which
W, = C,@/C,® ©
Wp = Cw(p)/Ca(p) 3)

where W, and W, are the gas and particle scavenging
ratios, respectively, and ¢ is the fraction of organic com-
pound adsorbed on the atmospheric particle phase. C,@
is the dissolved pollutant concentration in rainwater at
ground level, C,,® is the pollutant concentration, in the
particle-bound form, in rainwater, and C,® and C,® are
the atmospheric concentrations of the chemical in the
gaseous and particle phases, respectively. It is important
to note that often W, and W, have been taken as time-
invariant parameters independent of the particle size
distribution and the rate of rainfall.

In this paper, we explore the process of below-cloud rain
scavenging for semivolatile organics through the use of a
simple rain scavenging model that accounts for the dy-
namic partitioning of semivolatile organics in the gas/
particle/rain phases, as well as the dynamic variation of
particle size distribution during the rain event. Finally,
a discussion is presented regarding the uncertainty in es-
timating the scavenging ratio in relation to the interpre-
tation of field data for rain scavenging of semivolatile
organics.

0013-936X/91/0925-2012$02.50/0 © 1991 American Chemical Society



Rain Scavenging of Semivolatile Organics (RSSVO):
Model Description

The formulation of the present model for the rain sca-
venging of semivolatile organics (RSSVO) is based on a
chemical mass balance that includes the gas, particle, and
rain phases in the below-cloud region. We approximate
the complex below-cloud rain scavenging process by taking
the atmospheric air phase (below-cloud) to be uniform and
where convective winds are neglected. Another major
assumption, consistent with other studies (31, 32), is that
the particle-bound pollutant is adsorbed onto the particle
surface with an equal tendency to adsorb on various par-
ticle surfaces (e.g., coarse or fine particles). Clearly, these
are oversimplifications of the physical phenomena; none-
theless, the current approach is sufficient for the purpose
of demonstrating the macrodynamics of below-cloud rain
scavenging processes. Accordingly, the overall chemical
mass balance on the below-cloud air phase (including the
gas and particle phases) can be expressed by

o d(\(/;,c,) )

—Ca‘K)I-;WBJ,mAAg* - C P inAA, ~ kV,Cy + S, (4)
where

C,=CP+ (0 ®)
C,P = Cup (6)
C,® = Cy(1-9) Y
A = Wy/H,, ®)
Ap = Cu®/C,® ©)

in which C,® and C,® are the concentrations of the gas-
eous and particle-bound chemical in the atmospheric phase
(ng/m?3 of air), respectively, and C, is the total chemical
concentration in the atmosphere (ng/m? of air). C,® is
the chemical concentration, in the particle-bound form,
in rainwater (averaged over raindrop size) at ground level
(ng/m?3 of water). The fraction of the organic compound
adsorbed onto the atmospheric particle phase is denoted
by ¢, and g is the volume fraction of the atmosphere oc-
cupied by raindrops, which is taken to be time invariant
during a rain event of a given intensity. The volume of
the atmosphere is denoted by V, (m?), H,, is the dimen-
sionless water to gas partition coefficient (i.e., it is also
equivalent to the gas scavenging ratio at the equilibrium
condition) for the given chemical, J/ ,;, is the precipitation
rate (m/s), and A is the interfacial area (m?) between the
atmosphere and the land (or water) surface below, in the
region under consideration. It is noted that the left-hand
side of eq 4 represents the rate of accumulation of the
chemical in the air phase. The first term on the right-hand
side of eq 4 accounts for the rate of chemical mass sca-
venged by raindrops via gas absorption, where A, * is the
normalized gas scavenging ratio (eq 8), which varies be-
tween 0 and 1. The second term represents the rate of
removal of the particle-bound chemical through particle
scavenging by raindrops where A, is the particle scavenging
ratio (eq 9). The third term represents the degradation
by chemical reaction, which for simplicity we approximate
by a first-order reaction where the reaction rate constant
is given by k (s7). Finally, the last term, S,, is the net input
of the chemical into the atmosphere from source emissions
(ng/s).

In order to determine the variation in the total atmos-
pheric concentration of the chemical, C,, during rain (using

eq 4) one must first realize that the particle rain scavenging
ratio A, is a function of the particle size distribution. The
particle size distribution, however, changes during the
course of a rain event since the rain scavenging removal
efficiency is a function of particle size. Also, the fraction
of adsorbed chemical (eq 6) is a function of the particle
surface area. As the particle size distribution changes,
during rain, the available particle surface area for ad-
sorption will change and thus ¢ will also vary during the
course of a rain event. Therefore, the change in the ad-
sorbed fraction ¢ is also reflected in a variation in the
vapor-phase concentration of the chemical during rain. In
the following section, the various model parameters in eq
4 and the solution algorithm are described.

1. Gas Scavenging Ratio. The normalized gas sca-
venging ratio (A,*) for chemicals that are nonreactive in
the aqueous phase can be derived theoretically from a
chemical mass balance on a raindrop as it falls from cloud
base to ground level

d(C,"V(4/3)7R,")
dr -
m
KOL(Ca(g)Hwa - Cw(d))7er2 + ZKij(Cj(p)pr - Cw(d))Swj
Jj=1

(10)

in which Ry is the radius of raindrop (m), C,? is the
chemical concentration (ng/m?®), in the dissolved form,
within a given size raindrop, and C, is the chemical
concentration (ng/m? of particle) in a particle in size in-
terval j (with a total of m size intervals) within a given size
raindrop. The total particle surface area (m?) contributed
by the particles with diameter of a within a given size
raindrop is denoted by S,,. 7 is the time of travel (below-
cloud) for a raindrop (s), where 7 = 0 designates the
starting time at the cloud base. The water to particle
equilibrium partition coefficient is denoted by H,,, and Ko,
and K, are the overall liquid-phase mass-transfer coef-
ficient (m/s) for the mass transfer of chemicals from air
to water (or water to air) and from the solid phase of the
scavenged particles to water, respectively. It is acknowl-
edged that, although the drop size may change during its
journey from the cloud base to the ground, in the current
simple model we neglect such variations in the drop size.
Such effects can in principle be incorporated into the
model calculations (18).

The left-hand side of eq 10 represents the rate of ac-
cumulation of chemical mass in the dissolved phase of a
raindrop. The first term on the right-hand side of eq 10
accounts for the rain scavenging of pollutant via gas ab-
sorption. The second term in eq 10 represents the possible
rate of increase in the dissolved chemical mass due to
dissolution of the particle-bound chemical (scavenged by
rain). The recent studies on the kinetics of hydrophobic
organic compound adsorption to natural sediments and
soils (32) and studies on regeneration kinetics of adsorbents
(33) suggest that, for “semivolatile” chemicals with low
solubility, the rate of dissolution from the particle phase
is slow. In fact, an order of magnitude analysis suggests
that, during the short residence time of the falling rain-
drops in the atmosphere, the rate of dissolution will be
smaller than the rate of gas absorption by 2 orders of
magnitude. Thus, the dissolution from the particle phase
is neglected in the current work. The above simplification
is consistent with other recent studies on rain scavenging
of particle-bound organics (34). The effect of the above
approximation is that the dissolved concentration in the
raindrop will be somewhat underestimated and thus the
driving force for gas absorption (and hence the rate of gas
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absorption) will be accordingly overestimated.

Given the above simplifications, the average concen-
tration of the dissolved chemical (in rainwater) at ground
level, C,@, is obtained by integrating eq 10 (for a single
raindrop of size Ry) between the limits 7 =0to 7 = L /v,
[L, is the height of cloud base (m) and v, is the terminal
velocity of a given size raindrop (m/s)] and subsequently
averaging the chemical concentration over the spectrum
of raindrop sizes (35, 36). Accordingly

c,@/c,® ®
#=Ag*=if 1_(1_
Hg, v 0 i

Cwo(d)Haw _3K0LL(: 4er3
Cu(g’ ) exp( Ule 3 Nnd de (11)

in which C,,,@ is the dissolved pollutant concentration in
a raindrop of radius Ry at the cloud base, and H,, is the
gas to water partition coefficient for the given chemical.
The size distribution of raindrops N, is defined such that
Np, dR; is the number of falling raindrops in the size range
R4 to Ry + dR in a unit volume of air, and V, is the volume
of rain per unit volume of air (m® m™) given by

V= f %"Rdwm dR, (12)
0

Note that V, is related to g, the volume fraction of the
atmosphere occupied by rain drops [ie, g = V,/(1+ V))].

In order to calculate A,*, it is necessary to specify Koy,
v, and Np,. The overall mass-transfer coefficient (Koy)
can be estimated by use of the two-film resistance theory

(37), i.e.
1 1, Hy,
Koo h k

(13)
(3

where k) and k, are the liquid-side and gas-side mass-
transfer coefficients, respectively. The gas-side mass-
transfer coefficient (k;) can be calculated from (38)

ky = (Dg/2Rg)(2 + 0.6Sc'/°Re/?) (14)

in which D, is the chemical diffusivity in the gas phase
estimated by the Chapman-Enskog method (39). Sc is the
gas-phase Schmidt number [Sc = v,;,/D,, in which vy is
the air kinematic viscosity (m?/s)] and Re is the raindrop’s
Reynolds number (Re = Rgv,/vg). The liquid-side
mass-transfer coefficient (k) was estimated from a par-
ameterization of the numerical model of Walcek et al.
(40-42) for mass transfer of trace gases into raindrops.
Accordingly

kle/D| =14.5 (15)
in which
Dy/D, =1 Ry<5X10*m
= 21.34(R3/Ry,) — 20.34 5X10*m < Ry <
9X10*m
= 18.07 Ri>9X10%m
(16)

where D, and Dy, are the molecular and effective diffu-
sivities (m?/s) in the water phase, respectively, R, is the
raindrop radius (m), and Ry, is the limiting reference radius
of 5 X 10 m. The molecular mass diffusivity in the
aqueous phase, D,, can be calculated by using the Wilke—
Chang correlation (39).

The raindrop terminal velocity, v, (m/s), is calculated
by using the empirical correlation of Easter and Hales (9)
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v, = 8L.1Ry
=130(2R)'/?
The raindrop size distribution can be conveniently ap-
proximated by the Marshall-Palmer distribution (43):

Npg, = N, exp(-cRy) (18)

Ry>5X10%m  (17)

where N, is a constant with the value of 8 X 10° m™, R,
is the drop radius (m), and c is a parameter that varies with
the rate of rainfall J,;, (m/s)

¢ = 8.2 X 10%3.6 X 10°%J,;,) % (19)

With the correlations for Koy, k;, &}, v, and Ng,, the gas
scavenging ratio, A.*, can be obtained from eq 11 for se-
lected chemicals, as a function of the height of cloud base,
the rate of rainfall, and the dissolved pollutant concen-
tration in the raindrop at cloud base relative to the
equilibrium concentration.

2. Particle Scavenging Ratio. The average concen-
tration of the particle-bound chemical in rainwater at
ground level, C,?, can be determined from a mass bal-
ance on the particle-bound chemical in a raindrop of radius
R4 (36, 44) averaged over the spectrum of raindrop sizes.
The change in the concentration of the particle-bound
chemical in a single raindrop during its path to the ground
is given by

d(C,P(4/3)7Rs’) = 7RLL,
dr - j(‘) E(a'Rd)( L./v,

)C,‘P’F (a) da
(20)

where C,® is the chemical concentration (ng/m3 of water),
in the particle-bound form, within a given size raindrop
and C," is the chemical concentration in the particle phase
of the atmosphere. The time of travel (below-cloud) for
a raindrop is given by 7, where 7 = 0 designates the starting
time at the cloud base. The collection efficiency of particle
with diameter a by a raindrop of radius Ry is denoted by
E(a,Ry). The rate of particle collection is proportional to
the volume of air swept by the raindrop, 7R4’L,, divided
by the time required for the raindrop to travel from the
cloud base to the ground at a terminal velocity, v, (i.e.,
L./vy). Finally, F(a) is the mass fraction distribution of
the chemical in the particle phase (m™) such that F(a) da
is the mass of the chemical (ng) within the size fraction
a toa + da. It is important to note that although eq 20
can be theoretically applied to calculate C,%, only limited
data exist from which F(a) can be determined (45, 46);
thus, the direct application of eq 20 is limited. Therefore,
in the present model F(a) is obtained theoretically, on the
basis of the assumption that the particle-bound pollutant
is adsorbed onto the particle surface with equal tendency
to adsorb on various particle surfaces (e.g., coarse or fine
particles) (31, 32). Therefore, the mass fraction distribu-
tion F(a) can be related to the particle size distribution

F(a) da = [C,®/C,P)f(a)ra’n(a) da  (21)

where n(a) is the number distribution function of particles
in the atmosphere (m=/m) and C, is the mass of par-
ticle-bound chemical adsorbed per unit surface area of
particle (ng of chemical/m? of particle), which is related
to the concentration C,® by

CP=CP/Sy=Cw/ J; “ra’n(a)da (22)
in which Sy is the total particle surface area per unit

volume of air (m?/m?) and wa? is the external surface area
for a particle (m?) of diameter of a. Finally, f(a) is a



correction factor that can be introduced to account for the
intraparticle surface area that may participate in the ad-
sorption of the organic chemical under consideration. Due
to the lack of sufficient quantitative information on the
morphology of atmospheric particles and the actual in-
ternal surface area that may be involved in the gas/particle
partitioning process, f(a) is taken to be unity in the sub-
sequent model calculations. Furthermore, as indicated in
the works by Whitby (47) and Seigneur et al. (48), the
trimodal log-normal distribution can adequately charac-
terize the atmospheric particle size distribution. Conse-
quently, the trimodal log-normal distribution is utilized
as the initial particle size distribution in this model.

The mass concentration of the particle-bound chemical,
C.£, in a raindrop of radius R, (assuming constant radius
during the journey to the ground), as it reaches ground
level is obtained by integrating eq 20 (using eq 21) from
r=0tor=Lv, (ie., the time for the raindrop to reach
ground level)

(p)

C,® = C,,® + %

fo “E(@,R)ratn(@)da  (23)

in which C,,® is the initial concentration at the cloud base
(i.e., as a result of in-cloud scavenging) of the particle-
bound chemical in a given size raindrop. Subsequently,
the average concentration of the particle-bound chemical
in the rain at ground level, C,¢®, is derived by averaging
eq 23 over the entire spectrum of drop sizes

Bl f .0 +
V. .

3CPL,

j; “E(a,Ry)ra’n(a) da)%”RdSNRd dRy (24)

The concentration C" is expected to vary during rainfall
as the concentration of the particle-bound chemical in the
air phase, and the particle size distribution will vary due
to primarily rain scavenging. Thus, in order to determine

C,® from eq 24, one has to first determine the temporal
variation in the particle number distribution, n(a). The
particle size distribution n(a) is affected by various
transport processes such as rain scavenging, dry deposition,
and source emissions. Therefore, a balance equation for
the particle phase can be applied in order to determine the
temporal variation in the number concentration of the
various particle size ranges and hence particle surface area
available for partitioning of the given chemical onto the
particle phase. The particle balance equation, for an ar-
bitrary particle size interval, is given by

d(V,N)

(1-9q T
AN, + G,

at
_JrainA waj — U4 forj = 1, 2, wym (25)

in which V is the volume of the atmospheric compartment
and ¢ is the volume fraction of the atmosphere occupied
by raindrops. The particle number concentrations in the
size interval a; - a;4; in a unit volume of air and rain at
ﬂmd level are denoted by N; [e.g., N; = n;(a) da] and
N4, respectively, m is the total number of particle size
intervals, and vy is the dry deposition velocity of particles
in size interval ). The term on the left-hand side of eq 25
represents the rate of change of particle number concen-
tration in the atmosphere during a rain event. The first
term on the right-hand side of eq 25 accounts for the rate
of particle removal by rain scavenging, and the second term
represents the removal of particles by dry deposition.

Finally, the last term, G ; is the rate of input of particles
into the atmosphﬂ from source emissions.

It is noted that Ny; in eq 25 can be obtained by applying
the equivalent of eq 24 for each particle size interval to
obtain the concentration Cy;P, and dividing the resulting
equation by 7a?C,®, the mass of particle-bound chemical
adsorbed on the surface of each range of particle diameters
aj, i.e.

Cyi® ©

T i 1

Ny = = C. .+
" ra2C®  Vma2C® J, \ T

3Cs(p)Lc 4y 47!'
iF; f Ei(aRyma’ny(a) da —3—Rd3NRd dRy

forj=1,2,..,m (26)

in which C,, is the initial concentration of the parti-
cle-bound chemlcal (at the cloud base) within a partxcle
size range a; — a;4y, in a given size raindrop. Ej(a Rd) is
the collection efflcnency of particles by a ramdrop of size
R, for the particle size interval j and nj(a) is the particle
number distribution function for the particle size interval

The final expression for particle scavenging ratio (A;)
is obtained from eq 9, i.e., A, = Cy®/C, P, where
Cof® = Z"'L1wa'(p)- Thus, A, is given by

A Z wo](p) +

PT ¢C V.js1
3C$(10)Lc
4R,

Gjv1 4
fa "E,(a,R)ma’n;(a) da)éerNRd dR, (27)

In order to calculate the particle scavenging ratio from
eq 27, the fraction of the chemical adsorbed onto the
particle phase ¢, the collection efficiency E(a,R,), and the
raindrop size distribution Np, need to be specified. The
fraction of chemical adsorbed on the particle phase is
approximated by using the Junge correlation (49)

¢ = bSyp/(P° + bSt) (28)

in which P° is the solute saturation vapor pressure (atm),
St is the total surface area of airborne particulate matter
per unit volume of air (m?/m®), and b is a parameter de-
pendent on the sorbate molecular weight, the heat of de-
sorption from the particle surface, and the heat of de-
sorption of the liquid phase sorbate. According to the
study of Junge (49), b = 1.7 X 10 atm-m, which is in good
agreement with the calculated values for b by Pankow (50)
(e.g., 1.3 X 10 and 1.7 X 10 atm-m for PAHs and or-
ganochlorines, respectively) based on laboratory data of
Bidleman and Foreman (51) and field data of Bidleman
et al. (52) and Yamasaki et al. (53). It is noted that eq 28
quantifies the partitioning of the exchangeable fraction of
semivolatile organics between the particulate and the
gaseous phases. Although the effect of nonexchangeable
material on the gas—particle partitioning process can be
significant for some organics (54), Bidleman (28) argued
that until there is a better understanding of the differences
in adsorptive properties of different atmospheric particles
as reported from various collection sites, and of the mag-
nitude of volatilization artifacts during air sampling, it may
be preferable to use eq 28 to estimate gas—particle parti-
tioning.

The evaluation of the particle scavenging ratio A, (eq
217) requires a determination of the collection efficiency
E(a,Ry). There are a number of models that have been
proposed for the collection efficiency. In this study we
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Figure 1. Actual and calculated collection efficiencies (£) as a function

of particle diameter (a).

utilize the semiempirical model of Slinn (55) and the em-
pirical correlation of Ryan and Cohen (36), which is based
on the extensive field data of Radke et al. (8), as shown
in Figure 1. Ryan and Cohen (36) expressed the collection
efficiency as a function of particle size only noting that the
available field data did not reveal a discernable dependence
on the rate of rainfall. It is worth noting that the semi-
empirical collection efficiency model of Slinn (55) accounts
for various collection mechanisms such as Brownian dif-
fusion, interception, and inertial impaction, as well as the
particle growth processes such as due to water vapor
condensation (for @ > 1 um) and attachment to host
particles (for a < 1 um). The dependence of collection
efficiency on the particle size and raindrop size is also
treated in the Slinn model (19, 20, 55). Specifically, in
Figure 1, the collection efficiency labeled ¢ = 0 was ob-
tained for dry particles and 0.5 mm radius raindrops. A
higher collection efficiency is expected when the effect of
water vapor is considered. For example, the collection
efficiency labeled ¢t = 2000 s, at a < 1 um, was obtained
following the approximate relation proposed by Slinn (55),
E = [1 - exp(-at) + E(0) exp(-at)], where « is the at-
tachment rate for Brownian coagulation with droplets, ¢
is the time scale for particle growth processes, and E(0)
is the collection efficiency for dry aerosols. The collection
efficiency labeled ¢ = 2000 s, at @ > 1 um, was obtained
following Slinn (55) by assuming that during rainfall the
particles grew by water vapor condensation to the size (and
correspondingly increased collection efficiency) given by
a(t) = [a,2 + t/100]/2, in which a, is the diameter of dry
aerosols. From Figure 1, it is seen that the effective col-
lection efficiency of Slinn increases by about 3—4 order of
magnitudes (for a < 4 um) as the time scale for particle
growth processes increases from 0 to 2000 s. This implies
that the particle growth processes may significantly in-
fluence the collection efficiency. The comparison of the
performance of the models of Slinn (55) and Ryan and
Cohen (36) on the prediction of pollutant rain concen-
tration is discussed under Case Studies.

Given the gas and particle scavenging ratios, the in-
stantaneous total pollutant concentration in rainwater (i.e.,
dissolved plus particle bound), C,, (ng/L), at ground level,
is given by

Cy = C,@H, A ¥ + C,PA, (29)

When model results are compared with field data it is
important to note that pollutant rain concentrations re-
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ported in most field studies are the average pollutant rain
concentrations in each sequential sample of rainwater
collected during a rain event (56-58). The average pollu-
tant rain concentration in each sequential sample, C,, can
be easily obtained by performing a simple chemical mass
balance on the pollutant in a rain sampler, i.e.

d(C, V) /dt = Cod ind, (30)

in which V is the accumulated volume of rainwater in the
sampler and A, is the cross-sectional area of the sampler.
The term on the left-hand side of eq 30 represents the rate
of accumulation of chemical mass in the sampler, and the
term on the right-hand side of eq 30 accounts for the rate
of input of chemical mass into the sampler. The concen-
tration C,, in the sampler is given from the solution of eq
30

— A pt
C, = 7 j: Coloam (31)

where t, represents the beginning of the sampling period
(i.e., Vg, = 0), C, is the instantaneous rainwater concen-
tration obtained from eq 29, and the variables on the
right-hand side of eq 29 are obtained from the solution of
the RSSVO model (eqs 4-29), consistent with the mea-
sured rain concentration C,,.

It is convenient to quantify the degree of rain scavenging
by using the following overall rain scavenging ratios

W =_C,/C, (32)
and
w=C¢,/C, (33)

where W and W are the instantaneous and average overall

scavenging ratios, respectively, and C, is the average air-
phase concentration of the chemical (during each sampling
period of rain event) defined by

_ 1 ¢

Co= g, Gt (34)

Equations 4-34, subject to the appropriate initial con-
ditions, constitute the governing equations of the RSSVO
model. In the present work the RSSVO model equations
were solved simultaneously by the predictor and corrector
method (9). The algorithm of the RSSVO model is shown
schematically in Figure 2. The basic model results include
the instantaneous concentrations of the dissolved and
particle-bound chemical in rainwater (at ground level), the
instantaneous gaseous and particle-bound concentrations
in the atmospheric phase, and the variations in particle
size distribution during rainfall. By use of these results,
the various averaged concentrations can be determined as
described above.

Case Studies

The RSSVO model was applied in a number of test
studies to rain scavenging of pyrene and fluoranthene in
Los Angeles. Sequential sampling data of rain rates and
PAH concentrations in rainwater were previously reported
by Kawamura and Kaplan (56) for rain events on 11/
9-10/82 and 3/11/82 monitored in Los Angeles. In par-
ticular, the most complete field data sets for pyrene and
fluoranthene in those two events were selected for this case
study. The various model parameters for the two case
studies are described below.

Model Input Parameters. The meteorological data
required for the rain scavenging model include rain rate,
height of cloud base, wind direction, and temperature.



Table I. Meterological Data Applied in the Simulation of
the 3/11/82 and 11/9-10/82 (Los Angeles) Rain Events

precip

rate® cloud temp,’ wind

samples duration mm/h base!m °C directn®
3/11/82
A 11:00-13:35 1.8 3000 16.7 SW-W
B 13:35-15:05 2.4 3000 150 W-N
C 15:05-16:25 1.5 3000 150 NE
D 16:25-19:00 1.4 670 156 E-SE
E 19:00-20:00 2.2 850 150 SE
11/9-10/82
A 1:30-4:30 1.3 1830 133 SE-NE
break  4:30-9:30 2134 11.1 NE-E
B 9:30-12:45 2.0 400 133 E-SE-SW
C 12:45-16:00 1.1 850 144 SW-W
break  16:00-19:45 1520 1.7 W-NW
D 19:45-23:25  0.75 1220 11.1 N-NE
E 23:25-9:40 1.4 1160 106 SW-NE-E

2From Kawamura and Kaplan (56). ®From the observations (on
a 3-h interval) at Los Angeles International Airport, 10 km south
to UCLA (59).

These meteorological data shown in Table I were obtained
from the monitoring data of Kawamura and Kaplan (56)
and observations at Los Angeles International Airport, 10
km south to UCLA (59). The compartmental data,
emission rates of particles and PAHs, and physicochemical
properties of PAHs are summarized in the Table II.
Specifically, the surface area of Los Angeles County was
determined to be approximately 1.04 X 10'° m? (60). The
emission rate of particles from Los Angeles County was
estimated to be 415 tons/day based on the emission in-
ventory for the South Coast Air Basin of California (61).
The mass concentration of total suspended particles in Los
Angeles was estimated to be 80 ug/m? based on the mon-
itoring study of Gray et al. (62). The emission rates of
PAHs (S,, ng/h) in Los Angeles were estimated from
mobile source emission (Epay, 1g/vehicle-km) and infor-
mation on vehicle miles traveled in Los Angeles (VMT,
miles/day). Accordingly, the emission rate for PAH was
calculated from

S, = (VMT)(Epn) (35)

The daily average vehicle miles traveled for the Los An-
geles County was reported to be 1.54 X 108 miles/day by
the California Department of Transportation (63), which
is the total VMT by various types of vehicles such as trucks
and passenger cars. Although emission data for PAHs in
Los Angeles are lacking, estimates can be made from the
mobile source emission data recently reported by Benner
et al. (64) for the Baltimore Harbor Tunnel and by Handa
et al. (65) for two roadway tunnels in Japan. The average
emission rates reported by Handa et al. (65) for pyrene (i.e.,
Nihonzaka Tunnel—15 and 32 pg/vehicle-km estimated
for diesel-fueled and gasoline-fueled vehicles, respectively;
Tsuburano Tunnel—47 and 91 pg/vehicle-km estimated
for diesel-fueled and gasoline-fueled vehicles, respectively)
are significantly higher than the pyrene emission values
reported by Benner et al. (64) (i.e., 8 £ 3 ug of pyrene/
vehicle-km). Therefore, the emission rates reported by
Benner et al. and Handa et al. can be considered as the
lower and upper limits, respectively. In the current work,
average pyrene emission of 30 pg/vehicle-km, which is
within the reported limits, was found to be a reasonable
choice. It is important to note that, while Handa et al. (65)
did not provide fluoranthene emission data, Benner et al.
(64) reported fluoranthene emission to be nearly identical
with pyrene emission. Thus, an average emission value
of 30 pg/vehicle-km was also taken to be a reasonable
approximation for the emission of fluoranthene. Subse-
quently, by use of the daily average vehicle miles traveled
for Los Angeles County and eq 35, the daily average
emission rates of pyrene and fluoranthene were estimated
to be 3.1 X 10" ng/h (Table II).

Since the actual diurnal variations in emission rates were
not available, the potential effect of such emission varia-
tions, between morning and afternoon rush hours, were
studied by estimating the likely range of these variations
based on the diurnal change of traffic volume (66). Ac-
cordingly, the emission rates of particles and PAHs during
the morning and afternoon rush hours were assumed to
be a factor of 2.25 and 3.0, respectively, higher than the
daily average emission rates. An additional simulation was
carried out where the emission rates for the morning and
afternoon rush hour periods were taken to be 50% lower
than the above base values. Moreover, the emissions of

Table II. Compartmental Data for the Los Angeles County and Physicochemical Properties of Pyrene and Fluoranthene

(A) Compartmental Data

parameter

land and water surface areas, m?
daily av emissn rate of particle matter, tons/day
daily av emissn rates of pyrene and fluoranthene, ng/h
initial ambient air concn, ng/m?
pyrene
fluoranthene
Initial mass concn of total suspended particles, ug/m?®

value ref
1.04 X 10%° California Almanac (60)
415° SCAQMD (61)
3.1 X 10!1¢ eq 35 of this work
0.7¢ (0.7)¢ Gordon and Bryan (67), Grosjean (68)°
1.9 (1.2)
80 Gray et al. (62)

(B) Physicochemical Properties

parameter pyrene
mol wt 202
degradatn rate const in atmosphere, h™! 0.29
saturation vapor pressure, mmHg 2.5 % 1076
Henry’s law const, Pa m® mol™! 0.125
molal vol, cm?/mol 213.8
bp, °C 388

fluoranthene ref
202 EPA (69)
0.19 Dragoescu and Friedlander (46)
5.0 % 1078 EPA (69)
0.134 Baker and Eisenreich (22)
217.3 Reid et al. (39)
3177 Pearlman et al. (70)

2The diurnal variations of the emission rates of both particles and PAHs were taken into account in the model based on the diurnal
change of traffic volume reported by the 1976 SCAG Urban/Rural Travel Survey (66). ®The 1-year average (1971-1972) ambient air
concentrations of pyrene and fluoranthene in Los Angeles reported by Gordon and Bryan (67) are 1.9 and 2.0 ng/m?, respectively. The mean
concentrations of pyrene and fluoranthene (for summer and winter 1981) in Los Angeles reported by Grosjean (68) are 1.62 (range 0.48-3.64)
and 0.94 (range 0.24-1.98) ng/m?, respectively. ©3/11/82 rain event. ¢11/9-10/82 rain event.
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Figure 2. Schematic description of the RSSVO model.

particles and PAHs during the period of 11 p.m.-5 a.m.
were assumed to be negligible.

The initial ambient air concentrations of PAHs for the
simulations of rain events on 3/11/82 and 11/9-10/82 in
Los Angeles were estimated from reported ambient air
concentrations of PAHs in Los Agenels (67, 68). Moni-
toring data were not available to establish the concentra-
tion of PAHs in the dissolved and particulate phases at
the cloud base (C, and C,,@). Thus, in the simulations
described below, both C,,;® and C,,@ were taken to be
zero. This assumption results in a lower limit estimate of
the concentration of scavenged particles in rainwater at
ground level. Finally, the pertinent physicochemical
properties (e.g., degradation rate constant in atmosphere,
solute saturation vapor pressure, Henry’s law constant,
molal volume, and boiling temperature) for pyrene and
fluoranthene are given in Table II.

Simulation Results. Simulations of rain scavenging
of pyrene and fluoranthene during the 3/11/82 and 11/
9-10/82 rain events in Los Angeles were performed, given
the above compartmental data, meteorological conditions,

2018 Environ. Sci. Technol., Vol. 25, No. 12, 1991
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emission rates, and the physicochemical properties of the
selected pollutants.

Figures 3 and 4 illustrate the comparison of actual and
predicted pyrene and fluoranthene rain concentrations

(Cy) for each of the sequential samples taken during the
3/11/82 and 11/9-10/82 rain events. From Figures 3 and
4, it is seen that the predicted pyrene and fluoranthene
rain concentrations, based on the collection efficiencies of
Slinn (55) with ¢t = 2000 s and of Ryan and Cohen (36),
are in good agreement with the available field data. Al-
though the time scale in the Slinn model could be optim-
ized as an empirical parameter to provide better fit with
the data, this was not attempted. Within the scope of this
work it suffices to conclude that the Slinn model for the
collection efficiency appears to be adequate in describing
the data.

It is noted that both the field data and model prediction
illustrate that pyrene and fluoranthene rain concentrations
for the fourth and fifth samples of the 3/11/82 rain event
increased drastically relative to the first three samples.
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Flgure 3. Predicted and measured pyrene and fluoranthene sampler rain concentrations (—C,,) at ground level for the 3/11/82 Los Angeles rain
event. Time duration for each sequential rain sample: A, 11:00-13:35; B, 13:35-15:05; C, 15:05-16:25; D, 16:25-19:00; E, 19:00-20:00.
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Figure 4. Predicted and measured pyrene and fluoranthene sampler rain concentrations (C,,) at ground level for the 11/9-10/82 Los Angeles
rain event. Time duration for each sequential rain sample: A, 1:30-4:30; B, 9:30-12:45; C, 12:45-16:00; D, 19:45-23:25; E, 23:25-9:40.

The above trend is consistent with increased emissions
during later afternoon rush hour traffic, the decrease in
cloud base height, and easterly wind direction (e.g., wind
blowing from downtown Los Angeles toward the UCLA
sampling site), which transported the highly polluted air
from downtown Los Angeles to the sampling site at UCLA
(see Table I). It is also noted that, for the 11/9-10/82 rain
event, the highest pyrene and fluoranthene rain concen-
trations were obtained for the second sample, which is
consistent with the morning rush hour traffic, the low cloud
base, and easterly wind direction (Tables I and II). Al-
though the rush hour traffic in the late afternoon (e.g.,
during the break between the fourth and fifth sampling
periods) could have allowed the atmospheric concentration
of the pollutants to increase (Figure 6), the westerly wind

(Table I) that carried the clean air from the coastal areas
to the sampling site, as well as the higher cloud base rel-
ative to that in the period of the second sample, led to a
lower pollutant rate concentrations for the fourth sample
relative to the second sample. Clearly, the wind direction
and height of cloud base are significant in determining the
levels of pollutants in the collected rainwater. Specifically,
the influence of the 50% decrease of rush hour emissions
of particles and PAHs on the predicted pyrene rain con-
centrations for the 3/11/82 and 11/9-10/82 events is
shown in Figure 5 [using the collection efficiency of Ryan
and Cohen (36)]. From Figure 5, it is seen that the de-
crease of rush hour emissions significantly influences the
agreement between the predicted and measured pyrene
rain concentrations (e.g., samples D and E of the 3/11/82
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Figure 5. Influence of rush hour emissions on predicted ground-level pyrene rain concentrations (C,,) for the 3/11/82 and 11/9-10/82 Los Angeles

rain events.

event and sample B of the 11/9-10/82 event). Although
one could attribute part of the deviation of the predicted
concentrations from the reported data to the neglect of the
effect of convective winds in the simulations, it is difficult
at present to evaluate the precise effect of convective winds
since data on PAH emissions in the Los Angeles area are
lacking. The availabilty of such data will undoubtedly
improve the ability to better quantify the wet scavenging
of PAHs.

It is important to note that in most field studies the
reported rain scavenging ratio (eq 1) is determined on the
basis of a constant atmospheric concentration (C,). Due
to sampling difficulties, reported field measurements of
the rain scavenging ratio are generally values averaged over
different sampling periods. In reality, pollutant concen-
trations in both air and rainwater are time dependent
during rain events. Thus, the rain scavenging ratio is
expected to vary with time during a given rain event. In
the present model, the temporal variations in the atmos-
pheric and rainwater concentrations are determined and
thus one can evaluate the corresponding change in the rain
scavenging ratio (eqs 32 and 33) during rain events. As
an illustration, the predicted instantaneous total pyrene
concentrations in rainwater (C,) and in the air phase (C,)
and the instantaneous concentrations of the particle-bound

pyrene in the atmosphere (C,) and rainwater (C,,®) at
ground level for the 11/9-10/82 event (using the collection
efficiency of Ryan and Cohen) are given in Figures 6 and
7, respectively. As Figure 7 illustrates, although less than
30% of the atmospheric pyrene exists in the particle-bound
form (i.e., C,/C, < 0.3), particle scavenging accounts for
more than ~50% of the resulting total pyrene rainwater
concentration when C,®/C, > 0.05. It is important to
recognize that the concentration of pyrene in rainwater
decreases drastically as the rainfall continues, especially
during the initial periods of rainfall or at the initial period
after the rainfall restarts following a break period (Figure
6). The pyrene air concentration during rainfall is sensitive
to the variations of cloud base height and source emissions.
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Figure 6. Predicted instantaneous pyrene concentration in rainwater
(C,) and air phase (C,) for the 11/9-10/82 Los Angeles rain event.
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Figure 7. Predicted ratio of particle-bound pyrene to total pyrene

concentrations in rainwater (C,?/C ) and the ratio of particle-bound
pyrene to total pyrene concentrations in the atmospheric phase
(C,®/C,) for the 11/9-10/82 Los Angeles rain event.
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| Pyrene
11/9-10/82 Rain Event

Concentration (ng/L)

A B
Rain Duration

Figure 8. Comparison of predicted and measured pyrene sampler rain
concentrations (C,,) illustrating the effect of the variation of particle
size distribution [based on the 11/9-10/82 rain event and using the
collection efficiency of Ryan and Cohen (36)]. Time duration for each
sequential rain sample: A, 1:30-4:30; B, 9:30-12:45; C, 12:45-16:00;
D, 19:45-23:25; E, 23:25-9:40.

For example, the decrease in cloud base from 2134 to 400
m at the end of morning rush hour (Table I) led to an
increase of pyrene air concentration in the initial period
of the second sampling interval (i.e., 9:30-11:00 a.m.) for
the 11/9-10/82 rain event. It is worth noting that during
the breaks in the rain event (Table I), which cover the
morning and afternoon rush hours, the atmospheric pyrene
concentration increases due to automobile emissions.
Consequently, a high pyrene rain concentration results at
the initial period after the rainfall restarts following a break
period.

The influence of the variation in the particle size dis-
tribution during rainfall on the concentration of the sca-
venged pollutant in rain is demonstrated for pyrene in
Figure 8. From Figure 8, it can be seen that the neglect
of the variation of particle size distribution (i.e., when a
constant particle size distribution is assumed) results in
the overprediction of pyrene rain concentration for the
11/9-10/82 event. The use of a constant particle size
distribution will lead to an overestimate of the amount of
particles remaining in the atmosphere, during the rainfall,
and thus a significant overprediction of the pollutant rain
concentration will result. An illustration of the change in
the particle size distribution [distribution of particle
number concentration, i.e., dN/d (log a)] during rainfall
is depicted in Figure 9 for the first sampling period of the
11/9-10/82 event (sample A in Figure 4). The above
behavior is expected since particle rain scavenging, as can
be concluded from the dependence of the collection effi-
ciency on particle size (Figure 1), is sensitive to particle
size. Specifically, the coarse particles (@ > 2 um) and fine
particles in the size range of @ < 0.4 um are removed ef-
ficiently by raindrops, whereas the wet removal of particles
in the size range of @ = 0.4-2 um is less significant.

Given the chemical concentration in rainwater and in
the atmospheric phase, it is possible to determine the
temporal variations of the overall instantaneous and av-
erage scavenging ratios (defined by eqs 32 and 33, re-
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Figure 9. Change in the distribution of particle number concentration

[dN/d (log a)] during the first sampling period of the 11/9-10/82 rain
event (sample A in Figure 4).
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Figure 10. Predicted overall scavenging ratio of pyrene for the 11/
9-10/82 rain event [using the collection efficiency of Ryan and Cohen
(36)).

spectively) as illustrated in Figure 10 for the rain sca-
venging of pyrene during the 11/9-10/82 rain event (using
the collection efficiency of Ryan and Cohen). The pre-

dicted overall scavenging ratios, W and W, vary in the
range of 2.03 X 10%-1.53 X 10° and 2.72 X 10*-1.53 X 10,
respectively. The nearly order of magnitude variation in
the scavenging ratios during rainfall suggests that the
application of average experimental values of rain sca-
venging ratios for mass balance calculations is questiona-
ble. It is also important to note that the reporting basis
for field-measured scavenging ratios is not uniform. Some
studies report the scavenging ratios, as calculated from eq
1, based on atmospheric concentration measured before,
during, or even after the specific rain event (see Table III).
Yet, in some studies the reported scavenging ratios are
values representing time periods that may be as long as
several months in duration. The inconsistency in the re-
porting basis for rain scavenging ratios ultimately results
in an uncertainty as to the extrapolation of reported values
to other regions, different rain conditions, or atmospheric
concentrations. Despite the uncertainty regarding the
calculation basis (i.e., the pollutant air concentration) for
field-measured scavenging ratios, the present model cal-
culations for Los Angeles are compared with those reported
by Ligocki et al. (24, 25), Farmer and Wade (71), and
McVeety and Hites (72), as shown in Table III

The present study suggests that the rain scavenging ratio
is not a universal constant that is characteristic of solely

Environ. Sci. Technol., Vol. 25, No. 12, 1991 2021



Table III. Rain Scavenging Ratio of Pyrene and Fluoranthene

W (x1073)
fluoranthene

pyrene rain rate, mm/h

duration, h

basis of chem air concn

1. Predicted in This Work®

(i) 11/9-10/82

instantaneous

initial

cumulative av during each sampling period
instantaneous

initial

cumulative av during each sampling period

2. Reported from Other Field Studies

20.3-153.0° 18.2-98.7° 1.4-2.4 9.0
12.1-153.0¢ 9.8-98.7¢

27.2-153.0° 21.5-98.7°

(ii) 3/11/82

16.3-264.0° 14.9-174.0° 0.8-2.0 22:2
16.0-145.0¢ 8.6-93.5¢

35.4-145.0¢ 26.0-93.5¢

7.8¢ 8.9¢ not reported

9.1¢ 10.4¢ 1.1

3.3/ 4.8 not reported

5.8-41.5
not clearly specified
not reported

not clearly specified
av during rain event
summer arithmetic av

¢ Collection efficiency of Ryan and Cohen (36) is used. ®Using the instantaneous pyrene or fluoranthene rain concentration. ©Using the
cumulative average pyrene or fluoranthene rain concentration. ¢ Mean scavenging ratio reported by Farmer and Wade (7I) for seven rain
events (1982-1983) at an urban site in Norfolk, VA. ¢Calculate on the basis of data of Ligocki et al. (24, 25) on 3/16-20/84 Portland, OR,
rain event. Note that rain duration was not specifically reported; however, the sample date (e.g., 3/16-20/84) and total rainfall amount (2.1
cm) were reported (24, 25). /Mean scavenging ratio reported by McVeety and Hites (72) for measurements of air and rain concentrations of
PAHs at Siskiwit Lake. Note that the rain samples were collected on a weekly basis and thus the results are averages for the total number

of discrete rain events.

the chemical being scavenged by rain. The rain scavenging
ratio is a function of numerous variables including the
chemical type, rate and duration of rainfall, height of cloud
base, source emissions during rainfall, particle size dis-
tribution, and temperature. Consequently, in order to
properly interpret rain scavenging data, field studies
should at the minimum report the above information.
Also, since the rain scavenging ratio can vary significantly
during rainfall, it is important that a consistent basis is
used for reporting the concentrations in the atmospheric
and rainwater phases. Simultaneous measurements of the
atmospheric and rainwater concentrations would best serve
to validate and improve existing rain scavenging models.
Admittedly, such studies are difficult and represent an
experimental challenge. Finally, it should be recognized
that pollutant concentrations in the atmospheric phase can
vary with vertical distance above ground level; in such cases
the concept of a rain scavenging ratio is inappropriate and
more definitive detailed models should be used.

Summary and Conclusion

Below-cloud rain scavenging of semivoltaile organis was
investigated by a mass balance model that accounts for the
dynamic partitioning of atmospheric organics in gas/
particle/rain phases during a rain event. Results of case
studies for pyrene and fluoranthene illustrated that (1) the
variation of particle size distribuition during rainfall affects
the prediction of rain scavenging of particle-bound organics
and (2) the clarification of the basis of ambient air con-
centration of the selected chemical that is utilized in the
calculation of scavenging ratio is essential for reducing the
uncertainty associated with the use of scavenging ratios
reported from field studies.

The current model was rewritten in a flexible modular
form. Thus, the code (written in Fortran and executable
on the IBM PC/XT/AT-type computers) can be easily
modified to accommodate different collection efficiencies,
initial partial size distributions, raindrop size distribution,
chemical sorption model, etc. Since the model is a dynamic
box-type model, it is especially suited for dynamic mul-
timedia mass balance studies of particle-bound organics.
It is noted that, if spatial resolution of concentrations in
the atmosphere (e.g., vertical concentration profiles) is of
interest, then the present approach will have to be mod-
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ified to account for vertical concentration profiles as well
as the effect of convective winds. Work is currently un-
derway to include the detailed mechanisms of rain sca-
venging of semivolatile organics into a comprehensive
precipitation scavenging model.

Copies of the RSSVO model software can be obtained
upon request by writing to Professor Yoram Cohen at the
National Center for Intermedia Transport Research.
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B The thermal and chemical characteristics of a spawning
area within a base-neutralized lake were monitored through
the spring snowmelt of 1989. While the greater part of the
lake remained relatively neutral, severe pH (<5.0) and acid
neutralizing capacity (ANC; <0 wequiv L) depressions
were observed in the upper (1-1.5 m) portion of the water
column. Thermal stratification of the near-shore area and
a combination of groundwater and surface runoff events
controlled the hydrologic response and the changes in
water chemistry that occurred during the acid pulse.
Dilution of basic cations (SBC) combined with NO;~ eluted
from the snowpack and/or soils resulted in low ANC, low
pH runoff affecting the near-shore area. Increases in
monomeric Al and H* were coincident with the ANC de-
pression, creating a harmful environment for fish fry
emerging from the spawning zone.

Introduction

The end of the winter (late March to early April) in the
Adirondack region of New York State often coincides with
snowmelt and marked declines in lake water and stream-
water acid neutralizing capacity (ANC) (1, 2). The degree
of ANC depression and associated biotic effects depends
largely upon the surficial geology and morphometry of
lake/watershed systems (2-4). Most lakes in the Adiron-
dacks are ice-covered and exhibit thermal stratification
during peak spring discharge resulting in noticeable pH
and ANC depression during snowmelt (2).

Episodic acidification and the degree of ANC depression
of surface waters during spring are controlled in part by
hydrologic flow paths (4). In many parts of the Adirondack
region of New York State surficial deposits are shallow and
neutralization of acidic snowmelt is incomplete during
transport through the terrestrial environment. Small,
high-elevation Adirondack lakes with relatively large
watersheds (watershed to lake surface area ratio of >6)
may be particularly sensitive to episodic acidification since
they tend to have larger snowpacks, shallower deposits of
glacial till, and faster flushing rates (4, 5). As the hydrology
returns to “low-flow” conditions following snowmelt, acidic
precipitation may be neutralized more completely as the
hydrologic residence time within the watershed increases
and runoff contacts deeper, base-rich geologic material.

The biological consequences of springtime ANC and pH
depressions in Adirondack lakes are profound (6). In
particular, the thermal and chemical environments of lake
spawning areas are critical to the survival of early life
stages of fish. The declines in pH, ANC, and Ca?" and
increases in monomeric Al that coincide with spring
snowmelt are potentially lethal to young fish inhabiting
the near-shore zone. Several laboratory and field studies
(7-9) have noted the potential significance of episodic

*Present address: ManTech Environmental Technology, Inc., 200
SW 35th St., Corvallis, OR 97333.
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Table I. Lake and Watershed Characteristics of Woods
Lake

basin area, km? 2.07
lake surface area, km? 0.23
watershed area, km? 1.84
maximum basin relief, m 122.0
forest cover, % 98.1
av thickness of surficial deposits, m 1.9
lake volume, 10° m? 8.14
maximum lake depth, m 11.6
mean lake depth, m 3.5
lake surface altitude, m 606
lake area/watershed area 0.13
av lake water residence time, days 174

acidification in near-shore areas for survival of early life
history stages of brook trout (Salvelinus fontinalis) and
lake trout (Salvelinus namaycush). However, the actual
consequences of these events on egg and fry survival rates
of naturally reproducing populations have not yet been
firmly established.

Logistical constraints have limited the intensive col-
lection of samples from near-shore regions of Adirondack
lakes during snowmelt episodes. Observations from lake
inlets, water columns, and outlets have been made (1), but
these may not be indicative of the chemical conditions of
important spawning areas that are affected by a combi-
nation of hydrologic sources (e.g., groundwater, stream-
water, snowmelt water). In response to this problem, a
device was constructed and employed to explicitly monitor
the chemical and thermal conditions of a near-shore
spawning area within an experimental lake in the Adi-
rondacks (10). The water quality data collected with this
near-shore sampling device are examined in this study and
compared to inlet, outlet, and in-lake observations to assess
the relative contribution of various hydrologic inputs (i.e.,
groundwater/porewater, surface runoff) in controlling the
chemical conditions of the near-shore area. Moreover,
because temporal patterns in pelagic and/or outlet waters
are often used to assess the magnitude of episodic acidi-
fiction, the results from this study are also used to illustrate
the limitations of interpreting results from these sampling
areas in the absence of in-lake data.

Site Description

Woods Lake (42°52’ N, 71°58 W), located in the
west-central region of the Adirondack Park of New York
State, is typical of chronically acidic lake/watershed sys-
tems in that area (refs 3, 4, and 11; Figure la—c, Table I).
The lake is small and shallow with a short lake water
residence time (ref 12; 174 days). It is surrounded by a
watershed characterized by shallow deposits of glacial till
and acidic soils (13). The 110-140 cm of acidic precipi-
tation that enters the Woods Lake watershed each year
(14) is only partially neutralized before entering the lake
(refs 4, 15, and 16; Table I). Acidification of inlet and lake

0013-936X/91/0925-2024$02.50/0 © 1991 American Chemical Society
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Figure 1. Woods Lake (a) location, (b) watershed, (c) bathymetry, and (d) sampling site location maps.

waters is particularly severe during spring snowmelt
(March-April), when approximately 25% of the annual
hydrologic input enters the lake. During this period, hy-
drologic flow paths are altered by the routing of water
through upper acidic soil horizons resulting in limited
neutralization of drainage water (4, 17, 18).

Methods

Woods Lake was treated by addition of CaCOj in 1985
and again in 1987 to mitigate acidic conditions (19). Since
1985, the lake generally had a positive ANC, with the
exception of the upper few meters of the water column
during the periods of spring snowmelt (20). A description
of these manipulations and subsequent results are detailed
elsewhere (12, 19-29). While the ANC of Woods Lake had
been artificially increased by CaCOj, addition, the findings
of this paper may be directly relevant to Adirondack lakes
with naturally low mean summertime ANC values (25-100
wequiv L™) that are particularly susceptible to episodic
acidification during spring snowmelt (2).

(d)

The data used in this analysis were derived primarily
from the Lake Acidification Mitigation Program (LAMP)
and the Experimental Watershed Liming Study (EWLS).
Inlet, deep-water column, outlet, and near-shore lake water
sampling was conducted as part of the EWLS pretreat-
ment program at various intervals through a period from
June of 1988 to May of 1989 (Figure 1d). Near-shore
sampling was accomplished by means of an episodic event
sampler (EES) (10). A set of protocols has been used for
the chemical analysis of all aqueous samples and is detailed
elsewhere (27).

One parameter of particular interest in this study is Al.
Inorganic species of aqueous Al are thought to be toxic to
fish (30). Samples collected were analyzed for inorganic
monomeric Al and organic monomeric Al by the fraction-
ation procedure developed by Driscoll (31). In acidic
waters of Woods Lake, inorganic monomeric Al comprises
most of the solution Al (27, 28). Therefore, the Al mon-
itoring data are generally reported as monomeric Al
However, to determine the equivalence of Al (Al**) in

Environ. Sci. Technol., Vol. 25, No. 12, 1991 2025
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Figure 2. Pelagic (a) pH, (b) ANC, and (c) temperature isopleths at
Woods Lake during spring 1989.

solution, values of inorganic monomeric Al, pH, F-, SO,%,
and temperature were used as input to a chemical equi-
librium model to calibrate the speciation of Al (32).

Results

Prior to the application of CaCO;, marked declines in
pH or ANC were not evident at a water column (pelagic)
sampling station in Woods Lake (12-m total depth), as the
lake was already acidic (20). However after base treatment,
pH and ANC depressions were evident to a depth of 1-2
m in the lake during snowmelt periods (ref 20; Figure 2a,b).
Snowmelt acidification was restricted to the surface of the
lake because acidic meltwater enters under ice cover at a
temperature of less the 1 °C and has a lower density than
that of the lower waters (3 °C; Figure 2c). As a result, this
water migrates along the ice/water interface before exiting
by the lake outlet. After ice-out and spring turnover, the
acidity of the upper waters was lessened through mixing
with the remainder of the lake.

Finely resolved sampling of 2- and 3-m-depth near-shore
regions during the snowmelt period of 1989 yielded a more
detailed depiction of episodic acidification in a biotically
important region of the lake. Several interconnected
phenomena are apparent in these data.

A knowledge of the hydrologic patterns during snowmelt
is necessary to understand the temporal trends of the
chemistry of the near-shore area. Groundwater stage be-
gan to increase in pulses in mid-March, a few days prior
to the peak streamflow (Figure 3). This pattern is com-
mon for snowmelt hydrology within the Adirondacks, as
relatively shallow deposits of glacial till (<3 m) become
saturated with meltwater and poise the system for rapid
flow during spring snowmelt (33). This increase in
groundwater stage increases in-seepage of water into the
littoral region of the lake (34). After snowmelt, both
groundwater and streamflow return to base conditions and
have diminishing influence upon the near-shore area.

As noted at the pelagic station, a subtle, but distinct
temperature gradient existed at both the 2- and 3-m sta-
tions (Figure 4a). As low-temperature meltwater (1 °C)
initially entered under the ice, it apparently remained
isolated between the ice and the higher temperature, higher
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Figure 3. Inlet stream discharge and relative groundwater stage at
Woods Lake during spring 1989.

density water below. Once the ice began to melt, exposing
the water to solar radiation and wind, the near-shore region
rapidly became isothermal.

pH and ANC depressions were apparent at both the 2-
and 3-m sampling stations during snowmelt and peak
stream discharge (Figures 3 and 4b,c). However, the region
where ANC became negative and pH decreased to 4.8 was
limited to a depth of approximately 1-1.5 m. After the
peak melt period, both ANC and pH slowly increased as
the near-shore waters mixed with the bulk of the lake
water.

The combination of uniformly high SO,* (1, 3), basic
cation (SBC) dilution, and NO;™ release resulted in dilute,
negative ANC meltwater (Figures 4d, 6, and 7a). Declines
in ANC were correlated with both decreasing SBC (ANC
= -88 + 0.58SBC; 2 = 0.84, p < 0.001) and increasing NO;
(ANC = 65 - 0.86NO;; r2 = 0.33, p < 0.01; Figure 5a,b),
although a stronger relationship was evident between ANC
and SBC. The fact that the ranges of SBC dilution (~200
wequiv ') and NO;™ increase (~80 pequiv L) were of
similar magnitude and slopes of regression analyses with
ANC are somewhat less than 1 suggest that both processes
significantly contributed to ANC loss. The less than
stoichiometric relationships between ANC, SBC, and/or
NOj;™ can also be attributed to exponential increases in Al**
that occurred with decreasing pH, particularly at ANC
values below 0 pequiv L! (Figure 5c).

Aluminum dissolution in acidic waters is a strong pH
buffer and diminishes the extent of ANC depression (2,
16, 35). The highest NO;™ concentrations were evident at
the lowest ANC values (Figure 5b). Indeed, variations in
NOj; show a near-stoichiometric relationship with the sum
of H* and AI** [(H* + AI"*) = —20 + 0.83NO;; r2 = 0.74,
p <0.0001; Figure 5d]. Increases in monomeric Al were
coincident with depressions in pH and ANC and showed
pronounced spatial and temporal gradients. Monomeric
Al decreased with depth and increased with peak discharge
at both the 2- and 3-m sampling stations (Figure 7b). This
Al"* is likely released from dissolution/exchange reactions
with mineral soil (36) or sediment (37).

Constituents that are indicative of groundwater inputs
to the lake, such as H,SiO,, displayed systematic temporal
and spatial variability through the melt period (Figure 7c).
The timing of the pulsed increases in groundwater stage
roughly correlates with enrichment of SBC, ANC, pH, and
H,SiO4 near the sediment/water interface of the 2-m
station and to a lesser extent, the 3-m station.

Discussion
The disparities between the timing and magnitude of
surface runoff and groundwater inputs into Woods Lake
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during spring snowmelt largely explain the spatial and
temporal variation in chemistry of its littoral region. The
advection of ANC-rich groundwater and porewater into
the near-shore region, promoted by the increase in
groundwater stage during the initial period of spring
snowmelt, was quickly overwhelmed by the subsequent
surface runoff. While the seepage rate into the near-shore
area was not directly measured during this study, previous
estimates have shown this rate to be approximately 55 X
10° m3 month™ during March, April, and May (12). Based
upon visual inspection of the near-shore area in Woods
Lake, the hydrologically active region of the lake shore is
approximately 40 X 10° m2. Therefore, the groundwater
seepage rate of 21 L s during this period over the 40 X
10° m? region equates to approximately 53 X 10¢ L s m2
Compared to the maximum surface runoff from the inlet
stream affecting the study area (130 L s7!), the rate of
groundwater in-seepage is negligible. Rapid surface runoff
dominates the hydrologic input during most of the melt
period and largely controls the chemistry of the near-shore
region.

Groundwater in-seepage in nearby Dart’s Lake has been
shown to diminish exponentially with the distance from

April
1989
(d)

Figure 4. Near-shore (a) temperature, (b) pH, (c) ANC, and (d) SBC isopleths for 2- and 3-m sites at Woods Lake during spring 1989.

shore (35). Therefore, the disparate effects of an increasing
groundwater table upon the 2- and 3-m stations are con-
sistent with current hydrogeologic findings and were to be
expected. While relative lake stage was not recorded
during the 1989 melt period, observations from other
snowmelt periods indicate that groundwater may increase
to as much as 0.5 m above the lake, promoting advective
transport of groundwater constituents into the littoral
regions prior to peak discharge. However, with increases
in discharge and lake stage, the hydraulic head between
groundwater and lake levels diminishes, greatly reducing
rates of in-seepage (35). Prior to spring turnover of the
near-shore area, thermal gradients between the sediment
porewater and the water column may also promote ad-
vective transport of chemical constituents via conduction
and/or convection.

Thermal stratification of the near-shore region, affected
by ice cover and possibly temperature density differences
across the sediment/water interface, limits the extent of
mixing of waters to a depth of 1-2 m. Water entering the
near-shore region from surface runoff remains isolated
from lower waters affected by groundwater/porewater
inputs due to the weak density differences affected by
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Figure 8. Ion distribution of streamwater from the primary inlet to
Woods Lake at monthly intervals during spring 1989.

thermal variations. Thermal stratification and the re-
sulting mixing pattern persist only until ice-out, when wind
and solar radiation act to break apart the density strata.
Soon after ice-out and turnover, most of the chemical
constituents in the near-shore region become completely
mixed and their concentrations more closely approximate
whole-lake conditions.

The magnitude and distribution of certain key chemical
parameters in the near-shore area during the melt period
likely have a profound effect upon the biotic resources of
the lake. Fish eggs may remain well protected within a
chemically favorable environment near the sediment/water
interface during their development. Groundwater/pore-
water inputs, relatively high in SBC and ANC, and low in
inorganic monomeric Al, a potential toxicant, provide a
chemically stable environment for egg development.
However, emerging brook trout fry, seeking to reach the
water’s surface to fill swim blatters with air soon after
ice-out, must move through the harsh chemical environ-
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ment of the upper waters, low in pH and ANC and high
in monomeric Al. This pattern may lead to acute or
chronic mortality via exposure to high concentrations of
monomeric Al (38). Indeed, the chemical phenomena re-
ported in this paper have been used to explain the poor
recruitment of brook trout stocked in Woods Lake fol-
lowing the whole-lake application of CaCO, (22). Even
though the volume-weighted, whole-lake ANC has re-
mained positive since base treatment in 1985 and the adult
brook trout population has been observed to actively
spawn, a naturally reproducing population has not de-
veloped. Episodic acidification of near-shore spawning
areas may limit brook trout natural reproduction by direct
fry mortality.

Previous studies of the episodic acidification of Adi-
rondack lakes have been limited to the interpretations of
outlet stream chemistry and/or depth profiles from pelagic
stations (1, 2). Our investigation provides a good oppor-
tunity to compare traditional outlet/pelagic sampling re-
sults with detailed monitoring of the more biologically
relevant near-shore region during snowmelt. Examination
of chemical parameters monitored at the near-shore region,
upper pelagic station, and lake outlet showed similar
concentrations during the period of maximum discharge
(Figures 2, 7, and 8). This suggests that the chemical
characteristics of outlet and upper pelagic waters during
peak episodic acidification may be roughly indicative of
the near-shore area. However, an understanding of the
hydrodynamics of the lake is critical to an accurate as-
sessment of the biological effects of an acidic snowmelt
event. For example, inspection of the outlet chemistry may
lead to the conclusion that Woods Lake is entirely acidic
when, in reality, the portion of the water column below
approximately 2 m remained amenable for aquatic biota.
However, even taking the pelagic data in concert with the
outlet chemistry may lead to faulty hypotheses regarding
the actual biological effects of episodic acidification within
the lake. Assuming, from the pelagic data, that the most
harmful waters penetrate to a depth of 2 m throughout the
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lake, one might hypothesize that the benthos of the
near-shore spawning areas were similarly affected. As was
shown in this study, a modicum of groundwater in-seepage
coupled with thermal stratification kept the littoral waters
near the sediment/water interface from becoming acidic.
Therefore, while the maximum effects of in-lake episodic
acidification were in close agreement with the lake outlet
trends, the actual depth of penetration of the acidic waters
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Figure 8. Concentrations of (a) ANC, (b) SBC, (c) NO,~, and (d) mo-
nomeric Al at the Woods Lake outlet during spring 1989.

during a snowmelt event varied spatially throughout the
lake. This variation is significant in understanding fish-
eries’ development and mechanisms of mortality.

Summary

The chemical characteristics of a near-shore area of
Woods Lake varied in response to changes in hydrologic
inputs and flow paths. During the winter, slow advective
and diffusive transport of groundwater and porewater
constituents affected the near-shore area. Groundwater
stage increased just prior to the increase in the inlet hy-
drograph, promoting advective transport of chemical
constituents across the sediment/water interface. Surface
runoff during snowmelt then supplanted groundwater in-
puts as the primary water source. During this period, the
water quality of a critical near-shore spawning area de-
graded as acidic snowmelt, low in SBC, was quickly
transported into the lake. Weak conditions of thermal
stratification that developed under the ice were sufficient
to isolate the acidic meltwaters within the top 1-1.5 m of
the water column while water near the sediment/water
interface remained relatively circumneutral. The chemical
environment for benthic biota remained acceptable.
However, fish fry that must migrate from the benthos to
the water’s surface following ice-out may be greatly af-
fected by the high concentrations of monomeric Al asso-
ciated with the acidic meltwater.

Episodic acidification of the near-shore area of Woods
Lake was promoted by the dilution of SBC and release of
NO;™ from the watershed. Concentrations of NO3~ were
strongly related to changes in pH and monomeric Al
Therefore, decreasing atmospheric SO, loadings alone
may not completely mitigate the biological consequences
of acidic deposition. Episodic acidification of low-ANC
lakes during spring snowmelt may persist after the at-
mospheric deposition of SO,* is reduced.

The additional information provided by this study may
be used to temper the interpretations of episodic event
studies based solely upon the temporal trends in water
quality of lake outlets. Even though the peak discharge
concentrations of ANC, SBC, NO;~, and monomeric Al
were similar for the near-shore area, deep-water station,
and lake outlet during the acidic snowmelt event, the
biological consequences of episodic acidification may be
misjudged without an adequate understanding of lake
hydrodynamics.
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Fractal Dimensions of Aggregates Determined from Steady-State Size

Distributions

Qing Jiang and Bruce E. Logan*

Environmental Engineering Program, Department of Civil Engineering, University of Arizona, Tucson, Arizona 85721

B Aggregates formed by Brownian motion, shear coagu-
lation, and differential sedimentation have fractal geom-
etries. In order to model coagulation of fractal aggregates,
we have derived a set of collision functions containing a
fractal dimension for use in a general coagulation equation.
These collision functions predict greater collision fre-
quencies than models based on aggregates with Euclidean
properties. Assuming only one mechanism of aggregate
formation is dominant for a range of particle sizes, we also
incorporated a fractal dimension in a dimensional analysis
of steady-state particle-size distributions. Using parti-
cle-size distributions observed in marine systems, we
calculated that aggregates formed by shear coagulation had
fractal dimensions greater than 2.4, whereas aggregates
formed from differential sedimentation had lower fractal
dimensions in the range of 1.6-2.3. Reported fractal di-
mensions for many biological aggregates from bioreactors
and marine systems are in the range expected for differ-
ential sedimentation. Fractal dimensions of inorganic
colloidal aggregates are in the range expected for aggre-
gation by Brownian motion and shear coagulation.

Introduction

Recent studies indicate coagulation can be an important
mechanism of particle removal in lakes (1, 2) and oceans
(3). In freshwater systems, collision efficiencies are low
(~0.001-0.1), and coagulation is strongly influenced by
surface chemistry of the particles (4). In marine systems,
large aggregates have been shown to have high sticking
efficiencies (5). In the deep ocean, McCave (6, 7) predicted
that low particle concentrations would result in slow co-
agulation rates except under specific conditions where
particle concentrations are much higher, such as benthic
boundary layers and near ocean outfalls (8, 9). Algal
blooms have also been observed to rapidly flocculate
forming large amorphous aggregates up to 20 mm in size
(10). A coagulation model developed by Jackson (3) was
used to show that diatom aggregates can be formed by
shear and differential sedimentation, but he hypothesized
that these types of aggregates are only formed in the ab-
sence of grazing. Aggregates can also be produced in the
ocean from feeding webs and other material produced by
small animals, such as fecal pellets (10).

Coagulation has been modeled through two approaches:
by solving a general dynamic equation describing coagu-
lation or by developing solutions for coagulation based on
a dimensional analysis. A simplified equation for coagu-
lation by the first approach (11) is

an(v) _
a
1 8 oo s e @ 5 s
3 j; B(0,0-0)n(D)n(v-0) dd j; B(v,0)n(v)n(d) do
(1)
where n(v) dv is the number concentration of flocs in the
volume interval v to v + dv. The first term on the
right-hand side of the equation describes coagulation of

similar flocs to form flocs of size v, and the second term
represents the loss of flocs of volume v through collision

0013-936X/91/0925-2031$02.50/0 © 1991 American Chemical Society

with other flocs. Numerical solutions have been provided
by several researchers for hydrosol dynamics (12, 13), but
none of these solutions have been verified with experi-
mental data.

A second approach to describe particle sizes during co-
agulation was used by Hunt (8, 14) and McCave (6, 7).
This approach is based on a dimensional analysis of par-
ticle-size distributions and requires four assumptions: (1)
floc-size distributions are in a steady state, with a constant
source of particles, which coagulate through the size dis-
tribution to form aggregates that are removed through
sedimentation; (2) only one coagulation mechanism
(Brownian, fluid shear, differential settling) is dominant
at a given particle size; (3) particle sticking efficiency is
constant and independent of particle size; (4) each mech-
anism can be characterized by a single parameter. Theo-
retical predictiors were verified by analyzing particle-size
distributions of clay particles (<2 um) undergoing Brown-
ian and shear coagulation in seawater (8) and compared
with marine particle-size distributions (14).

The premise of both coagulation models is that aggre-
gates formed during coagulation are composed of particles
evenly spaced and uniformly distributed in spherical ag-
gregates. However, it is now known that aggregates formed
by Brownian motion have fractal structures (15-18).
Therefore, the density of fractal aggregates is not constant,
and the properties of fractal aggregates, such as mass and
encased volume, do not dimensionally scale according to
the mathematics of Euclidean geometry. For example, the
number of particles, N, in an aggregate of uniformly dis-
tributed spherical monomers (19) is

N = (§/E)d/d,)? (2

where the superscript « is used to denote variables based
on Euclidean geometry, ¢ is a packing factor, d is the
aggregate diameter, d, is the diameter of primary particles
composing the aggregate, and ¢ and £, are shape factors
of the aggregate and primary particles. An analogous
expression for the number of particles in an aggregate for
fractal aggregates cannot be directly developed, since for
a fractal aggregate

N = {(v/v,) 3)

For a fractal aggregate, we choose packing and shape
factors that will be reduced to their Euclidean counter-
parts, and obtain

N = yPB(/1)° @

where ¢ = {£/&,, | is the characteristic length of a fractal
aggregate, here defined as the longest aggregate length, [,
is the length of primary particles in the aggregate, and D
is the fractal dimension. Comparison of egs 2 and 4 shows
that D = 3 for Euclidean objects. However, aggregates
formed from metal colloids, soot, aerosols, silica, and
polystyrene (18, 20) have fractal, or noninteger, dimensions
significantly less than 3.

Since aggregates are fractal and have nonuniform
properties, both of the above coagulation theories need to
be revised to include the fractal geometry of the aggregates.
In this paper we derive a set of collision frequency func-
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tions that incorporate fractal dimensions of aggregates and
show that collision rates for fractal aggregates are greater
than rates for Euclidean aggregates. We also demonstrate
that fractal dimensions affect steady-state size distribu-
tions in marine systems.

Methods

Characteristics of Fractal Aggregates. In order to
describe coagulation by use of fractal geometry, the
properties of the fractal aggregates must be cast in terms
of fractal dimensions. These properties, such as mass,
volume, density, porosity, and settling velocity affect
particle collisions and, therefore, coagulation rate. Below,
we derive equations for fractal aggregates based on rela-
tionships used for Euclidean objects.

(a) Aggregate Mass. If we assume that aggregates are
composed of spherical particles with diameter d, and
density p,, the mass of each primary particle, m,, is

ml) = poéodoa (5)
The mass of an aggregate, m, is the product of the number

and mass of primary particles or, for a Euclidean aggregate,
is

m = mN = pféd® (6)
For a fractal aggregate, we define the mass of the primary
particle as

m, = pofol,® (7
Combining eqs 4 and 7, we obtain for fractal aggregates
m = p PRl FDIP @

(b) Aggregate Volume. The volume of an aggregate
can be defined in two ways: as an encased volume or as
an occupied or solid volume. According to the first defi-
nition, the volume of an aggregate is calculated as the
spherical volume that encases the aggregate, or 0, = £d°.
For a fractal aggregate, we can similarly calculate this
volume substituting [ for d, or

v, = & ©)

The solid volume of the aggregate, v, is calculated as the
total volume occupied by all primary particles in the ag-
gregate. The difference between the encased volume, v,,
and the solid volume, v, is that the former includes both
the volume of particles and the volume of the pores. The
solid volume for a fractal aggregate is related to its mass
by m = vp,, or by using eq 8

v = YPI3 1 3DID (10)

As eq 10 shows, v does not scale to an integer power of 3,
as assumed in previous models (8, 14). These changes
affect the relationships between aggregate characteristics
such as density, porosity, and settling velocity.

(c) Aggregate Density. The density of an aggregate
is defined as the total mass of primary particles in the
aggregate per encased volume, or p = m/v, for Euclidean
aggregates, and p = m/v, for fractal aggregates. Using this
definition and eq 8, the fractal density, p, is

p = podP3(E, /6L /1,)P3 (11)

Since density is a function of aggregate size, and usually
decreases with the size of the aggregate, the collision of
two aggregates produces an aggregate of a larger encased
volume than the sum of two original aggregate volumes.

(d) Aggregate Porosity. The porosity of a fractal ag-
gregate, ¢, can be expressed in terms of the encased and
solid volume as
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e=1-v/v, (12)
From the definition of v and v,, eq 12 becomes
e=1-yPBg /5 /1)P3 (13)

(e) Settling Velocity. Relationships to describe the
settling velocity of impermeable spheres are based on a
force balance on a settling aggregate (21), or

V(D — p)E = %A p,CpU? (14)

where p, is the bulk aggregate density, which includes the
mass of both primary particles and liquid in the encased
aggregate volume, p,, is the fluid density, g is the gravi-
tational constant, A is the projected surface area of the
aggregate perpendicular to the direction of settling, Cp is
a drag coefficient, and U is the aggregate settling velocity.
The bulk aggregate density can be obtained from the
identity

(00— pw) = (1= (p, ~ py) (15)

which is valid for either fractal or Euclidean objects. In
order to specify a similar relationship for the settling ve-
locity of fractal aggregates, three assumptions are neces-
sary. First, on the basis of the analysis contained in Logan
and Hunt (22), it is assumed that the advective flow
through the highly porous aggregate does not significantly
affect settling velocity. Second, the projected surface area
is assumed to be a function of an additional fractal di-
mension defined as

A = £yl 2DyD: (16)

where £, is the shape factor and D, is the fractal dimension
that relate aggregate size to projected area in two dimen-
sions. The area defined by the two-dimensional fractal
dimension, D,, is not equal to an encased area, A,, for the
same reasons that the fractal volume is not equal to the
encased volume. Third, the empirical expression for the
drag coefficient for spheres (23)

Cp = (24/Re) + [6/(1 + VRe)] + 0.4 (17)

where the Reynolds number, Re = U d /v, is assumed valid
for fractal aggregates, and v is the fluid kinematic viscosity.
An analysis by Alldredge and Gotschalk (10) on marine
snow aggregates, which are known to be fractal (24), sug-
gests that the above empirical drag coefficient does not
accurately predict settling velocities at larger Reynolds
numbers (Re > 1). However, Alldredge and Gotschalk
were unable to derive a more accurate expression. In order
to use this expression in the current scaling relationships,
we approximate the drag coefficient in eq 17 as a power
law function in terms of a Reynolds number (Re = Ul/v)
for a fractal aggregate as

Cp = aRe® (18)

where a and b are determined for different ranges of
Reynolds numbers from eq 17. For Re < 0.1, a = 24.0 and
b = 1.0; for 0.1 < Re < 10, a = 29.03 and b = 0.871; and
for 10 < Re <100, @ = 14.15 and b = 0.547. As shown in
Figure 1, the power law function is within 10% of values
calculated from eq 17.

Substituting eqs 10, 16, and 18 into an analogous ex-
pression of eq 14, we obtain for fractal aggregates

2%, Ao
U= o (po — pw)\l,D/3lol+Dg-DV—le+b-D2] (19)
wS2

If the aggregate is Euclidean, i.e., a sphere with D = 3, and
Re « 1, eq 19 reduces to Stokes law. For fractal aggre-
gates, D, must be less than or equal to 2. As discussed by
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Figure 1. Drag coefficients as a function of Reynolds number for an
empirical equation (—) versus the power-law equation (-+) assumed
here of the form Cp, = aRe®. Note that the two lines are nearly
coincident.

Meakin (17), if D is less than 2, then D, = D; when D is
greater than 2, D, = 2.

Collision Frequency Functions. Coagulation of
particles occurs by three coagulation mechanisms: Brown-
ian motion, shear and differential sedimentation. Collision
frequency functions for fractal aggregates can be derived
for each coagulation mechanism by using size-volume re-
lationships. In this analysis, we assume that collision
frequency functions, expressed as a function of the size of
the aggregate, are valid for fractal aggregates of size [ or
Euclidean aggregates of size d. Therefore, the collision
frequency functions for fractal aggregates can be written
by replacing aggregate diameter, d, with the aggregate
length, 1.

The collision frequency function for Brownian motion,
Bg, based on Smoluchowski’s equation and Einstein’s re-
lationship, is

ﬁB(liylj) = (2RT /3w + lj)z/(lilj)] (20)

where k is the Boltzmann constant, T is absolute tem-
perature, and g is the fluid viscosity.
The collision frequency for shear coagulation (11) is

Banllily) = (G/6)(; + 1)) (21)

where G is the fluid shear rate.

The third coagulation mechanism, differential sedi-
mentation, occurs when a faster settling floc overtakes and
collides with a slower settling floc. The collision frequency
for differential sedimentation is the collision cross section
times the difference in the floc settling velocities, assuming
a constant floc density

Bas(didy) = §<d,- +d)U; - U)) (22)

For fractal aggregates, we use the settling velocity in eq
19 and replace the aggregate diameter with the aggregate
length, [, to obtain

o[ 2, e
=@ _ /3,7b] 1+Dy-D
ds 4 [ apots (Po Pw)\l’D Vol

|li(D+b—D2)/(2—b) = lj(D+b~Dz)/(2—b)l (23)

(; + 1) x

The collision frequency equations for fractal aggregates
can be expressed in terms of solid volume. These collision
functions are

ﬂB(Uivvj) = %[Ul‘— (1/D) 4 Ui—(l/D)](Ut_l/D + v]_l/D) (24)

Bavit)) = gf—guol-w/wwﬂ" +opp (25)
0

1 2 1/(2-b)
= b
Up0) = = —\p,— X
Bda( iy ]) 4 aﬂwfz(po pw)”
£y (1/3)\0—(1/3)[(b-Dz)/(Z—b)+Z]vo—(l/-'i)—(l/D)[(lﬁDz)/(Z-b)+2] X

|(U,-“/D)[(D+b_p2)/(2_b” = Uj(l/D)[(D+b-Dz)/(2—b)l)| X
(vil/D ES Ujl/D)2 (26)

where v, is the volume of primary particles in the aggre-
gate. These equations do not include correction factors
suggested by others (7, 13) to reduce collisions between
dissimilar-sized particles.

Dimensional Analysis. The assumption of a dynamic
steady state used in a dimensional analysis implies that
there is a continuous source of primary particles that co-
agulate through the size distribution to form aggregates
that are removed through sedimentation (11, 25, 26).
Thus, larger aggregates undergoing coagulation by shear
or differential sedimentation would primarily be produced
by aggregates formed by Brownian coagulation of the
smallest (submicron) particles. In marine systems, how-
ever, particles can be produced de novo that are on the
same order in size as aggregates produced from Brownian
coagulation. A dimensional analysis also requires the four
assumptions made by Hunt (14), as described in the In-
troduction. These assumptions and limitations may not
be critical factors in the current calculations since previous
research by Hunt (14) has shown that a dimensional
analysis does result in steady-state size distributions in
agreement with observations. In the current analysis, we
modify relationships used in a dimensional analysis to
include size-mass relationships based on fractal geometry.

In our analysis we define n(v) as a continuous function
describing the number of aggregates per volume of fluid
per solid volume interval, in units of L™ I3, where L is a
fluid-length unit and ! is the aggregate-length unit. For
a steady-state size distribution, Hunt (14) defined E (® L3
t™) as the steady-state particle volume flux through the
size distribution. In our analysis, we define a fractal solid
volume flux, denoted by E, which has the same dimensions
as E.

The characteristic parameters for each coagulation
mechanism, based on fractal geometry, are

KB = kT/ﬂ [L3 t—l]
Kg = Go-0/D  [L3 19D 1) @)

870, = 0w |7
K, = _;l 0,1/3-0/D)IG-D/ 2-b)]+2)
w

[ [-(3/D)[(4+D-b-Dy)/(2-b)I] 3 t"l]

where Kg, K, and K, are the characteristic parameters
for Brownian, shear motion, and differential sedimentation,
respectively, which are obtained from the collision fre-
quency functions (eqs 24-26), except the independent
variables are not included.

The size distribution has the functional form of

n(v) = n(,E,Kg,K,Ky,) (28)

By selecting a size interval where only one coagulation
mechanism is dominant, eq 28 becomes an expression of
four variables and three units (/, L, and t). Using the
Buckingham 7 theorem, we can obtain a size-distribution
function for each coagulation mechanism as

£\
n(v) = Ap A v /2 (29)
B
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E \2
n() = Ash _— »-®/2)[1+(1/D)) (30)
Ksh
E 2
n) = Au| 7= p1=(3/2)-(1/2D)[1+{(2+D-Dy)/ (2-b)]1] (1)
ds

where Ag, A, and Ay, are dimensionless constants that
must be experimentally determined.

The size distribution function, n(l) is a continuous
function describing the number of aggregates per volume
fluid per floc length interval. The relationship between
n(v) and n(l) is

n(l) = n() dv/dl (32)
and by taking the derivative of eq 10, we determine
dv/dl = ¢P/3g 1 3PDIP1 (33)
Combining eqs 32 and 33, we obtain
n(l) = yP13¢ 1 3PDIP n(v) (34)

Using eq 34 in egs 29-31, the size-distribution functions
based on n(l) are

Brownian

n(l) = %(E/Ka)l/zl-ll‘*(l)/?)] (35)

Shear
n(l) = A’ (E /K ) Y/2-0/2D+5) (36)
Differential Sedimentation
n(l) = A4 (E /K g,)!/21-/28+D+(@+D-D)/ @D (37)

where A, A’y and Ay, are functions of [, and D. The
size distribution functions n(l) and n(v) are summarized
in Table I.

Results

Effect of Fractal Structures on Collision Rates.
When fractal dimensions are included in expressions for
collision frequency functions and when packing and shape
factors for Euclidean and fractal objects are equal, particles
are predicted to collide more frequently than when D =
3. This occurs because the size of the fractal aggregate
increases faster during coagulation than aggregates with
constant size-mass relationships. In Figure 2 we plot
collision frequencies for coagulation via Brownian, shear,
and differential sedimentation (for Re « 1) as a function
of aggregate size for different fractal dimensions. Collision
frequencies are calculated as a ratio of collision frequencies
at fractal dimensions of 1.5, 2, and 2.5 versus collision
frequencies at D = 3. As the fractal dimension decreases,
the collision frequency of fractal aggregates is larger than
for Euclidean aggregates. For example, during shear co-
agulation, aggregates with a fractal dimension of 1.5 could
collide 774 times as frequently as aggregates with a fractal
dimension of 3. For flocs with the same solid volume,
collision frequencies could be up to 8.4 and 91 times as
large as predicted from conventional models for coagula-
tion by Brownian and differential sedimentation. A con-
stant porosity could be chosen to make coagulation rates
equal to Euclidean and fractal aggregates, but the mag-
nitude of the porosity would be variable for different
fractal dimensions.

Fractal Dimensions from Size Distribution Func-
tions. The equations derived for the fractal size distri-
butions, n(v), based on coagulation by Brownian motion,
shear, and differential sedimentation (Table I) are identical
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Figure 2. Effect of the fractal dimension on collision frequencies for
(a) Brownian, (b) shear, and (c) differential sedimentation (for Re <<
1), where B(D) is the collision frequency for a fractal aggregate at the
indicated value of D, and 3(3) is the collision frequency for a Euclidean
object. (v is the volume of the aggregate colliding with a particle
volume v,,.)

with those previously presented (8, 14) if the fractal di-
mension in each size-distribution equation is set equal to
a Euclidean value of 3 and Re « 1.

Hunt (14) compared steady-state size distributions from
marine systems with his predicted relationships based on
a dimensional analysis. In this study, we can make an
analogous comparison of size distributions with our di-
mensional analysis based on fractal aggregates. The fractal



Table I. Size Distribution Functions for Fractal Aggregates

coagulation

mechanism n(v)
Brownian E 2
Agl — ) v?¥2
B KB
shear E 2
Al =) vemusam
Ksh
differential E \2
sedimenta- Ads| = pl-B3/2)-(1/2D)[1+[(2+D-Dy) /2-b)] 1}
tion Ky

A’ n(l)
ApD(&,1PyPr3) /2 £ \2
Al = [l1+0/2))
Kp
AD(E 1 -DyPIBy 12016/ B\~
Alsh oY 1-(1/2)(D+5)
Kuh

Aer (Eoloa_u X
‘I,D/3)—(l/2)11+(l/D)[1+[(2*D-Dz)/(2-b)]]l

1/2

|-(1/2)(3+D+[(2+D-Dy)/(2-b)]]

Table II. Fractal Dimensions and Slopes Determined from Dimensional Analysis of Steady-State Size Distributions in

Marine Systems

Brownian
size range, yum <2
slope [log n(l) vs log 1]
predicted in this work D
_(1 + B
2
predicted by Hunt (14) -5
2
observed -2.65
slope [log n(v) vs log v]
predicted in this work 3
2
predicted from Hunt (14) 3
2

observed
fractal dimension

shear differential sedimentation
2-40 >40
(D + 5) 1 3+D+2+D—02
2 2 2-b
*4 :g
9
-3.7t0 4.4 -4.65, -5.2, 5.3
2+D-D
-%1+1) 8 _if  2sD-D,
2 D 2 2D 2-b
,2 B —1_3-
6
-1.9 to -2.13 -2.22, -2.40, -2.43
2.4-3.75 1.61-2.31

dimension in egs 30 and 31 can be obtained from the slope
in a plot of log n(v) versus log v. Hunt used data available
in the literature to calculate several such slopes. These
size distributions were originally obtained by using particle
counters for marine particles larger than 2 um, and from
direct microscopic observation for smaller sized particles.
Although size distributions are reported in terms of ag-
gregate diameter, d,, particle counters (resistance type)
measure the volume occupied by primary particles com-
prising the aggregate (i.e., v not v,); d;, is the equivalent
spherical diameter based on instrument calibration with
solid spheres. As a result of this calibration procedure,
aggregate size, [, is underestimated. However, aggregate
size data [n(l)] reported in ref 14 can be converted back
into solid volume [n(v)] with the equation

s, = (s;,-2)/3 (38)

where s, is the slope based on the particle-volume log-log
plots, and s, is a slope based on the particle-length log-log
plots. This equation can be verified by either comparing
equations presented in ref 8 with ref 14, or for fractal
aggregates, comparing eqs 29-31 with 35-37.

The observed and predicted slopes of log-log plots of
size distributions as reported by Hunt (14) and calculated
here are shown in Table II. The size range over which
each coagulation mechanism operates is assumed to be the
same as determined by Hunt (14). From the range of
reported slopes for particles assumed to be produced by
shear coagulation, we calculate fractal dimensions of
2.4-3.75 for aggregates developed from shear coagulation;
however, it is unlikely that D is greater than 3. Several
factors may help explain the magnitude of this fractal

dimension. First, the size range calculated for aggregates
formed by shear coagulation (2-40 pm) is typical of non-
aggregated particles in the water column, such as phyto-
plankton. Since particle counters do not distinguish be-
tween amorphous aggregates and solid particles, it may be
that some particles analyzed in the shear coagulation size
range are not aggregates, but microorganisms such as
single-celled phytoplankton with Euclidean, and not
fractal, structures. A second source of error is the sensi-
tivity of the magnitude of the fractal dimension to the
slope. For example, fractal dimensions in a wide range of
1 < D < 3 produce slopes in the narrow range of 2.17-2.5.
Third, many marine aggregates contain actively growing
microorganisms (27), resulting in aggregates formed by
growth of cells already in the aggregate, and not by co-
agulation of unattached particles.

For particles assumed to be produced by differential
sedimentation, slopes of —2.22 to —2.53 were calculated for
fractal size distributions by using slopes of —4.65 and —5.2
reported by Hunt (Table II). A third set of data also
reported by Hunt (14) indicated a slope of -5.6, but our
examination of the data reported by Faist (28) provided
a slope of —5.3. Using slopes of —4.65, -5.2, and 5.3, we
obtained fractal dimensions in the range of 2.31, 1.67, and
1.61. All Reynolds numbers were less than 0.1 independent
of our assumed value of D,, resulting in b = 1. The as-
sumption that D, = D when D is less than 2 increased the
calculated fractal dimension. If we assumed that D, = 2,
we would calculate fractal dimensions of 1.25 and 1.15, for
slopes of —5.2 and —5.3, respectively.

Only a single slope of —2.65 was reported by Hunt (14)
for small aggregates (<2 um) assumed to form by Brownian
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coagulation. However, a fractal dimension cannot be
calculated from a dimensional analysis for aggregates
formed from Brownian motion since D does not appear in
the final expression for the slope calculated by using eq
29 (Table II) based on aggregate volume.

Discussion

There is now substantial evidence that aggregates
formed from coagulation processes possess fractal struc-
tures (15-18, 29). As a result, existing coagulation models
based on Euclidean scaling relationships must be modified
to account for the scaling properties of fractal aggregates.
Collision functions based on fractal geometry (Table I)
indicate more frequent collisions between fractal aggregates
(D < 3) than Euclidean objects (D = 3). Fractal aggregates
have a larger size, and therefore a greater collision prob-
ability, than aggregates assumed to have a constant po-
rosity.

Using a dimensional analysis based on a fractal scaling
relationships, we calculated fractal dimensions of aggre-
gates formed in marine systems. For aggregates formed
from differential sedimentation and shear coagulation, we
determined 1.61 < D < 2.31 and 2.4 < D < 3.75, respec-
tively. Fractal dimensions could not be calculated for
aggregates formed by Brownian motion by use of the di-
mensional analysis since D did not appear in the final
dimensional analysis based on aggregate volume (eq 29).
However, computer simulations describing colloidal ag-
gregation have shown that aggregates formed through the
collision of clusters (cluster—cluster) have fractal dimen-
sions of either 1.8 or 2.2 (18). These simulations have been
experimentally verified by measurement of the fractal
dimensions of a variety of colloidal aggregates formed by
Brownian motion (I18). The two different values of the
fractal dimension occur as a function of different particle
stickiness. Particles that stick immediately upon contact
with other particles cannot penetrate the aggregate since
they collide with particles on the aggregate exterior and
stick. Aggregates formed from these particles are classified
as “diffusion limited” and have fractal dimensions of D =
1.8. As the collision probability approaches zero, however,
particles may collide many times before sticking; these cells
can penetrate the aggregate, increasing the aggregate
density. These aggregates are referred to as “reaction
limited”, with D = 2.2 (18). Since different types of ag-
gregates have different values of D, fractal classification
of aggregates formed by Brownian motion identifies both
the aggregate formation mechanism as well as the collision
efficiency of cells composing the aggregate.

The different ranges of the fractal dimensions presented
in Table III indicate that different values of the fractal
dimension occur as a result of different coagulation
mechanisms. Conversely, this suggests that the magnitude
of the fractal dimension for a collection of aggregates could
be a useful reference for identifying a coagulation mech-
anism. Although the fractal dimensions determined for
coagulation by Brownian motion (1.8 < D =< 2.2) and
differential sedimentation (1.61 < D < 2.31) overlap, it is
unlikely that we would need to distinguish between ag-
gregates formed by these two different coagulation
mechanisms. Aggregate formation by Brownian motion
is likely to be dominant only for small particles, on the
order of 1 um or less (7). Therefore, these two coagulation
mechanisms are easily distinguished by the absolute ag-
gregate size. The fractal dimensions of aggregates formed
by shear coagulation (D = 2.4) are larger than those de-
termined for the other two coagulation mechanisms, sug-
gesting that shear coagulation produces denser aggregates
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Table III. Fractal Dimensions of Various Types of
Aggregates

fractal dimension ref

Computer Models
Brownian motion
diffusion limited 1.8 18
reaction limited 2.2 18

Dimensional Analysis
shear 2.4-3.75 a
differential sedimentation 1.61-2.31 a

Zoogloea ramigera
1.8+0.03 29
3.0+£0.04 29

rotating tubes
benchtop bioreactor

Marine Snow

general 1.26+0.06 24
general 1.39+0.15 24
diatom aggregates 1.52+0.19 24

Activated Sludge

24

1.4 31

1.44-1.49 31

1.56-2.0 31

1.70-2.07 31

Inorganic Aggregates

alum 1.59-1.97 31
alum 2.30-2.32 31
clay-iron 1.92 31
clay-magnesium 1.91 31
ferric 2.61-2.81 31

2This study.

than other coagulation mechanisms. However, it is not
clear that all particles measured in the 2-40-um size dis-
tribution were aggregates produced by coagulation since
this size range includes solid particles such as single-celled
phytoplankton. Thus, it may be that most particles ana-
lyzed in this size range in marine systems are not aggre-
gates, but other objects with Euclidean, and not fractal,
structures. Additional information, which could be ob-
tained through direct observation via photographs, is
necessary to clarify the types of particles present in the
2-40-um size distributions.

The fractal dimensions determined by Lin et al. (18) for
coagulation by Brownian motion and the fractal dimen-
sions for coagulation by shear and differential sedimen-
tation are compared to reported fractal dimensions of a
variety of types of organic and inorganic aggregates in
Table III. On the basis of eq 4, Logan and Wilkinson (29)
determined the fractal dimension of 3.0 & 0.4 for macro-
scopic aggregates (0.4-1.4 mm) of Zoogolea ramigera grown
in a laboratory benchtop fermentor. This fractal dimen-
sion is within the range of values calculated from marine
distributions for aggregates formed by shear coagulation.
However, when bacterial aggregates were developed in
rotating test tubes, Z. ramigera aggregates had a fractal
dimension of 1.8 + 0.3. The fractal dimension obtained
for the rotating tube aggregates is smaller than the range
of fractal dimensions indicated for shear coagulation. The
results of the dimensional analysis imply that aggregates
formed in the rotating tubes were not formed by shear
coagulation, but by differential sedimentation. Since these
aggregates settled to the bottom of the rotating tubes
during culture growth and coagulation, this conclusion is
reasonable.

To our knowledge, there are no reports of fractal di-
mensions of aggregates formed by differential sedimen-
tation that have been generated either through computer
simulations or through experiments. However, Logan and



Wilkinson (24) estimated fractal dimensions of marine
snow aggregates assumed to be formed by differential
sedimentation using in situ data reported by others (10,
30). They obtained fractal dimensions of 1.39 % 0.15 from
size—porosity data and 1.26 + 0.26 from settling velocity
data, for marine snow aggregates 0.4-20 mm in length.
They also calculated a fractal dimension of 1.52 + 0.19 for
diatom aggregates using data on the number of diatoms
per aggregate, for aggregates 7-20 mm in length. The
magnitude of these fractal dimensions obtained from in
situ studies is within the range predicted by the fractal size
distribution analysis for aggregates formed from differ-
ential sedimentation.

Li and Ganczarczyk (31) determined fractal dimensions
for a variety of aggregates formed in water and wastewater
treatment processes. Inorganic flocs have higher fractal
dimensions in the range of 1.59-2.85. The primary par-
ticles forming these inorganic aggregates are colloidal (<1
um), so we would expect these aggregates to be formed by
either Brownian motion or shear coagulation. The clay
flocs have fractal dimensions in the Brownian motion range
of 1.8-2.2, but the fractal dimensions for alum flocs span
the range of values for shear and Brownian motion. The
ferric aggregates are in the range indicated for shear co-
agulation. Activated sludge flocs had fractal dimensions
ranging from 1.4 to 2.07 (Table III). Since these flocs are
very large, this suggests formation by differential sedi-
mentation. Activated sludge flocs containing a large
number of filamentous microorganisms have a lower fractal
dimension of 1.0 (24).

In general, the fractal dimensions of biological aggregates
obtained from natural and engineered environments
(1.0-1.5) are smaller than other fractal dimensions de-
termined for inorganic colloidal aggregates. Part of the
reason for fractal dimensions below values of 1.61-2.31
determined here may be due to different scaling relation-
ships used to relate settling velocity to aggregate size. Li
and Ganczarczyk (31) assumed that v ~ [P-1. Although
Logan and Wilkinson used v ~ [P*1"22, they assumed D,
= 2, which reduced their expression to the same as that
of Li and Ganczarczyk. In the present study, we have used
v ~ [D+-D)/@D) If D) < 2 and we can assume D, = D, then
settling velocity is only a function of the power law rela-
tionship and is not a function of the fractal dimension.
Therefore, at Re > 1, aggregate settling velocities are most
sensitive to values of b. For example, marine snow ag-
gregates analyzed by Logan and Wilkinson (24) had a
fractal dimension of D = 1.39 + 0.15 determined from
size-porosity data, and Reynolds numbers in the range of
0.1-10 (10). In this range, b = 0.871, and we would expect
that v ~ 1987 but it was observed that v ~ [*%. These
differences could either be due to different values of D,
than assumed here or errors introduced by using drag
coefficients developed for spheres for nonspherical fractal
aggregates. From size-projected area data (32), D, = 1.46
+ 0.16. Within a standard error, D = D, since D = 1.39
+ 0.15. Therefore, the differences in observed and calcu-
lated relationships between size and settling velocity are
probably a result of our assumption of the drag coefficient
for these aggregates.

The collision functions derived by using fractal rela-
tionships are only a first step in modifying coagulation
theory to incorporate fractal geometry. Existing collision
models predict a very low probability of collisions between
dissimilar-sized spheres in marine systems (7). However,
collisions between dissimilar-sized aggregates are probably
more likely for fractal aggregates than spheres. The larger
cross-sectional area and branches of a fractal aggretate not

only allow for increased collisions between colliding par-
ticles, but the open-branched structure of a fractal will
permit advective flow through the aggregate (33, 34) re-
sulting in collisions between aggregates that would not
occur if the aggregates were constrained to follow stream-
lines that did not cross the aggregate surface. The effect
of fractal geometry on flow-through porous objects is a
emerging field with important implications for coagulation
theory.

Conclusions

Coagulation equations and a self-similar size-distribution
analysis used to describe coagulation can be modified to
incorporate the fractal geometry of aggregates. We have
proposed a set of collision functions containing a fractal
dimension that can be used in the general coagulation
equation. Through the use of a fractal size distribution
analysis, we have calculated that aggregates formed by
shear coagulation should have fractal dimensions greater
than 2.4, whereas aggregates formed from differential
sedimentation would have lower fractal dimensions in the
range of 1.6-2.3. Most biological aggregates from engi-
neered bioreactors and marine systems have fractal di-
mensions in the range expected for differential sedimen-
tation. Fractal dimensions of inorganic and colloidal ag-
gregates were in the range expected for aggregation by
Brownian motion and shear coagulation.
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m Highly acidic and metal-rich runoff from coal storage
facilities can have a dramatic impact on local surface water
and groundwater quality. In order to identify important
reactions governing metal transport within subsurface
environments subject to infiltration of coal pile runoff
(CPR), samples of uncontaminated subsoil adjacent to a
coal stockpile runoff containment basin at the U.S. De-
partment of Energy’s Savannah River Site were collected
and subjected to leaching with acidic, metalliferous CPR.
Effluent was collected and multicomponent transport
through the subsoil evaluated. Mass balance calculations,
a sequential dissolution scheme in which column leaching
was terminated and elements were partitioned to water,
1 M NH,Cl, and ammonium oxalate in the dark-extract-
able phases, and mineralogical and surface chemical
analyses were used to identify important chemical pro-
cesses and mineralogical alterations occurring during
leaching.

Introduction

Analogous to mining operations, the storage of coal can
also generate highly acidic, metal-rich leachate resulting
from the oxidation of sulfidic ores present in coal as im-
purities (I, 2). Additional water quality concerns with
regard to coal storage include that coal stockpiles are
relatively abundant, not restricted to areas associated with
mining operations, and often uncontrolled.

The interaction of these metalliferous acid leachates with
more alkaline surface waters results in neutralization or
dilution of acidity, precipitation of iron and aluminum
hydroxides, oxyhydroxides, and/or basic sulfates (3-6), and
sorption or coprecipitation of heavy metals to the freshly
precipitated materials (7-11). Wangen and Jones (12)
evaluated the capacity of different soils to neutralize coal
mineral waste leachate and found that carbonate content
governed acidity and also the metal concentrations of soil
column effluent. A naturally acidic soil, with no free
carbonates present, afforded little attenuation (12).

Inasmuch as a significant portion of the U.S. coal re-
serves and coal stockpiles resides within moderately to
highly weathered geologic regions with limited carbonate
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alkalinity, an evaluation of the subsurface mobility of
contaminants from coal pile runoff within a weathered,
naturally acidic subsoil was undertaken.

Experimental Section

Study Site. Soil samples were collected from a site
immediately adjacent to the D-area coal pile runoff (CPR)
containment basin at the U.S. Department of Energy’s
Savannah River Site near Aiken, SC (Figure 1). The coal
stockpile is 3.6 ha in areal extent, containing approximately
131000 metric tons of low-S (1-2%) coal. The basin is 5.1
ha with a volume capacity near 3.8 X 10'° L. Monitoring
well data (13) indicate significant degradation of ground-
water downgradient of the coal pile and basin.

Soil Sampling and General Characterization. The
basin was created by excavation and removal of the sur-
ficial 1-2 m of Fuquay soil (loamy, siliceous, thermic arenic
Plinthic Paleudults). Subsoil was sampled 0.25-0.75 m
below the basin surface, or approximately 2.25-2.75 m
below the natural soil surface, by augering in unconta-
minated soils adjacent to the basin. Bulk densities were
determined on samples extruded from cores of known
volume (14). The samples were weighed prior and sub-
sequent to oven drying at 105 °C. Bulk densities were
taken as the oven dry weight divided by core volume.
Porosities were calculated from the bulk densities assuming
a particle density of 2.65 g cm™ (15). Particle-size dis-
tributions were determined via a modified pipet method
(16).

Bulk soil samples were air-dried and passed through a
2-mm sieve. Soil pH was determined on 1:1 soil-water
equilibrations (17). Noncrystalline and free oxide contents
of triplicate 1-g (oven dry weight basis) subsamples were
estimated via the 4-h ammonium oxalate in the dark (Ox)
and dithionite-citrate-bicarbonate (DCB) procedures,
respectively (18). Soil organic matter contents were de-
termined with the Walkley-Black method (19). Cation-
exchange capacities of the whole soils were determined by
summation of native cations exchanged from triplicate 5-g
(oven dry weight basis) subsamples with three 30-min
extractions of 1 M NH,CL

Column Leaching Experiments. Air-dried, <2-mm-
diameter soils were packed into duplicate 25 cm X 2.54 cm
columns to a uniform bulk density of 1.50 g cm™, Columns
were then wet from the bottom with deionized water
supplied at a constant flow equivalent to a Darcy velocity

0013-936X/91/0925-2038$02.50/0 © 1991 American Chemical Society
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Figure 1. Study site.

(q) of 1.3 cm h! via a Dionex APM pump module (Dionex
Corp., Sunnyvale, CA). Once steady saturated flow was
attained, the columns were allowed to equilibrate over-
night. Coal pile runoff collected from the basin was then
supplied and the columns were leached under steady
saturated flow (¢ = 1.3 cm h™!). Effluent was collected via
an LKB linear fraction collector. Column dispersivities
were determined after leaching was completed via pulse
injections equivalent to ~1 pore volume of 5 mM LiBr
followed by additional runoff. Breakthrough data were
then analyzed via the parameter estimation method of
Parker and van Genucthen (20).

Results from the transport studies are presented using
reduced values for time or, equivalently, as the number
of pore volumes supplied to the columns (V/V,), where
V is the total volume supplied to the column and V, the
total pore volume within the columns, and concentration
(C/Cy), where C is the effluent concentration and C, the
concentration of the influent.

Duplicated columns were also leached with 0-8, 12, and
60 pore volumes of CPR after which the leaching was
stopped, and the soils were extruded and homogenized.
The influence of increasing cumulative CPR influent flux
on a number of chemical and mineralogical properties was
then evaluated.

Element Partitioning. The partitioning of elements
between operationally defined phases via sequential ex-
traction techniques can be useful in assessing the bioa-
vailability (21) and persistence (22) of metals within con-
taminated soils. For this investigation, elements were
partitioned into three phases as a function of cumulative
influent flux, water-soluble, 1 M NH,Cl extractable, and
ammonium oxalate extractable (Ox) fractions, corre-
sponding roughly to water-soluble, exchangeable, and
poorly crystalline phases (18), respectively. Water-soluble
contents were determined from breakthrough curves. Dry
weight samples (1.5-g equiv) were extracted twice with 7.5
mL of 1 M NH,Cl and the supernatants combined, fol-
lowed by a 10-mL deionized water wash, which was dis-
carded. The previously extracted soils were then equili-
brated with 30 mL of Ox reagent for 4 h in the dark (18).

Mineralogy. Silt (2-50 um) and clay-sized (<2 pm)
materials were separated from whole soils after Fe removal
by DCB (18) via wet sieving and centrifugation (23). A
tile mounting technique was used to prepare oriented clay
mounts with Mg and K saturations (24). A clean, flat
ceramic tile was placed in a suction apparatus and a clay
suspension containing approximately 250 mg of sample was
pipeted onto the tile. After free water had been drawn

Coal Pile Runoff
Containment Basin

through the tile, 5 mL of 1 M KCl was added. This process
was repeated a total of five times, followed by washing in
a similar fashion with deionized water (five times).
Analogously, Mg-saturated tiles were also prepared with
0.5 M MgCl,, followed by one wash with 5 mL of 20%
glycerol solution after the fifth water wash (Mg—gly).

The mounts were X-rayed with a Diano X-ray spec-
trometer (Diano Corp., Woburn, MA) from 2 to 32° 26 at
a step speed of 0.019° 20 s using a Cu source (wavelength
1.542 A). The Mg-gly tile mounts were X-rayed at room
temperature and after heating to 110 °C; the K-saturated
tile mounts were X-rayed at room temperature and after
heating to 110, 300, and 550 °C. Semioriented powder
mounts of silt (2-50 um) fractions (Na-saturated) were
prepared by depositing oven-dried samples into a recessed
holder and smoothing with a spatula. Clay (5 mg, <2 um)
subsamples from the K-saturated tile mounts were re-
moved for analysis by differential scanning calorimetry
(DSC). Samples were placed into gold pans and heated
in an N, atmosphere to 625 °C at a rate of 20 °C min™! with
a Du Pont 1090 thermal analyzer (E. I. du Pont De Nem-
ours and Co., Wilmington, DE).

Oxide mineralogy of the silt + clay (<50 um) fractions
were determined on nondeferrated samples by using X-ray
diffraction (XRD). For these determinations, samples were
scanned at a step speed of 0.00125° 26 s™X. A background
diffractogram of a DCB-treated silt + clay sample (<50
wum) was subtracted from the oxide patterns.

Infrared Analysis. Fourier transform infrared anal-
yses of silt + clay (<50 um) fractions of soils leached with
runoff were performed with a Digilab FTS-45 spectro-
photometer (Bio-Rad, Digilab Division, Cambridge, MA)
using diffuse reflectance (DRIFT). Sixty-four scans, sam-
pled at 4-cm™ resolution, were coadded to generate each
spectrum.

Electrophoretic Mobility. Samples (~10 g) from soils
leached with 0, 4, 8, 12, and 60 pore volumes of runoff from
above were equilibrated with 30 mL of 1 M NaClO, and
centrifuged; the supernatant was discarded. The process
was repeated an additional four times, followed by two
washes with 0.01 M NaClO,. Samples were resuspended
in 0.01 M NaClO, and wet sieved to remove >53-um
particles. The silt + clay (<50 um) suspensions that passed
the sieve were collected and 0.25-mL samples of these
suspensions were then pipeted into 30-mL polycarbonate
Oak Ridge tubes. Twenty-milliliter aliquots of 0.01 M
NaClO, adjusted to pH 3, 4, 5, 7, and 9 with 0.1 M HCIO,
or NaOH were added; the resultant mixtures were equil-
ibrated for 15 min and centrifuged and the supernatants
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Table I. Composition of the Coal Pile Runoff Used in the
Column Experiments

component concn,® mg L™ component concn,® mg L

pH 2.13 K* 1.668
Li* 0.232

Al"“ 101-0 L{l 2+ 62.17
Be?* 0.055 . ’

e - Mn?* 7.302
Cat* 83.62 Na* 1169
(c::“ o Ni2* 0.878
e s H,Si0, 69.4

s g S0~ 2024
Fe?* 4.70 Sr2+ 0.791
Fe** 1195 Zn2+ 2392

2Except pH.

discarded. Two additional treatments followed. The pH
of an aliquot of the final wash was recorded before the
sedimented material was resuspended (final suspension
concentration was approximately 0.5 mg mL™).

The above treated suspensions were then analyzed for
electrophoretic mobilities with a Zetasizer 3 (Malvern In-
struments, Malvern, England). Cell chambers were filled
with a solution equivalent in salt concentration and pH
to that of the sample suspensions. Triplicate mobility
determinations were made, with a 30-s count time and
applied voltage and current of 80 mV and 3 mA, respec-
tively.

Analytical. Hydrogen ion activities of the soil-water
extracts and column effluent fractions were determined
with a Radiometer GK2401C combined glass—calomel
electrode and a Radiometer PHM 84 pH meter (Radiom-
eter of America, Westlake, OH). Bromide concentrations
were determined with a Fisher 13-620-520 Br™ ion specific
electrode (Fisher Scientific, Fairlawn, NJ) and a Radiom-
eter K401 reference electrode (Radiometer of America).
Effluent fractions and extracts were analyzed for total
dissolved major and trace element concentrations via in-
ductively coupled plasma emission spectroscopy (ICPES).
Sulfate analysis was performed using a Dionex System
2010i ion chromatograph (IC) (Dionex Corp.). Ferrous iron
concentrations were determined via the o-phenanthroline
method (25).

Speciation. Analytical speciation of elements was lim-
ited to S and Fe. Excellent agreement was obtained be-
tween total S via ICPES and S concentrations as SO,* via
IC (<1% deviation); as a result, all S was considered as
SO, (Table I). Concentrations of Fe3* were calculated
from the difference between ICPES total Fe and o-
phenanthroline-determined Fe?*.

The CPR and column effluent samples were numerically
speciated by use of MINTEQA2 (26) and saturation indexes
(SI), defined as

SI = log (IAP/K,,) )

where IAP is the ion activity product of a solution and K,
is the solubility product for a given mineral phase, calcu-
lated. The reader is referred to ref 26 for a compilation
of thermodynamic data used in these calculations.

Mass Balance. To properly account for components
retained by the soil columns at any time, ¢, a mass balance
about the column was calculated (Figure 2). The total
volume of the column, Vi (L%), was determined (127 cm?).
A total reactive mass of a component i, M; (M) was de-
fined as

Mir =M, + M, + M;, (2)

where M, is the total mass of component i in the aqueous
phase, M, is the total mass of component i on the ex-
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Figure 2. Mass balance about column.

change phase, and M, is the total mass of component i
that is extractable via the 4-h Ox procedure. Runoff of
concentration C;;, (M L) for each component (Table I)
was supplied at constant volumetric flow @, (for this in-
vestigation, 6.8 cm® h!). Column effluent of concentration
C;ou (M L3) was collected as a function of time. The
change in total component mass within the column over
time was, since Vi is constant, expressed by the equation

AM;7/At = Q(Cijn — Ciow) ()]

Solutions to eq 3 for the components evaluated were
compared to that component mass which was recovered
by the sequential extraction procedure.

Results and Discussion

Coal Pile Runoff. The CPR was highly acidic, with
considerable dissolved SO,>, Fe?*, and Al concentrations
(Table I). The runoff also had elevated concentrations of
alkaline earth and transition metals (Table I). A redox
potential of 0.77 V (pe = 13.05) was calculated for the CPR
based upon Fe?* and Fe®' concentrations by use of
MINTEQA2.

Results from MINTEQA2 speciations also indicated that
the influent CPR was undersaturated with respect to a
number of Al-bearing minerals, including jurbanite (Al10-
HSO0,) (SI = -0.51), gibbsite (AI(OH)) (SI = -5.95), and
alunite (KAl3(SO,),(OH)g) (SI = -5.65). The CPR was
supersaturated with respect to Na—jarosite (NaFe;(S-
0,),(0OH)g), K—jarosite (KFey(SO,),(0OH)), H-jarosite
(HFe3(SO,)(OH)g, and goethite (a-FeOOH), however (SI
= 2.56, 5.08, 4.72, and 1.42, respectively). The CPR was
also supersaturated with respect to quartz («-SiO,) (SI =
0.87), though slightly undersaturated with respect to
amorphous SiO, (SI = -0.43).

Jurbanite has been previously suggested as controlling
Al solubility within acid mine drainage and acid sulfate
soils (27, 28), though Nordstrom and Ball (29) and Filipek
et al. (30) found that surface waters with pH <4.6 tended
to transport Al conservatively and concluded that the
semblance of dissolved Al to that predicted by jurbanite
solubility is likely coincidental. Jarosite has been suggested
as controlling Fe solubility within acid sulfate systems (6),
though significant supersaturation of acid mine drainage
with respect to jarosite, as observed here, has also been
reported (7, 30).

Soeil. The subsoil is characteristic of soils within the
highly weathered southeastern Upper Coastal Plain region,
having naturally low pH (4.96), a modest cation-exchange
capacity (6.82 cmol, kg™), a predominance of exchangeable
Al (83.9%), and a coarse texture (sandy clay loam). The
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Figure 3. Column effluent concentration histories. (Data from duplicate
columns provided.)

soil also had a low organic matter content (<0.15%). The
bulk density for the first sampling depth (0-0.25 m be-
neath basin surface, or 2-2.25 m below natural soil surface)
was 1.53 g cm™. A saturated hydraulic conductivity of
approximately 1 cm h™! was estimated from particle size
and bulk density data (31). The subsoil possessed sig-
nificant quantities of DCB- and Ox-extractable Fe (0.83
and 0.05% on a weight basis, respectively).

Quartz comprised the major mineral component within
the subsoil (80%), accounting for all sand and silt-sized
material. Kaolinite, a common 1:1 weathering product of
2:1 phyllosilicate minerals and a dominant mineral within
the highly weathered Piedmont and Coastal Plain prov-
inces, was the next most abundant mineral (13%). A
number of 2:1 phyllosilicate minerals were also present
(3% smectite, 1% mica, 2% randomly interstratified
mica-vermiculite, and 1% hydroxy-interlayered vermicu-
lite).

Element Mobility. Reproducibility of columns and
column effluent concentration histories was very good.
The duplicate columns yielded fitted dispersion coeffi-
cients of 2.00 and 2.02 cm? h™!, as well as very similar
column effluent concentration histories (Figure 3).

A range in relative mobilities of components within the
CPR was observed (Figure 3). Transport of conservative,
nonreactive solutes through homogeneous porous media
should result in column effluent concentration histories
in which C/C, = 0.5 at V/V,, = 1; observed breakthrough
behavior deviated significantly from this general trend.
The classical, one-region, convection—dispersion equation
(CDE) was found to accurately describe the breakthrough
of Br~ (as LiBr), however (R? = 0.98).
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Figure 4. mINTEQA2-calculated saturation indexes for selected minerals
from column effluent concentration data.

Hydrogen ion activity as a function of pore volume ex-
hibited a two-step response. The pH remained essentially
constant as the initial volumes of equilibrated deionized
water were displaced with the CPR solution. After ~2
pore volumes, a slight rise in pH was observed, followed
immediately by a rapid decrease to near pH 3.5 (Figure
3a). Apparent buffering reactions maintained effluent pH
near 3.5 for an additional 5 pore volumes (despite supply
of pH 2.1 influent solution) before descending toward the
influent pH level (Figure 3a).

Appearance of both Al and SO, in the column effluent
at a V/V, near 2 was also noted and coincided with the
initial reduction in effluent pH (Figure 3a). Iron(III) was
found within the column effluent when the effluent pH
dropped below 3 (Figure 3a), where increased Fe solubility
would be expected (32). Silicon slightly preceded sulfate
and Al breakthrough (Figure 3b). Co, Mn, and Zn ex-
hibited remarkably similar breakthrough behavior, ap-
pearing in the column effluent with sulfate, but reaching
peak effluent concentrations closer to V/V, of 4 (Figure
3b). Chromium appeared in column effluent only after 6
pore volumes had passed the columns and pH descended
below 3, and reached a peak effluent concentration at 8
pore volumes, the magnitude of which implies a net efflux
from the soil.

Speciation of the column effluent yielded SIs for min-
erals that varied widely as a function of V/V,, (Figure 4).
The column effluent was slightly supersaturated with re-
spect to jurbanite until approximately 8 pore volumes
(Figure 4), which coincides with the decrease in effluent
pH from 3.5 toward that of the influent (Figure 3a).
Saturation indexes as a function of pore volume for H-,
Na-, and K-jarosite all followed similar trends, with sig-
nificant undersaturation at low V/V; and increasing SI
with increasing V/V, (Figure 4). As with the CPR, under
low-pH (high V/V}) conditions, the column effluent was
supersaturated with respect to the jarosites. The activity
of Si in solution followed fairly closely that predicted from
equilibrium with respect to an amorphous SiO, phase
(Figure 4). While a number of solid phases have been
proposed to control trace-metal solubilities in soils (33),
no evidence for precipitation—dissolution reactions con-
trolling metal mobility was found. The column effluent
was also supersaturated with respect to kaolinite and other
phyllosilicates at low V/V,, whereas SI decreased below
0 at V/V, greater than 8 (Figure 4), which coincided with
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reduction in pH below 3.5 (Figure 3a). Thus, kaolinite and
other minerals present in the soil matrix would be expected
to dissolve and contribute structural elements to the so-
lution (30, 34).

Based upon observed effluent concentration histories
and numerical speciation results, some reactions governing
component mobility may be proposed. Given previous
observations of sulfate sorption to soil and soil constituents
(35, 36) and precipitation of basic iron and aluminum
sulfates (6, 28), that sulfate is the predominant anion in
the system, and the necessary condition of electroneutrality
in solution, it appears that sulfate mobility governed initial
appearance of certain cationic components in the column
effluent. Sorption of sulfate via displacement of surface
hydroxyls tends to increase pH (35) and accounts for the
slight rise in pH noted (Figure 3a). Iron(III) flux through
the soil exhibited a pronounced pH dependence, qualita-
tively following simple solubility-pH relations. Ion ex-
change apparently governed the mobility of Co, Mn, and
Zn within the soil.

A feature common to all components except H*, Fe®*,
and SO, is that of peak effluent concentrations exceeding
influent or source concentrations (Table I). That is, the
flux of CPR through soil generates so-called “concentration
waves” via exchange, displacement of native soil cations,
and precipitation—dissolution reactions. Such a phenom-
enon implies that even if runoff meets applicable water
quality standards, groundwater downgradient may exceed
concentration limits as the wave advances with the
groundwater flow.

Element Partitioning. The distribution of elements
between the water-soluble, 1 M NH,Cl exchangeable, and
Ox-extractable fractions varied for different components
and as a function of CPR volume leached. Reproducibility
of extractions was fair, with relative standard deviations
(RSD) for triplicated extractions ranging from 2.9 to
12.2%, with an average RSD of 8.9%.

There was a modest amount of SO,?" initially present
in the soil, which was recovered in the NH,C] extraction
(Figure 5, SO,>). Infiltration and movement of runoff
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Figure 6. Mass balance and element partitioning results: Al and Si.

(Element partitioning not determined on samples subjected to 9, 10,
or 11 pore volumes of coal pile runoff.)

through the soil column resulted in increasing total SO,
in good agreement with mass balance calculations (Figure
5, SO,%). Extraction results indicated the SO,% parti-
tioned principally to the NH,Cl-extractable fraction, with
some residing within the aqueous and also the Ox-ex-
tractable phases (Figure 5, SO,%). Total sorbed SO, (as
sum of extractable SO,2) measured near 1000 ug g™ of soil
with nearly 80% recoverable in the NH,Cl. Singh (35)
reported a similar magnitude of SO, sorption (approxi-
mately 1000 ug g™') and noted increased sorption with
decreasing pH; however, he found only 20% was desorbed
with 0.01 M Ca(NOg),. The difference in desorption ef-
ficiencies between the neutral salt extractants likely re-
sulted from the significantly higher salt concentration used
in this study. A monotonic increase in Ox-extractable
sulfate with increasing V/V, was also noted in this in-
vestigation.

Iron was found to reside almost entirely within the
Ox-extractable fraction prior to addition of CPR, with
Ozx-extractable Fe increasing steadily with increasing pore
volumes (Figure 5, Fe). Partitioning of limited quantities
of Fe first to the exchange phase, at pH 3.5, and subse-
quently to a water-soluble phase as the pH dropped near
2 (12 pore volumes) was also observed. The increase in
Ox-extractable Fe between 0 and 8 pore volumes can be
directly related to the retention of Fe within the soil
column (i.e., the lack of Fe within the column effluent
(Figure 3a)), in good agreement with mass retained via
mass balance calculations (Figure 5, Fe). Mass balance
calculations did, however, underestimate the extractable
total reactive Fe for the sample subjected to 12 pore
volumes (Figure 5, Fe). It appears that as the soil buffer
capacity was exhausted and the pH dropped to near 2,
additional native crystalline Fe phases were destabilized
and thus became extractable in the Ox treatment.

Aluminum was distributed between the exchangeable
and Ox-extractable pools prior to addition of leachate, as
illustrated (Figure 6, Al). A maximum in exchangeable Al
was noted after approximately 3 pore volumes of CPR were



supplied, preceding the wave of increased Al in fractions
collected at subsequent pore volumes from the leaching
experiments (Figure 3a), with some water-soluble Al also
detectable after 2 pore volumes (corresponding to the re-
duction in effluent pH to 3.5) (Figure 6, Al). A gradual
reduction in Ox-extractable Al with increasing pore vol-
umes was also noted, implying dissolution of native poorly
crystalline Al phases.

Silicon resided chiefly within the Ox and, to a lesser
extent, exchangeable pools, though some Si was in solution
prior to leaching (Figure 6, Si). Maximum water-soluble
Si occurred at 2 pore volumes (Figure 6, Si). Leaching of
the sample resulted in a gradual diminution in Ox-ex-
tractable Si to a minimum at 6 pore volumes, which was
followed by increasing Ox-extractable Si. Mass balance
calculations indicated a net export of Si out of the system,
which completely exhausted the total initial reactive mass
specified (Figure 6, Si). Deviation between observed and
predicted total reactive Si indicates that an additional
phase not initially accounted for is capable of transforming
to these more labile phases represented by the NH,Cl and
Ox fractions. Desilication and formation of oxidic com-
ponents is well-documented within soils subjected to
naturally acidic conditions (e.g., spodic horizons formed
under coniferous vegetation) as well as clays and sediments
subjected to acid mine water (30, 34).

No detectable Co or Zn was identified in the three pools
prior to leaching with the CPR (Figure 7, Co and Zn).
Exchangeable forms were noted after 1 pore volume, with
additional exchangeable and also soluble metal contents
occurring upon extraction after 2 pore volumes. Ex-
changeable Zn tended to decrease somewhat between 2 and
3 pore volumes (coincident with maximal exchangeable Al)
before ascending again (Figure 7, Zn). Such behavior im-
plies that Zn and Al are competing for available exchange
sites within the soil. Cobalt exhibited somewhat different
behavior in that exchangeable Co tended to increase gen-
erally with increasing leaching volumes (Figure 7, Co). In
neither case was there evidence for sorption or precipita-
tion of these metals. Manganese was found in minor
quantities prior to leaching within an Ox-extractable phase
(Figure 7, Mn). A maximum in exchange-phase Mn oc-
curred at 2 pore volumes (Figure 7, Mn), with a minimum
again coincident with peak effluent Mn concentration from
the breakthrough experiments (Figure 3b) and maximum
exchange-phase Al (Figure 6, Al). No evidence for accu-
mulation in or mobilization from the Ox phase was ap-
parent. Thus, under the conditions evaluated here, specific
interactions with hydrous oxides and coprecipitation with
solid phases were of secondary importance in regulating
Co, Mn, and Zn mobility. Rather, simple partitioning
between aqueous and exchange phases constituted the
principal reactions governing transport within acid runoff
percolating through the subsoil.

Chromium was found associated with the Ox-extractable
phase for all treatments, including the native condition
(Figure 7, Cr). Chromium partitioning was limited to this
phase until the seventh pore volume, whereas Cr was found
in both the exchange and water-soluble phases (Figure 7,
Cr), which coincides with the onset of significant elution
of Cr from the soil column (Figure 8b). This partitioning
behavior contrasts with that for the previous transition
metals and implies that a sorption or coprecipitation re-
action controlled Cr mobility. The low concentrations of
Cr in the runoff (10 ug L) resulted in negligible loading
to the soil.

Clay Mineralogy. The potential for alterations in
phyllosilicate mineralogy upon leaching with the runoff
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Figure 7. Mass balance and element partitioning results: Co, Mn, Zn,

and Cr. (Element partitioning not determined on samples subjected
to 9, 10, or 11 pore volumes of coal pile runoff.)

was evaluated through XRD and DSC analysis. Clay
fractions from samples leached with 0, 4, 8, 12, and 60 pore
volumes were X-rayed after Fe removal. Despite relatively
high inputs of acidity, only subtle alterations were noted.
For example, diffractograms of KCl, 25 °C treated clays
showed no discernible differences in the dominant 7.2-
(001) and 3.6-A (002) reflections of kaolinite, suggesting
that no substantial changes in the crystallinity of this
mineral occurred after leaching (Figure 8). Some slight
reduction in the broad low-angle reflection between 14 and
20 A and a concomitant increase in the 10-A reflection was
noted, however (Figure 8), implying possible degradation
of the weakly ordered interstratified mica—vermiculite
mineral or dissolution of hydroxy—Al interlayers within
hydroxy-interlayer vermiculite to yield a better defined
10-A vermiculitic component upon prolonged leaching.
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Changes in DSC scans provided evidence for the disso-
lution of kaolinite and precipitation of gibbsite. There was
a slight reduction in the area of the 480 °C kaolinite en-
dotherm and the appearance of a subtle endotherm near
280 °C, characteristic for gibbsite, after leaching with 60
pore volumes of CPR (Figure 9). Gibbsite is a common
weathering product resulting from desilication of phyllo-
silicates subjected to acidic conditions. The reduction in
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the low-temperature skewness of the kaolinite endotherm
with increasing pore volumes and emergence of a more
symmetrical endotherm at 60 pore volumes suggests
gradual dissolution of hydroxy-interlayer Al as inferred
from XRD analyses.

The mineralogy of the oxidic phases was evaluated via
differential XRD (i.e., subtraction of patterns of DCB-
treated samples from that of untreated samples). Evidence
for goethite (4.188-, 2.566-, 2.502-, 1.818-, and 1.515-A re-
flections) and hematite (1.688- and 1.476-A reflections) was
found for the samples. No changes in the diffractograms
with increasing pore volumes, and a general lack of char-
acteristic peaks, including the strong jarosite reflection at
3.03 A, suggest an absence of basic aluminum and iron
sulfate phases forming during the leaching process, though
analytical limitations on detection of small amounts of
these phases preclude firm support for or against their
existence.

Infrared Analysis. Infrared analysis of the samples
yielded very similar spectra as well. Well-defined peaks
at 3700, 3625, 1100, 1010, and 910 cm™, diagnostic for
kaolinite (37), dominated the spectra. Broad absorbance
bands centered near 3300 cm™! and near 1640 cm™ were
also noted and correspond to water likely retained by
swelling 2:1 minerals within the samples. Characteristic
jarosite and sulfate absorbances at 1175, 1110, and 1020
cm™! (38) were absent.

Electrophoretic Mobilities. Electrophoretic mobility
of samples increased with increased leaching for any given
suspension pH and increased with increasing suspension
pH (Figure 10). The high mobilities even at low pH
support the mineralogical data indicating appreciable
constant-charge mineral content (39). The contribution
of variable-charge minerals (e.g., kaolinite and oxy-
hydroxides) is also significant, as can be seen by the steep
increase in mobility upon increasing suspension pH (Figure
10) (40). A somewhat flatter pH response with increasing
pore volumes was observed (Figure 10). Additional charge
was apparently generated via specific adsorption of sulfate
to oxidic phases (41, 42) and by dissolution of native
constant charge-blocking oxidic phases.

Summary and Conclusions

Results of element partitioning via an operationally
defined selective dissolution procedure were generally in
good agreement with mass balance calculations and cor-
roborate inferences made about element mobility from



breakthrough data. Iron was observed to accumulate
within the soil column and was associated chiefly with the
Ox-extractable phase. Aluminum was partitioned between
the water, NH,Cl-exchangeable, and Ox-extractable
phases, with the water phase increasing and the Ox phase
decreasing with increasing leaching. Silicon tended to
follow Al to some extent, with Ox-extractable Si decreasing
with increasing leaching. Cobalt and Zn were associated
with the exchange phase early in the leaching process and
then partitioned fairly consistently between the water and
exchange phases, supporting the notion that ion exchange
was the dominant mechanism governing mobility for these
elements. Manganese followed the other divalent metal
ions with the exception that a limited quantity was found
associated with the Ox-extractable phase. Chromium
departed significantly from the other first-row transition
metals in that its mobility appeared to be governed by
specific adsorption-desorption reactions.

Sustained leaching had little discernible effect on gross
phyllosilicate mineralogy, though formation of gibbsite and
limited degradation of hydroxy—Al interlayers within hy-
droxy-interlayered vermiculite was demonstrated after 60
pore volumes of CPR had been supplied to the column.
Oxide mineralogy was fairly uniform, with goethite and
hematite both present in the soils. Evidence for distinct
basic aluminum or iron sulfate phases formed during
leaching was generally lacking. Electrophoretic mobility
increased (became more negative) with increased leaching,
due in part to specific adsorption of sulfate and consequent
generation of additional negative charge within the soil,
and by dissolution of native charge-blocking oxidic phases.

These observations have a number of implications for
soil and groundwater systems subject to infiltrating runoff
from coal stockpiles and more generally from acid mine
drainage. First of all, naturally acidic, noncarbonatic soils
offer little resistance to subsurface migration of acidic,
metal-rich runoff. As a result, coal stockpiles situated on
such materials pose a serious threat to underlying
groundwater systems. Facilities located on the Atlantic
Coastal Plain, which possesses generally naturally acidic
and often coarse-textured soils and relatively shallow
aquifer systems, in particular are prone to degrade local
water quality. The occurrence of both high industrial
activity and urban populations over much of this physio-
graphic province implies potentially severe local environ-
mental problems.

The development of concentration waves attendant with
infiltration and migration of runoff within subsurface
materials further exacerbates potential water quality
problems. That is, chromatographic and precipitation—
dissolution reactions result in the development and
movement of metals in waves of concentrations potentially
greatly exceeding initial source concentrations. Discharge
of effluent meeting appropriate water quality criteria may
thus produce downgradient concentrations exceeding
standards and source concentrations. This phenomenon
poses difficult legal ramifications and also emphasizes the
need for continued research evaluating multicomponent
transport processes.
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® The manner in which a chemical material partitions
among the dissolved (D), particulate (P), and colloidal (C)
phases affects both its chemical and physical behavior in
the aquatic environment. The fractions of the chemical
that are present in each of these three phases will be de-
termined by the values of two simple parameters, K,S,/a,
and K.S/a,. The variables K, and K_ are the partlcle /
water and colloid /water partltlon constants (mL/g), re-
spectively, S, and S, are the volume concentrations of
particulate and colloidal material (mg/L), respectively, and
a,, is the fractional volume of the system that is aqueous.
This parameterization allows a rapid overview of how
partitioning (1) changes as a function of chemical parti-
tioning properties and water type, (2) affects apparent
partition constants (i.e., K;’® values) computed between
the particulate phase and the remainder of the system, and
(3) causes KPP values to become independent of chemical
properties at high values of K.S./ay,.

Introduction

The behavior and fate of an inorganic or organic species
in an environmental system is closely tied to the manner
in which that species is distributed between the various
compartments present in that system. A priori, there is
no limit on the number n, of these compartments. For
surface waters, it has currently become useful to take n,
= 3, with the three compartments corresponding to a
dissolved, a suspended particulate solid, and a suspended
colloidal matter phase (I-6). In groundwater and sedi-
ment/water systems, n, = 3 is also often used, with the
compartments considered including a dissolved, a sta-
tionary particulate solid, and a mobile colloidal matter
phase.

In this paper, we will consider cases of the above type
where n, = 3. Thus, the term “dissolved (D) phase” will
be used here when discussing the portion of some chemical
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that is dissolved and is surrounded only by the aqueous
medium. “Particulate solid (P) phase” will be used when
referring to the portion that is associated with particles
that are sufficiently large that one can physically separate
them from the remainder of the system. In the case of a
sample of surface water, this separation might be carried
out by filtration and/or centrifugation. “Colloidal (C)
phase” will be used when referring to the portion that is
associated with (1) very small particles that are difficult
to remove by filtration or centrifugation and/or (2) dis-
solved humic molecules.

Unlike the D phase, under most circumstances neither
the P phase nor the C phase will be a distinct thermody-
namic phase. For example, the P phase will usually be
composed of a variety of particle types, including various
mineral phases as well as detrital organic matter. Nev-
ertheless, since both D/P and D/C partitioning can be
described by mean sorption constants (see below), then
under conditions of constant pH, ionic strength, etc., both
the particulate solid material and the colloidal material
can be modeled as single phases.

The distinction between P-phase and C-phase material
is always likely to be somewhat operational in nature.
Indeed, the exact nature of this distinction will depend
upon (1) the filtration process used to separate as many
particles as possible from the D phase and (2) the degree
of particulate loading on the filter and the manner in which
that loading affects the particle-size-dependent efficiency
of the filtration process.

The concentration of a species in the D phase is of in-
terest because it affects the extent to which the species will
be subject to transport by advection and molecular diffu-
sion. In addition, the D-phase concentration is intimately
related to the species’ D-phase thermodynamic activity.
This activity in turn reflects the positions of all chemical
equilibria involving the species, including phase-parti-
tioning equilibria. The amounts of the species that are
associated with the P and C phases are of interest because
those phases provide reservoirs for the release and storage
of the species to and from the D phase, respectively. For
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surface waters, where both the P and C phases are sus-
pended in the water column, these two phases provide
compartments by means of which significant advective
transport and /or coagulation and sedimentation removal
can occur. In the case of a deep lake, the time scale re-
quired for significant removal by sedimentation can be
long, but it will also be relatively permanent. In a river
subject to large, seasonal changes in flow, the time scale
for removal can be short, but it will also be temporary.

Considerable progress has recently been made in un-
derstanding how partitioning occurs among the D, P, and
C phases (I-6). That understanding has been obtained
primarily by examining the individual effects of four
variables, namely: (1) K, the P/D partition coefficient;
(2) K., the C/D partition coefficient; (3) S,, the mass/
volume concentration of solid particulate phase; and (4)
S, the mass/volume concentration of colloidal matter
phase. However, with at least four separate variables (a
fifth variable «,, will be introduced below), it is difficult
to obtain a rapid overview of how the distribution among
the D, P, and C phases changes from system to system,
and from chemical to chemical within a given system.

Fortunately, at equilibrium, D/P/C partitioning can be
parameterized in terms of two combined variables,
K,S,/a, and K.S./a,, where a is the volume fraction of
the system occupied by the D phase. This approach allows
the behavior of all types of D/P/C systems to be under-
stood with a few simple plots. Four different types of
surface water systems will be considered as examples.
Considering that some type of distinction between P- and
C-phase material is likely to remain useful in studying
aqueous systems (e.g., due to the differing physical prop-
erties of P- and C-phase material), the formalism of the
analysis presented here should remain useful even if
methods for the facile filtration of very small particles can
be developed.

Theory

Review of Governing Equations. Let Cy, C), and C,
represent the dissolved, particulate matter associated, and
colloidal matter associated concentrations. The sum of
these concentrations equals the total concentration, Cy.
Expressed with an upper case C, these concentrations have
dimensions of grams of a given substance per milliliter of
total system (water + particulate matter + colloidal
matter). Concentrations with a lower case ¢ as introduced
below will have dimensions of grams of a given substance
per unit of an actual phase.

At equilibrium, the fractions (0 < a < 1) of substance
present in the dissolved, particulate, and colloidal phases
are given by

Cq Cq
e M
G+ 70, Gy
e 5 )
0T € 4B+ T,  Cr
C. C.
@, (3)

TCHCHC, G

By definition, ag + o, + o, = 1.

In the D phase, we will deal with the case when the
material of interest is present as a single chemical species.
Chemicals that behave in this manner include organic
compounds such as individual polychlorinated biphenyl
(PCB) congeners, polycyclic aromatic hydrocarbons, pes-
ticides, etc. Some inorganic species (e.g., the heavy metals)
can also behave this way, though for inorganics the extent

to which a single species dominates the D-phase chemistry
will more often be dependent on the pH.

When there is only one form of the chemical of interest
that is partitioning among the various phases (as with a
hydrophobic organic compound like one of the PCB con-
geners), then the meanings of the above equations are clear.
In addition, under constant solution-phase conditions (e.g.,
constant pH, etc.), the equations presented here will apply
equally well to cases in which there is more than one
D-phase species possible (as with a dissolved metal). In-
deed, the single dissolved concentration in the above
equations can be thought of as referring to the total D-
phase concentration. The partitioning between the D
phase and the P phase and between the D phase and the
C phase is then handled in a manner that is analogous to
how the partitioning between dissolved H,CO3* and gas-
eous CO, is dealt with in the case of carbon dioxide (note
that the concentration [H,CO5*] equals [HyCO3] + [CO,)
(7).

Following Gschwend and Wu (3), let the concentration
of solid particulate matter S; be expressed in units of
milligrams (dry weight) per liter of total system. The
concentration of colloidal matter S, has the same units.
If ¢, is the concentration of the material of interest in/on
the P phase in units of grams per gram, and c, is the
concentration in/on the C phase in units of grams per
gram, then

C

. = 10°C,/S, ()
10°C, /S, (5)

The factor of 10° provides the conversions between mil-
liters and liters and between milligrams and grams.

Let cq be the dissolved concentration in units of grams
per milliliter of D phase. The relationship between ¢4 and
Cd is

Ce

cg = Cy/ay (6)

As noted above, «a,, (dimensionless) is the volume fraction
of the total system that is D phase: «, = (volume of D
phase (i.e., aqueous phase))/(total system volume). For
surface water systems, 1 mL of total system will essentially
contain very nearly 1 mL of D phase, and «,, will be very
close to 1.0. Under these circumstances, c¢q ~ C4. The
value of «, will decrease as the volume contributions of
large and/or small particles increase. In river bottom
waters that are transporting large quantities of bed sedi-
ments, S, together with the solid portion of S, can be
sufficiently large that «,, might be as low as 0.9, or even
smaller. In bed sediments and groundwater systems, ay,
will be given by the porosity, which can extend from 0.9
for recently deposited fine-grained sediments, to 0.34 for
a sandy aquifer, down to 0.2 and less for poorly sorted
sedimentary deposits.

The thermodynamic partition coefficient K between the
P and D phases is given by ¢,/cq (mL/g). 'f‘he partition
coefficient between the C and D phases, K_, is given by
¢./cq (mL/g). By egs 4-6, we then have

K, = 10°C,a,,/S,Cy (7)
and
K, = 10%C.a,/S.Cq (8)
Combining eqs 7 and 8 with eqs 1-3, we obtain
ag = [1 + K,S,/10%,, + K.S,/10%,]! 9)
ap = [1 + 105, /K,S, + KS./K,S,]*  (10)
a = [1 + 10%, /KS, + K,S,/K.S]?! (11)
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Figure 1. Lines of constant ay value (isopleths) in the range 0.01-0.99
as functions of log K,S /a,, and log K .S /a,,.

Equations 9-11 are similar to equations given by Gschwend
and Wu (3), except that those workers made the implicit
assumption that ay, will be ~1.0. As noted above, that
approximation is appropriate for most surface waters; it
will not be valid in systems involving bed sediments and
groundwater. Equations 7 and 8 may be used to show that

ag/a, = 108, /K,S, (12)
ag/a, = 108, /K,S, (13)
a./ap = KS./K,S, (14)

Before proceeding, a few caveats relating to particulate
and colloidal material should be mentioned. First, we
reemphasize that the distinction between material that
comprises S, and that which comprises S, is always likely
to be somewhat operational in nature. Second, particle
coagulation and disaggregation can lead to the exchange
of sorbing mass between S, and S.. (For example, very
small colloidal particles in a river can coagulate and adhere
to larger particles or agglomerations of particles when river
water becomes saline, as in an estuary. Alternatively,
particle agglomerates can be broken up when exposed to
the shear forces in turbulent waters.) Third, we note that
since S, is composed of particles with a range of sizes and
chemical compositions, K, is a composite, mean sorption
constant. The fact that S, is composed of both very small
particles and truly dissolved humic molecules means that
K, is also a composite, mean sorption constant; the values
of K, and K will depend strongly on the natures of the
materials making up S, and S, respectively.

While it is important that we understand each of the
above three caveats, the fact that they are relevant does
not limit the value of the analysis carried out here.
Moreover, if it eventually becomes desirable to separate
the P and C classes of material into more than just two
categories (so that n, = 4 or more), then the types of «
values utilized here will be extendable to such cases.

K,S,/a,and K .S /a, as Variables. Equations 9-11
depend on five independent variables, K, S, K, S., and
a,. It is therefore not possible to prepare a single two-
dimensional plot that shows how a given « value changes
as all of these parameters are varied. However, in eqs 9-11,
the parameters K, S;, and «,, always appear together as
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the group KS,/ay, and the parameters K, S,, and a
always appear together as K.S./a,. (Note that K,S,/K.S,
equals the ratio of these two groups.) Thus, K,S;,/a,, and
K,S./a, provide a very convenient, reduced set of master
variables with which to parameterize ag, s and «,. Lines
for any desired, constant values of ay, @, and « (ie.,
isopleths) can be easily calculated as functions of these two
variables using rearranged versions of egs 9-11, i.e.

K,S,/a, = [1/ag—1- KS,/10%,]10°  (15)
K,S,/a, = 105+ K.S./a,) /(1/a, ~ 1)  (16)
K,S,/ay = [1/a, - 1 - 1%, /KSKS./ay (17)

Isopleths for ay, a, and a, each ranging between 0.01 and
0.99, have been calculated here and are presented in Fig-
ures 1-3, respectively. All of the isopleths are presented
together in Figure 4. In order to facilitate examination
of these figures, all & = 0.50 lines have been drawn as bold
lines.
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Figure 4. Combined isopleths for a,, a, and « in the range 0.01-0.99
as functions of log K ;S /a,, and log K S /a,. Allthree a values are
simultaneously of similar magnitude in the area bounded by the three
isopleths a4 = a, = a, = 0.25. At the actual center, we have ay =
a = a, =,

Each a4 isopleth in Figure 1 is symmetrical along the
line log K.S./a, = log K;S,,/ a, because a given change in
either KS, /a,, or K. S/, will have the same effect on oy
(see eq 93. In Figure 2, in the region where K,S,/a,, < 10°,
the a; isopleths show essentially no dependence on log
K.S./a,. This may be understood as follows. We reex-
press eq 10 as

ap = [1+ (10° + KS./ay) /(KySp/a)I (18)

When K_S,/a, « 108, the portion of the material of in-
terest that is associated with the C phase is small compared
to that in the D phase. Thus, eq 18 becomes

ap =~ [1+ 108, /K,S,]7  K.S./a, < 10° (19)

which is independent of K.S/a,. As K.S./«, becomes
small relative to both 108 and K,S,/«, then the amount
of material in the C phase is very small compared to both
the D and P phases, and so

agto,~1 KS./a,small (20)
Thus for small KS./a,, each «, isopleth in Figure 4 as-
ymptotically approaches the corresponding isopleth for oy
=1-a,

As K:Sc/ a,, approaches and exceeds 10%, each a;, isopleth
in Figure 2 bends over and takes on a slope of +1. This
slope takes each isopleth toward increasing log K,S,/a,.
This increase is required to maintain a,, constant along the
isopleth in the face of increasing partitioning to the C
phase. At the same time, partitioning to the D phase
becomes increasingly small. Thus, when K_S,/a, > 108,
eq 18 becomes

ap ~ [1+KS/KS, I KS./a, » 108 (21)
and log K.S./«,, increases linearly with log K,S,,/«,, along
each isopleth. When K.S./«,, and K,S,/a, are both large
KS./ oy and KS, /a, both large (22)

dta,~1
In the upper right-hand corner of Figure 4, then, each «,
isopleth asymptotically approaches the corresponding
isopleth for o, = 1 - a,

The a, isopleths in Figure 3 behave in a manner that
is highly analogous to the a;, isopleths in Figure 2, with
the roles of colloidal and particulate sorption reversed. In
particular, in the region where K,S,/a, <« 10°, the a,
isopleths are independent of K,S,/«,, because

o ~ [1+10%, /K S ] K,S,/a, < 108 (23)

As K,S,/a, becomes small relative to both 10° and
K.S./ay, then the amount of material in the P phase is
very small and

agta.~1 K,S,/a,small (24)
In Figure 4, when K,S;/a,, is small, each « isopleth as-
ymptotically approaches the corresponding isopleth for oy
=1~ gy,

As KS,/ o, approaches and exceeds 108, the o, isopleths
in Figure 3 start to bend up and take on a slope of +1.
This slope takes each isopleth toward increasing log
K.S./a,. This enables «, to remain constant along the
isopleth in the face of increasing partitioning to the P
phase. Relative to that P-phase partitioning, partitioning
to the D phase becomes increasingly small. Thus, when
K,S,p/ o, > 108

o, ~ [1+K,S,/KS)"  K,S,/a,» 108 (25)
and log K.S,/a,, increases linearly with log K,S,/a, along
each «, isopleth. Once K.S./a, and K,S,/a, are both
large, we again reach the condition given By eq 22.

The region in which all three « values are simultane-
ously of similar magnitude may be identified as the shaded
area in Figure 4 that is bounded by the three isopleths,
ag = 0.25, a, = 0.25, and o, = 0.25, and centered on the
point log K,S,/ay, = 6, log K.S./a, = 6. At the actual
center, we have o4 = oy = a, = /5.

Table I contains the results of example calculations for
several different types of surface waters (groundwater
systems could just as easily have been examined). The four
types of surface water considered are river headwaters,
rivers that have received agricultural field runoff, actual
field runoff drain channels, and lake waters. Figure 5
illustrates how the corresponding « values for these waters
may be viewed as being controlled by the corresponding
ranges of the variables K.S./a,, and K,S;/a. In partic-
ular, for each of the four types of water, a range of values
for S, has been assumed. Each of these ranges have been
selected from within the data ranges currently available
in the EPA STORET database (8) for a large watershed in
eastern Washington state (Yakima River basin). Those
ranges are as follows: river headwaters, 1-100 mg/L (50
values); rivers that have received agricultural field runoff,
40-400 mg/L (100 values); agricultural field drain, 10-1000
mg/L (100 values); and lake water, 0.1-20 mg/L (50 val-
ues).

Except for the lake waters, the values in the ranges
assumed for S, in Table I have been taken to be one-tenth
of the values in the ranges for S,. For the lake waters, (1)
ranges characterized by S, = S}z have been assumed and
(2) the values in the range for S, have been taken to be
one-tenth of the values in the range for S, in the river
headwaters. Thus, the lake water is equivalent to river
headwater that has stagnated and undergone sedimenta-
tion removal of 90% of its S, content. For all waters, ay,
has been assumed to be equaf to 1.0. (Assuming a particle
density p of 2.65 g/mL, even the agricultural drain water
will be characterized by ag, > (1 - (S, + S.)/10%) =
0.99975).

The values of K, and K, used in the Table I calculations
have been estimated for organic compounds for a range
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Table I. Values of a4, a;, and a, for Ranges of log K,S,/a, That Might Occur for Organic Compounds of Varying K, in
River Headwaters, Lake Waters, Downstream of Agriculture, and in an Actual Agricultural Field Drain®

log log log log log log
Ke KSja  KSia o a a K, K K
River, Headwaters®
4 3.40-4.40 2.70-3.70 0.9970-0.9708 0.0025-0.0244 0.0005-0.0049 2.70 2.70-2.70 6.00-5.00
5 4.40-5.40 3.70-4.70 0.9708-0.7685 0.0244-0.1930 0.0049-0.0385 3.70 3.70-3.68 6.00-5.00
6 5.40-6.40 4.70-5.70 0.7685-0.2492 0.1930-0.6259 0.0385-0.1249 4.70 4.68-4.52 6.00-5.00
T 6.40-7.40 5.70-6.70 0.2492-0.0321 0.6259-0.8069 0.1249-0.1612 5.70 5.52-4.92 6.00-5.00
Lake Water®
4 2.40-3.40 2.70-3.70 0.9992-0.9925 0.0002-0.0025 0.0005-0.0050 2.70 2.70-2.70 6.00-5.00
5 3.40-4.40 3.70-4.70 0.9925-0.9301 0.0025-0.0233 0.0050-0.0466 3.70 3.70-3.68 6.00-5.00
6 4.40-5.40 4.70-5.70 0.9301-0.5710 0.0233-0.1428 0.0466-0.2862 4.70 4.68-4.52 6.00-5.00
7 5.40-6.40 5.70-6.70 0.5710-0.1175 0.1428-0.2938 0.2862-0.5888 5.70 5.52-4.92 6.00-5.00
River, Downstream of Agriculture?
4 3.65-4.65 2.88-3.88 0.9948-0.9503 0.0044-0.0425 0.0008-0.0072 2.48 2.48-2.48 5.60-4.60
5 4.65-5.65 3.88-4.88 0.9503-0.6568 0.0425-0.2934 0.0072-0.0498 3.48 3.48-3.45 5.60-4.60
6 5.65-6.65 4.88-5.88 0.6568-0.1606 0.2934-0.7175 0.0498-0.1219 4.48 4.45-4.23 5.60-4.60
T 6.65-7.65 5.88-6.88 0.1606-0.0188 0.7175-0.8388 0.1219-0.1424 5.48 5.23-4.55 5.60-4.60
Agricultural Field Drain®

4 3.78-5.08 3.08-4.38 0.9928-0.8740 0.0060-0.1050 0.0012-0.0209 2.30 2.30-2.29 5.22-3.92
5 4.78-6.08 4.08-5.38 0.9326-0.4095 0.0562-0.4922 0.0112-0.0982 3.30 3.29-3.21 5.22-3.92
6 5.78-17.08 5.08-6.38 0.5805-0.0648 0.3498-0.7796 0.0698-0.1555 4.30 4.25-3.77 5.22-3.92
( 6.78-8.08 6.08-7.38 0.1215-0.0069 0.7323-0.8279 0.1461-0.1651 5.30 4.96-3.90 5.22-3.92

aCorresponding ranges for log K, and log K values are also given; «,, assumed equal to 1.0. Note that the ranges for Kifb,, are inde-

pendent of K. °S,
with (f,.), = 0.05; S,

= 5-50 mg/L with (f,.), = 0.05; S; = 0.5-5 mg/L with (). = 0.10; x, = 2.0; Sx./a, = 1-10 mg/L. ¢S, = 0.5-5 mg/L
= 0.5-5 mg/L with (f,), = 0.10; x, = 2.0; Sx/a,, = 1-10 mg/L. ¢S, = 15-150 mg/L with (f,.), = 0.03; S, = 1.5-15

mg/L with (fo). = 0.05; x, = 1.67; Sex/ay, = 1-10 mg/L. ¢S, = 30-600 mg/L with (f,.), = 0.02; S; = 3-60 mg/L with (f,). = 0.04; x. = 2.0;

Sexe/a, = 1-10 mg/L.

of organic carbon/water partition coefficient (K,) values.
(The partitioning behavior of a range of heavy metals could
just as easily have been considered). It has been assumed
that, for the organic compounds, the partitioning is
“organic carbon based”. That is, K, = K(f,),, and K, =
Koo(foo)» Where (f,.), is the fraction of organic carbon in
the P phase, and (f,.). is the fraction of organic carbon in
the C phase. The values assumed for f,. are given in Table
1. It should be noted that river, lake, and field drain waters
with properties outside of the ranges considered here are
surely possible. For example, for Lake Superior, Baker
et al. (4) reported (f,.), values extending as high as ~0.40.

For each type of water in Table I, each K, value yields
a range in values for both K. S /a, and K,S,/a,. Since
the lower limit of each range for K.S./«, intersects with
the lower limit of each range for K,S;/a,, and similarly
for the upper limit of each range, in lg‘igure 5 the points
between these limits will plot as a straight line for each
range. However, this constitutes a rather restrictive view
of the conditions that might occur in these types of waters,
and so each “range” has been characterized in Figure 5 as
a full box. The corners of each box are given by the four
possible combinations of the upper and lower limits of the
ranges for K.S./a, and K,S;/ay,.

In both examples of river waters as well as in the ex-
ample agricultural field drain waters, Table I and parts
a and b of Figure 5 indicate that the C phase is not as
important as the P phase; for these cases, K.S./a, <
K,S,/a, for all K, values. However, if the value of
K,S,/a, is lowered while K.S./a,, is kept constant, any
given point in part a or b of Figure 5 is moved horizontally
from right to left. As this occurs, o, and a4 increase, and
a, decreases. If the reduction of K,S;/«, occurs due to
the sedimentation removal of suspended particulate
matter, these changes will be accompanied by reductions
in C, and Cr; C4 and C,, however, will remain constant.
Given these facts, since the K,S;/,, values in the example
lake water are a factor of 10 lower than those in the river
headwaters, the K, boxes in Figure 5b for the lake water
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are located exactly 1 log unit to the left of those for the
river headwaters. This shift is sufficiently extensive to
cause the «, values in the lake water to be quite significant
for the compounds with the higher K, values.
Dependence of the Apparent Partition Coefficient
K’ on K .S /a,. Recent studies of sorption in surface
water systems have considered why partition coefficients
measured simply by taking the ratio of ¢, to the remaining
portion of the concentration tend to decrease as S, in-
creases. If the remaining concentration is normalized by
ay, and if one assumes that a C phase is not present to any
significant extent, one obtains c¢g. This result therefore
means that the thermodynamic partitioning constant K|,
(=cp/cq) must somehow be influenced by particle/particle
interactions (9, 10). Gschwend and Wu (3), however, have
proposed that this trend is caused by a failure to recognize
the importance of C.. They believe that (1) measuring K|,
as described in the first sentence of this paragraph
amounts to measuring an apparent partition coefficient,
denoted here as K, and (2) the magnitude of the artifact
increases as S,, increases because S, tends to increase with

P . . .
Using the various « values to express the pertinent pa-
rameters, we have

6 6
e ,Cp10%/8S, _ a,10%/8, -
P (g + a)Cp/aPP  (ag + af) /alPP
Since
~ a,Cr108/S, _ a,108/S, -
P aglr/ay ag/ oy
then
KPP ay(atPP/ay)
Tr7 _ xalayP/ay) 28)
K, ag + a,

When the presence of the solid portion of the colloidal
phase is not taken into consideration, a,, will be overes-
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timated. This apparent value is given as o3P in eqs 26-28.
However, since the colloidal phase will rarely contribute
significantly to the volume of an aqueous system, we will
almost always have to a very good approximation that
o /ag, =~ 1, and so

K 1
K 1+ K.S./10%,,

P

When o /a, ~ 1, eq 29 illustrates that KiPP /K, can
only equal 1.0 when when a, = 0. By eq 3, this can only
occur when KS,./a,, = 0. Thus, for all nonzero values of
K.S./ay, K‘P"/K will be less than 1.0. The extent to
which KPP is dlfferent from K, is determined by the extent
to whlch the colloidal matter increases the apparent ca-
pacity of the “water” to compete with the P phase for the
species of interest. Equations 26-29 have the advantage

- ag + a, (29)
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Figure 6. K*/K, as a function of log K S /.
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that they are expressed in the « format. Equation 29,
which is also expressed explicitly in terms of the variable
K_S./a, is equivalent to an equation given by Gschwend
and Wu (3).

Figure 6 gives Ki*P/K,, as a function of the logarithm
of the variable K, Sc/ a,, Flgure 7 gives log K*® isopleths
as a function of log K S,/ a,, for a range of K values. As
discussed above, for low values of KCSC/ aw, a, I8 small
compared to oy, and so K}?/K, ~ 1. As K.S./a, in-
creases, however, «, increases, and so both KPP /K, and
K3 begin to decrease Equation 26 mdlcates that 106 is
the reference value for judging whether KS./a,, is “small”
or “large”. When K.S,/a, = 10° then Ki?*/K,, = 0.5. The
values of log K, and log KPP for the various types of
surface water con51dered in Iglgure 5 are given in Table L.
As required, whenever K_S,/10%,, approaches and exceeds
106, log K3 becomes significantly less than log K,

Independence of Ki® with Respect to K, when
K_S./a,is Large. In thelr study of the partltlonmg of
a variety of PCB congeners in lake waters, Baker et al. (4)
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assumed that K, might tend to be linearly related to K,
according to

K. = xK, (30)

where x. is a dimensionless proportionality constant.
When partitioning to organic carbon controls sorption to
the P and C phases, and when the carbon in these two
phases is equally sorptive (i.e., exhibits the same K,
values), then

X = (foc)c/(foc)p (31)

Table I gives the x, values calculated using eq 31 for the
different surface water examples considered above.
Equations 29 and 30 yield

KeP = K, /(1 + K Sex./10°,) (32)

When xS/, is constant (as in a single specific aqueous
system characterized by a compound- to-compound con-
stancy in x,), the value of Ki will increase as K|, increases.
When KcSc/a = K,Scx./a, » 108

Kepp ~ Kapp = 108a,,/S.x. (33)

To within the correction embodied in ay, eq 33 is equiv-
alent to one given by Baker et al. (4). Thus, as K, Sc_acc /oty
increases and rises above 10, KPP approaches a maximum
value that is essentially independent of K. That is, when
the amounts of the various species of interest in the D
phase are negligible relative to the amounts in the C phase,
the partitioning between the P phase and the remainder
of the system becomes essentially independent of K. The
value of K3Pp,, increases as S.x./a,, decreases because one
has to go to more highly sorbing species (larger K and K_)
before the lower value of S.x./a,, will allow the C phase
to compete with the D phase.

Assuming «,, ~ 1, the ranges for Sx./a,, for the four
examples considered above are as follows: river headwater,
1-10; lake water, 1-10; river downstream of agriculture,
2.5-25; and agricultural field drain, 6-120. The corre-
sponding ranges for log Ki’b,, are given in Table I. It may
be noted that the log K"’,',’mx ranges are independent of K.
They are also indepenéent of K,S,/ay, as is brought out
clearly by the fact that the ranges are identical for the river
headwater and lake water examples. As expected, the
larger x K ,S./ ,, becomes, the more log KPP becomes in-
creasingly close to log Kifb,,.

These effects may be pfaced in the simplified variable
context as follows. If eq 30 gives the relationship between
K, and K|, for multiple species with a range of K. and K|,
values, then

log K, = log K.S./c, — log Scx./ (34)

Based on eqs 29 and 34, we obtain
log KPP =
log K.Sc/a,

Equation 35 may be used to investigate how log K" varies
with log K.S./a,, for any given constant value of S.x /ay,.
Accordingly, isopleths are drawn in Figure 7 for S.x ./«
values ranging between 102 and 10 The value of K, that
pertains to any given point on any S.x./«,, isopleth may
be deduced from the K, isopleths also included in that
figure.

For K.S./a, < 108, the Six./a,, isopleths in Figure 7
cross the K, isopleths in a regular manner. Under these
conditions, by eq 35 we have

log K&® ~ log K.S./a,,

-log Six./ay, —log (1 + K.S./10%,) (35)

- log Sx./ay (36)
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and so along each Sx /a,, isopleth
d log K&P?/(d log K.S./ay) =~ +1 37

Each unit increase in log KPP therefore essentially requires
a unit increase in log K, Sc/ ay. This is simply a reflection
of the fact that we are in the low-K_S,/a,, range where the
magnitude of the artifact is small, K3*® ~ K ,, and so d log
K3PP ~ d log K,,. Therefore, when goth x.and S/ a, are
for example constant along a given S.x./a,, isopleth, then
by eq 30 we have d log K.S./a,, = dlog K, and we obtain
eq 37.
For K.S./a, > 108, eq 35 becomes

log K& ~ log K.S./a,, log K.S./10%,

(38)

—log Sex/ay ~

or
log K&PP ~ log 10°,,/S.x. = K&88,, (39)

as expected from eq 33. Thus, for K.S./a, > 10%, along
each S.x./a, isopleth

dlog KiPP/(d log K.S./ay) =~ 0 (40)

Thus, for each Sx./a, isopleth in Figure 7, when KS./a,

> 105, (1) the K, isopleths for K, values above some

minimal value tend to cross a given S.x./«, isopleth at a

nearly constant K}® value, and (2) the SLxC/ a,, isopleth

asymptotlcally approaches the value log 106 — log Sxo/ay
= log K7,

The reglon wherein K.S./a,, is neither large or small,
but is of the same order of magnitude as 105, is charac-
terized by a transition from K{P being dependent on K,
with slope d log KiPP/(d log K Se/ay) =~ +1, to mde

pendence, with slope ~0.

The fact that 106 is the appropriate reference value for
judging (1) the relative magnitude of K.S./«,, and (2) the
importance of partitioning to the C phase may be reflected
in a study of PCB congeners in sediment pore waters (11).
In that work, a leveling in measured KPP values was ob-
served for PCB congeners with octanol/water partition
coefficient (K,,) values of >10°. Available correlation
equations such as (12)

K, = 0411K,, 20°C (41)

indicate that a K, value of >10° translates into a K, of
>4 x 10° For an (f ). of ~0.10, we therefore obtain K,
> 4 X 10*. The concentration of the C phase in the sed-
iment pore waters (S./a5P) can be 210 mg/L. Since o
~ a,, under these conditions, we have K.S./a,, = 4 X 10%.
Since this order of magnitude estimate of K .S/« is quite
close to 108, it seems likely that Brownawell and Farrington
(11) were in fact observing the effects of partitioning to
a C phase. Factors which might have led to even larger
values of this estimate might include (1) greater sorption
by the C-phase organic carbon than predicted by eq 41,
(2) (foo). values greater than 0.10, and/or (3) temperature
corrections for K. With regard to the first possibility,
it may be noted that Means and Wijayaratne (13) and
Capel (14) have found that for hydrophobic organic com-
pounds, C-phase organic carbon can be anywhere from 0.5
to 35 times as sorptive as P-phase organic carbon.

Conclusions

The parameterization developed here using K,S;/«,, and
K./, provides a simple approach for viewing the
chemistry of species that are subject to partitioning be-
tween the dissolved, colloidal, and suspended particulate
phases. It allows the nature of this distribution to be



described in a single master diagram (i.e., Figure 4). The
dependence of the nature of the dissolved/particulate/
colloidal distribution on the S, and S, properties of the
water and on the K, and K, properties of the chemical of
interest are readily studied with this diagram. Changes
in the distribution caused by individual changes in any of
these parameters may be tracked on this diagram. An
important example of such a change is the type of decrease
in S, that can occur due to the removal of suspended
sediments from surface waters by settling. The simplified
parameter approach also allows plots using the variable
K.S./a, to be used in examining the effects of colloidal
particulate matter on the apparent partitioning coefficient
KPP,

Glossary

C phase colloidal phase (nonfilterable particles; includes
sorptive dissolved humic type molecules)

€; concentration in the colloidal phase (g sorbed/g
of dry weight of C phase = 10%C,/S,)

¢4 concentration in dissolved phase (g/mL of D
phase = Cy/«,)

2 concentration in the particulate phase (g
sorbed/g of dry weight of P phase =
105C,/S,)

G concentration in the colloidal phase per unit
volume of total system (g/mL of total sys-
tem)

Cy concentration in the dissolved phase per unit
volume of total system (g/mL of total sys-
tem)

C, concentration in the particle phase per unit
volume of total system (g/mL of total sys-
tem)

Cr total concentration per unit volume of total

system (g/mL of total system)

D phase dissolved phase

(foddp fraction of organic carbon in the P phase (0 <
(foe)p < 1, dimensionless)

.9 fraction of organic carbon in the C phase (0 <
(foo)e < 1, dimensionless)

K. partition coefficient between the colloidal and

dissolved phases ((g sorbed/g of colloid
phase)/ (g dissolved /mL water) = ¢./cq and
= K, (foo)e if the partitioning is “organic
carbon based”)

K organic carbon/water partition coefficient ((g
sorbed/g of organic carbon)/(g dissolved/
mL of water))

Ko octanol/water partition coefficient ((g in octa-
nol/mL of octanol)/(g dissolved/mL of
water))

K, partition coefficient between the particle and

dissolved phases ((g sorbed/g of particle
phase) /(g dissolved/mL of water) = cp/cq
and = K. (f,), if the partitioning is “organic
carbon based”)

K3P apparent (underestimated) value of the par-
tition coefficient K, as affected by not taking
account of partitioning to colloidal phase

Koy maximum possible value of K{*?, independent
of K, that is possible for given values of a,
S, and x,

n, number of compartments to which partitioning
can occur
S, mass/volume concentration of solid particulate

phase for the overall system (g of dry
weight/mL of total system)

mass/volume concentration of solid particulate

phase for the overall system (g of dry
weight/mL of total system)

%, dimensionless proportionality constant de-
scribing relative effectiveness of partitioning
to colloidal and particulate phases; when the
partitioning is organic carbon based, and
when the K values for the two phases are

equal, then x; = (foo)o/ (foo)p

P phase particle phase (suspended, filterable particles,
or soil matrix phase in the case of soil/water
systems)

Greek

a, fraction of Cyp that is in colloidal phase (=
C./Cr, with 0 < o, < 1, dimensionless)

g fraction of Cy that is in dissolved phase (=
Cy/C;, with 0 < a4 < 1, dimensionless)

@, fraction of Crp that is in particulate phase (=
Cp/Cr, with 0 < o, < 1, dimensionless)

Qy volume fraction of the system occupied by the
dissolved phase, with 0 < a, < 1 (dimen-
sionless)

alPp apparent (underestimated) value of «, as af-
fected by not taking account of presence of
colloidal phase; PP will usually be very close
to 1.0

o density (g/mL)

Literature Cited

(1) Wershaw, R. L.; Burcar, P. J.; Goldberg, M. C. Environ.
Sci. Technol. 1969, 3, 271.
(2) Carter, C. W.; Suffet, I. H. Environ. Sci. Technol. 1982, 16,
735.
(3) Gschwend, P. M.; Wu, S.-C. Environ. Sci. Technol. 1985,
19, 90.
(4) Baker, J. E.; Capel, P. D.; Eisenreich, S. J. Environ. Sci.
Technol. 1986, 20, 1136.
(5) Chiou, C. T.; Malcolm, R. L.; Brinton, T. L; Kile, D. E.
Environ. Sci. Technol. 1986, 20, 502.
(6) Chiou, C. T.; Kile, D. E.; Brinton, T. I.; Malcolm, R. L.;
Leenheer, J. A.; MacCarthy, P. Environ. Sci. Technol. 1987,
21, 1231.
(7) Pankow, J. F. Aquatic Chemistry Concepts; Lewis Pub-
lishers: Boca Raton, FL, 1991.
(8) U.S. EPA. sTORET data base, Washington, DC.
(9) Ditoro, D. M. Chemosphere 1985, 14, 1503.
(10) Mackay, D.; Powers, B. Chemosphere 1987, 16, 745.
(11) Brownawell, B. J.; Farrington, J. W. In Marine and Es-
tuarine Geochemistry; Sigleo, A. C., Hattori, A., Eds.; Lewis
Publishers: Boca Raton, FL, 1985; Chapter 7, pp 97-120.
(12) Karickhoff, S. W. Chemosphere 1981, 10, 833.
(13) Means, J. C.; Wijayaratne, R. Science (Washington, D.C.)
1982, 215, 968.
(14) Capel, P. D. Ph.D. Thesis, University of Minnesota, Min-
neapolis, MN, 1986.

Received for review June 14, 1991. Accepted July 1, 1991. Work
on this project by J.F.P. was supported in part by U.S. Geological
Survey Project No. 14-08-0001-G1586.

Environ. Sci. Technol., Vol. 25, No. 12, 1991 2053



Environ. Sci. Technol. 1991, 25, 2054-2058

Comparison of Tetrachloromethane Sorption to an Alkylammonium-Clay and

an Alkyldiammonium-Clay

James A. Smith*

U.S. Geological Survey, 810 Bear Tavern Road, Suite 206, West Trenton, New Jersey 08628

Peter R. Jaffé

Department of Civil Engineering and Operations Research, Princeton University, Princeton, New Jersey 08544

B The interlamellar space of Wyoming bentonite (clay)
was modified by exchanging either decyltrimethyl-
ammonium (DTMA) or decyltrimethyldiammonium
(DTMDA) cations for inorganic ions, and tetrachloro-
methane sorption to the resulting two organoclays from
water was studied at 10, 20, and 35 °C. Only one end of
the 10-carbon alkyl chain of the DTMA cation is attached
to the silica surface of the clay mineral, and tetrachloro-
methane sorption of DTMA-clay is characterized by iso-
*herm linearity, noncompetitive sorption, weak solute
uptake, and a relatively low heat of sorption. Both ends
of the 10-carbon chain of the DTMDA cation are attached
to the silica surface of the clay mineral, and tetrachloro-
methane sorption to DTMDA-clay is characterized by
nonlinear isotherms, competitive sorption, strong solute
uptake, and a relatively high, exothermic heat of sorption
that varies as a function of the mass of tetrachloromethane
sorbed. Therefore, the attachment of both ends of the
alkyl chain to the interlamellar mineral surface appears
to change the sorption mechanism from a partition-dom-
inated process to an adsorption-dominated process.

Introduction

Much research in the past 10 years has focused on the
mechanism of interaction of nonionic organic contaminants
with the natural organic matter of soil in aquatic systems
(1-3). Part of the difficulty involved in studying this
interaction is the well-documented heterogeneous nature
of soil and the unknown composition of natural organic
matter (I, 4). The experimental results and analyses
presented in this paper attempt to better define the effect
of the molecular structure of organic matter at the min-
eral-water interface on the sorption of nonionic organic
compounds by studying a well-defined solute-organic
matter-mineral system composed of tetrachloromethane,
alkylammonium or alkyldiammonium cations, and Wyo-
ming bentonite.

Background

Wyoming bentonite (clay) is primarily a Na-montmo-
rillonite, which is a layered silicate that swells when con-
tacted by water. Each layer is composed of an octahedral
sheet of the general form M, 3(OH)g (where M is typically
Al**) between two SiO, tetrahedral sheets (5). The sub-
stitution of AI** for Si** in the tetrahedral layer and Mg?*
or Zn?* for AI** in the octahedral layer results in a net
negative surface charge on the clay (6). The charge im-
balance is offset by exchangeable cations such as H*, Na*,
or Ca?* at the clay surface (7). In aqueous solution, large
quaternary ammonium organic cations (including alkyl-
ammonium and alkyldiammonium cations) readily replace
these inorganic cations in the interlamellar space of the
clay mineral by ion exchange and are said to be
“intercalated” by the clay (8). The resulting organic cation
substituted clay is called an “organoclay”. In the 1950s
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and 1960s, it was shown that the sorption of vapors of
nonionic organic liquids to organoclays was substantially
greater than sorption to Na— or Ca—clays (9-19), and these
results have been summarized elsewhere (8, 20). It was
determined that the intercalated organic cations act as
“props” that hold apart the silicate layers, allowing non-
ionic organic vapors to be intercalated and sorbed. In the
absence of these relatively large organic cations, nonionic
organic vapors cannot penetrate the interlamellar space
of the expandable clay and sorption is limited to the ex-
ternal surfaces of the clay particles.

More recently, nonionic compound sorption to organo-
clays from water has been studied (8, 21-28). Sorption of
nonionic organic compounds to clay modified by the ex-
change of monovalent quaternary ammonium cations
having only small or rigid functional groups (e.g., methyl,
ethyl, or benzyl) is characterized by relatively strong solute
uptake, isotherm nonlinearity, and competitive sorption
(24, 25, 28). In addition, the magnitude of solute uptake
is not strictly dependent on the solute’s aqueous solubility
(24) and is much greater than the magnitude of solute
uptake by natural soil after the data are normalized to
account for differences in organic carbon contents (28).
This behavior is caused by surface adsorption (24, 25, 28).
By contrast, sorption of nonionic compounds to clay
modified with monovalent quaternary ammonium cations
having one or more large alkyl functional groups (e.g.,
12-18-carbon alkyl chains) is characterized by relatively
weak solute uptake, isotherm linearity, and noncompetitive
sorption (21, 27, 28), in which the magnitude of solute
uptake is inversely proportional to the solute’s aqueous
solubility (30) and is comparable to the magnitude of solute
uptake by natural soil after the data are normalized to
account for differences in organic carbon contents (28).
This behavior is caused by a partition process (21, 27, 28).
Therefore, depending on the molecular structure of the
organic cation, the modified interlamellar space functions
as an adsorbent or a partition medium for the uptake of
nonionic organic solutes from water (21, 24, 25, 28-30).

This paper compares tetrachloromethane sorption to a
clay modified with a monovalent alkylammonium cation
and to a clay modified with a divalent alkylammonium
cation in order to understand the cause for the two sorp-
tion mechanisms (e.g., partition and adsorption) observed
previously. Aside from the fundamental objective of de-
fining the mechanistic interaction of organic matter (of
known molecular structure) with nonionic organic com-
pounds at the mineral-water interface, this research also
has the practical objective of helping to determine the
optimum characteristics of an organic cation to be used
to modify clay for specific environmental applications. It
has been suggested that organoclays can be used as a
component of clay liners or slurry walls to prevent con-
taminant migration (21), as a selective sorbent for air
contaminant sampling (31), or in chromatographic appli-
cations (18).
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Figure 1. Structural diagrams of an alkylammonium and an alkyldi-
ammonium salt.

Materials and Methods

Wyoming bentonite was obtained from the American
Colloid Co. and was used as received. The bentonite
contains 3.6% sand, 7.3% silt, and 89.1% clay, and will
be referred to as “clay” throughout this paper. Its organic
carbon content is 0.1% and its cation-exchange capacity
is 78.5 mequiv/100 g. [**C]Tetrachloromethane used in
this study has been described previously (28). Decyltri-
methylammonium (DTMA) bromide, decyltrimethyldi-
ammonium (DTMDA) bromide, and benzene all have
chemical purities greater than 98%. Structural diagrams
of DTMA and DTMDA bromide are shown in Figure 1.

Combining an alkylammonium or alkyldiammonium
cation with an aqueous clay suspension results in strong
uptake of the cation by the clay (28, 32, 33). The resulting
alkylammonium- or alkyldiammonium-clay is a unique
sorbent that is identified by the cation abbreviation given
in Figure 1 followed by “~clay”. Therefore, combining
decyltrimethylammonium bromide with an aqueous clay
suspension creates decyltrimethylammonium—-clay or
DTMA-clay.

A batch equilibration method was used to quantify
tetrachloromethane sorption to the organoclays. For
tetrachloromethane sorption to DTMDA-clay at all tem-
peratures, 6 g of clay, 55 mL of water, decyltrimethyldi-
ammonium bromide, and [C]tetrachloromethane were
combined in 50-mL (nominal volume) disposable glass
centrifuge tubes with Teflon-lined septum caps. The
added mass of decyltrimethyldiammonium bromide was
either 0.30, 0.60, or 0.79 g, which corresponds to 30, 61, or
80%, respectively, of the cation-exchange capacity of the
clay. These three sorbents are referred to as 30%
DTMDA-clay, 61% DTMDA-clay, and 80% DTMDA-
clay. The mass of added tetrachloromethane ranged from
Tto 110 mg. For tetrachloromethane sorption to DTMA-
clay at all temperatures, 7 g of clay, 55 mL of water, 1.23
g of decyltrimethylammonium bromide (equal to 80% of
cation-exchange capacity), and [**C]tetrachloromethane
were combined in the above described centrifuge tubes.
The mass of added tetrachloromethane ranged from 7 to

- 65 mg. For each organoclay sorbent, the effect of a com-
peting solute on tetrachloromethane sorption was also
studied by adding 35 mg of benzene to each tube. The
incubation and centrifugation of the tubes and the scin-
tillation counting of the supernatant have been described
previously (28).

Three additional centrifuge tubes were handled similarly
to the above-described tubes for each sorption isotherm
to ensure the quality of the data. Two of these tubes
contained water, [“*C]tetrachloromethane, either decyl-
trimethylammonium bromide or decyltrimethyldi-
ammonium bromide, and no clay. These tubes were used
to quantify solute losses caused by processes other than
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Figure 2. Tetrachloromethane sorption to 30, 61, and 80% DTMDA-
clay at 20 °C.

sorption to the organoclay. In all cases, solute recovery
from these tubes was greater than 94%. The third tube
contained water, clay, either decyltrimethylammonium
bromide or decyltrimethyldiammonium bromide, and no
[**C]tetrachloromethane. This tube was used to quantify
the background radiation and to identify whether the
glassware, clay, organic cation, or water were contaminated
with radioactivity.

The organic carbon contents of the clay and organoclays
were determined in duplicate. The cation-exchange ca-
pacity of the clay was determined in quadruplicate. Both
analyses were performed by Huffman Laboratories, Gol-
den, CO.

Results

The experimentally measured organic carbon contents
of the four sorbents used in this study agree well with
theoretical values calculated by assuming that 100% of the
added organic cation is retained by the clay. The theo-
retical organic carbon contents of 30% DTMDA—clay, 61%
DTMDA-clay, 80% DTMDA-clay, and 80% DTMA-clay
are 2.3, 4.7, 5.8, and 9.0%, respectively, and account for
the 0.1% natural organic carbon on the clay. The mea-
sured organic carbon contents of these same sorbents are
2.6,4.5,5.8, and 9.2%. Comparison of the theoretical and
measured organic carbon contents using a one-sided paired
t test indicates that the differences between the theoretical
and measured values are not statistically significant (p =
0.05).

The isotherms in Figure 2 quantify tetrachloromethane
sorption to 30, 61, and 80% DTMDA-clay at 20 °C. The
isotherms are distinctly nonlinear and show that tetra-
chloromethane sorption increases with increased substi-
tution of the DTMDA cation for inorganic cations in the
interlamellar space of the clay. All three isotherms in
Figure 2 extend to equilibrium aqueous tetrachloro-
methane concentrations that are approximately 80% of
solubility (5.2 mmol/L at 25 °C (34)).

Two single-solute and two binary-solute isotherms gen-
erated at 20 °C are shown in Figure 3. In both cases, the
binary solute is benzene. The upper two isotherms (square
symbols) show tetrachloromethane sorption to 80%
DTMDA-clay. The isotherms are nonlinear and show
competitive sorption. Single- and binary-solute sorption
data for 30% DTMDA-clay and 61% DTMDA-clay also
exhibited competitive sorption (binary-solute data not
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Table I. Freundlich Isotherm Parameters (with 95% Confidence Intervals) and Regression Correlation Coefficients for
Tetrachloromethane Sorption to Three Organoclay Sorbents in Both the Presence and Absence of a Binary Solute

(Benzene)?®
sorbent solute I/n In K corr coeff

30% DTMDA-clay single 0.64 = 0.04 -4.20 + 0.04 0.985
30% DTMDA-clay binary 0.59 + 0.18 -4.73 £ 0.18 0.955
61% DTMDA-clay single 0.68 £+ 0.08 -3.84 + 0.08 0.998
61% DTMDA-clay binary 0.66 + 0.14 -4.15 £ 0.12 0.957
80% DTMDA-clay single 0.71 £+ 0.04 -3.41 + 0.03 0.997
80% DTMDA-clay binary 0.66 + 0.11 -3.92 + 0.10 0.986
80% DTMDA-clay (10 °C) single 0.71 £ 0.09 -3.31 £ 0.08 0.983
80% DTMDA-clay (35 °C) single 0.72 £ 0.03 -3.55 + 0.02 0.999

2Sorption measured at 20 °C unless another temperature is specified.
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Figure 3. Tetrachloromethane sorption to 80% DTMDA-clay (square
symbols) and 80% DTMA-clay (round symbols) at 20 °C. The binary
solute is benzene.

shown). The lower two isotherms in Figure 3 show tet-
rachloromethane sorption to 80% DTMA-clay. The iso-
therms are linear and show no competitive sorption.
Tetrachloromethane uptake by DTMDA-clay is signifi-
cantly greater than tetrachloromethane uptake by
DTMA-clay. This latter result has also been reported for
the vapor-phase sorption of organic vapors to alkyl-
ammonium- and alkyldiammonium—clays (17, 35).

Figure 4 presents tetrachloromethane sorption isotherms
for 80% DTMDA-clay and 80%-DTMA-clay at 10 and
35 °C. Again, tetrachloromethane sorption of DTMDA-
clay is characterized by relatively strong solute uptake and
nonlinear isotherms relative to tetrachloromethane sorp-
tion to DTMA-—clay. Increasing the temperature from 10
to 35 °C reduces tetrachloromethane sorption to
DTMDA-clay but appears to have little effect on tetra-
chloromethane sorption to DTMA-clay.

To analyze the experimental data, linear isotherm data
(tetrachloromethane sorption to DTMA-clay) and non-
linear isotherm data (tetrachloromethane sorption to
DTMDA-clay) were separated for analysis. Linear iso-
therm data were fit to a one degree of freedom regression
model given by

C, = K,C, )

where C, is the equilibrium aqueous tetrachloromethane
concentration (mmol/L), C, is the equilibrium sorbed
tetrachloromethane concentration (mmol/kg), and Kj is
the distribution coefficient (L/kg) quantified by the linear
regression of C, and C,. For the 80% DTMA-clay data
in Figure 3 (20 °C), K (with a 95% confidence interval)
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Figure 4. Tetrachloromethane sorption to 80% DTMDA-clay (square
symbols) and 80% DTMA-clay (round symbols) at 10 and 35 °C.

equals 4.5 = 0.9 L/kg and the logarithm of the organic
carbon normalized distribution coefficient (log K_,.) equals
1.69 £ 0.08. For the 80% DTMA-clay data in Figure 4
(10 and 35 °C), K, (with a 95% confidence interval) equals
4.3 = 0.4 L/kg and the logarithm of the organic carbon
normalized distribution coefficient (log K,) equals 1.68
+ 0.03.

The competitive and noncompetitive sorption data for
DTMA-clay at 20 °C were compared with multiple re-
gression analysis using a dummy variable (36). This
analysis determined that the competitive and noncom-
petitive isotherm pairs for DTMA—clay (Figure 3) were
indistinguishable at a p value of 0.05. In addition, iso-
therms for tetrachloromethane sorption to DTMA-clay at
10 and 35 °C were also indistinguishable at a p value of
0.05.

Nonlinear sorption data (tetrachloromethane sorption
to DTMDA-clay) were fit to the linear form of the
Freundlich equation (37) given by

lnCs=%lnCe+an @

where 1/n and In K are parameters quantified by the linear
regression of In C, and In C,. The calculated values of 1/n
and In K and the regression correlation coefficients for
tetrachloromethane sorption DTMDA-clay are given in
Table I. The data were also fit to two linear forms of the
Langmuir equation. However, the Freundlich equation
consistently provided correlation coefficients closest to
unity. The competitive and noncompetitive pairs of lin-
earized (eq 2) isotherms for DTMDA-clay at 20 °C were



compared with multiple regression analysis using a dummy
variable (36). The results indicate that the presence of the
binary solute (benzene) reduces tetrachloromethane
sorption to DTMDA-clay relative to the single-solute data
at a p value of 0.05. In addition, statistical comparison
of tetrachloromethane sorption to DTMDA-clay at 10 and
35 °C indicates that increased temperature reduces sorp-
tion at a p value of 0.05.

Discussion

Comparison of tetrachloromethane sorption to DTMA-
and DTMDA-clay is significant because only a small
change in the molecular structure of the organic cation
produces dramatic changes in the characteristics of the
sorption process. In addition to relatively strong solute
uptake, tetrachloromethane sorption to DTMDA-clay
exhibits isotherm nonlinearity, competitive sorption, and
increased solute uptake at temperatures decreasing from
35 to 10 °C. This behavior is typical of an adsorption
interaction. By contrast, tetrachloromethane sorption to
DTMA-—clay shows relatively weak solute uptake, isotherm
linearity, and no competitive sorption. The magnitude of
tetrachloromethane sorption to DTMA-clay has no
measurable change over the temperature range of 10-35
°C. These results indicate that uptake by the 80%
DTMA-clay is caused by solute partition between water
and the interlamellar organic phase formed by the con-
glomeration of the alkyl chains of the DTMA cations.

Isosteric heats of sorption can be calculated from the
temperature-dependent isotherm data in Figure 4 by use
of the Clausius—Clapeyron relation (37) given by

BETRC

where AH is the isosteric heat of sorption (kcal/mol), R
is the gas constant (equal to 0.00199 kcal/mol-K), and C1
and C; are the equilibrium aqueous concentratlons of
tetrachloromethane (mmol/L) at temperatures T'; (308 K)
and T} (283 K) for a common sorbed tetrachloromethane
concentration, C,. For the linear tetrachloromethane
sorption exhibited by DTMA-clay, AH is not a function
of C, and is near zero because the 10 and 35 °C isotherms
are not statistically different. For the nonlinear tetra-
chloromethane sorption exhibited by DTMDA-clay, AH
varies with C, as shown in Figure 5. Values for AH for
DTMDA-clay range from -2.0 to —2.6 kcal/mol (exo-
thermic).

Exothermic heats of sorption are requisite for an ad-
sorption process (unless adsorption is very weak) to com-
pensate for losses in entropy. By contrast, low heats of
sorption (including endothermic heats) that equal the
difference between the molar enthalpies of solution of the
solute in the organic and aqueous phases are characteristic
of a partition process. Therefore, the heat of sorption data
presented in Figures 4 and 5 provide additional thermo-
dynamic evidence that tetrachloromethane sorption of
DTMA-clay is caused by solute partition between water
and the organic phase formed by the conglomeration of
the alkyl chains in the interlamellar space, whereas tet-
rachloromethane sorption to DTMDA-clay is caused by
solute adsorption to the modified interlamellar surfaces
of the clay. These observations agree with results reported
by Barrer et al. (13, 14, 20), who measured low heats of
sorption (that at times were endothermic) for the uptake
of organic vapors by dimethyldioctadecylammonium-
montmorillonite (14). Uptake of the organic vapors by
monomethylammonium-montmorillonite, however, was

'
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Figure 5. Isosteric heats of adsorption for tetrachloromethane sorption
to 80% DTMDA-clay in the temperature range of 10-35 °C.
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characterized by strongly exothermic heats of sorption (13).

Previous research has shown that the molecular struc-
ture of the organic cation retained by the clay influences
the mechanism of sorption (28). The results presented
here explicitly show how the flexibility of the alkyl chain
of the organic cation affects the sorption interaction.
Because of its diammonium structure, the alkyl chain of
the DTMDA cation is attached at both ends to the mineral
surface of the clay, which greatly reduces the flexibility
of the 10-carbon chain. As a result, this alkyl chain is
forced to lie in a flat position (relative to the alkyl chain
of the DTMA cation) on the mineral surface. This ob-
servation is supported by X-ray diffraction data for do-
decyldiammonium~—clay (38). The rigid, uncharged surface
formed by these alkyl chains enhances adsorption of
nonionic solutes onto the organic-lined mineral surfaces
through London forces and is similar (with regard to
sorption mechanism) to the organic surface formed by
monoammonium organic cations with small functional
groups (e.g., methyl, ethyl, and benzyl). In the absence
of organic cations, the mineral surface interacts strongly
with water and the adsorption of tetrachloromethane is
negligible (28). The attachment of only one end of the
alkyl chain to the mineral surface (e.g., 80% DTMA—clay)
creates an organic partition medium (phase) through the
association of the flexible alkyl chains. This association
has little effect on the polarity of the clay surface and
therefore does not promote significant surface adsorption.

In their most compact form, the long alkyl chains (10-16
carbon atoms) of monovalent organic cations are aligned
parallel to the planes of the silicate layers. The increased
substitution of the organic cations for inorganic ions causes
an increase in the d(001) spacing of the montmorillonite
(21) and increased bending and overlap of the alkyl chains.
The increased “crowding” of the interlamellar space ap-
parently increases both the volume and solvency of the
organic medium for nonionic solutes. In support of this
hypothesis, Boyd et al. (21) has reported that K, (organic
matter normalized sorption coefficient) values for tri-
chloroethene sorption to hexadecyltrimethylammonium-
montmorillonite increase from 50 to 200 as the percent of
the clay’s exchange sites occupied by the organic cations
increases from 35 to 100. Similar results have been re-
ported for benzene (21). Also, comparison of the K, value
for tetrachloromethane sorption to 80% DTMA-clay (K,
equal to 48.9) with values reported previously (28) for 41%
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dodecyltrimethylammonium-—, 41% tetradecyltrimethyl-
ammonium-, and 41% hexadecyltrimethylammonium—clay
(K, equal to 18.2, 21.9, and 50.1, respectively) shows that
the K values for these latter three sorbents increase with
the length of the alkyl chain, but that the 80% DTMA-
clay has a higher K value than two of the three sorbents
despite its shorter alkyl chain. The high K value for 80%
DTMA-clay is likely caused by the higher percent sub-
stitution of the organic cation onto the clay relative to the
other three organoclays. An attempt was made to quantify
tetrachloromethane sorption to 41% DTMA-clay but the
weak solute uptake prevented precise quantification of the
slope of the isotherm. (However, the K is estimated to
be less than 18.) Therefore, the K, values for these or-
ganoclays appear to increase with the percent substitution
of organic cation onto the clay mineral.

It is also useful to compare tetrachloromethane sorption
to DTMDA-clay with previous sorption data (28) for other
small, monoammonium organoclays that exhibited sorption
behavior typical of an adsorption process. Specifically,
tetrachloromethane sorption to 30 and 61% DTMDA-clay
is measurably weaker than tetrachloromethane sorption
to 41% tetramethylammonium-, 41% tetraethyl-
ammonium-, 41% benzyltrimethylammonium-, and 41%
benzyltriethylammonium-clay. The weaker sorption ob-
served by 30 and 61% DTMDA-clay may be caused by
bending and overlap of some of the alkyl chains of the
diammonium cations, which prevent solute uptake by
adsorption in certain localized areas of the interlamellar
space. (In some cases, the ends of the alkyl chain of the
diammonium cation may be attached to the surfaces of
opposing silicate layers.) Therefore, with regard to the
alkyl chain of divalent ammonium cations associated with
clays, increasing flexibility probably develops as the chain
length is increased significantly beyond 10 carbon atoms
despite the fact that the alkyl chain is fixed to the mineral
surface at both ends.
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Chronology and Sources of Anthropogenic Trace Metals in Sediments from
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B Fluxes of Pb, Cd, Zn, and Cu are measured in sediment
cores from two arctic lakes. One lake is undisturbed by
direct human activity, and the other is used for sewage
disposal. Sediment layers were analyzed for metals and
dated with 21%Pb. Sediment focusing was measured by
using a ratio of observed to expected *Cs. Focus-corrected
metal fluxes are compared between lakes and show con-
sistent background levels until the 1940s. Following World
War II, atmospheric fluxes of Pb, Cd, and Zn increased
until the early 1980s when a trend toward lower levels was
observed. Atmospheric inputs of anthropogenic trace
metals account for no more than 26% of total mass of any
of these four metals in sediment. Sewage inputs account
for 33% of total Cd mass in sediment, 30% of Zn, and less
than 25% of Pb and Cu.

Lake sediments are often used as surrogate measures of
changes in the trace metal content of various environ-
mental compartments, including the atmosphere (1-7). In
areas that are remote from pollutant metal sources, the
atmosphere is the only pathway for anthropogenic metals
to reach lakes (8-10). Sediments are also useful as an
archive of changes in point-source metal inputs when the
quantity of the nonpoint sources, including the atmos-
phere, can be measured independently. Under stable
conditions, the sediment retains a record of all inputs that
can be dated on the basis of the decay of naturally oc-
curring radioisotopes associated with sediment.

The purpose of this investigation is to measure the
historical changes in fluxes of Pb, Cd, Zn, and Cu to sed-
iments of two small, shallow arctic lakes. One lake is
undisturbed by direct human activity and receives an-
thropogenic inputs only from the atmosphere. The other
lake has been used as a sewage oxidation pond since the
late-1960s, so it receives both atmospheric and point-source
inputs of metals.

This project is the first to report anthropogenic fluxes
of Pb, Cd, Zn, and Cu to arctic lake sediments. A previous
investigation (11) identified anthropogenic Pb, apparently
derived from the atmosphere, in arctic lake sediment, but
a flux was not calculated because sedimentation rates and
redistribution were not measured. Many previous research
efforts have used snow strata or ice cores to measure the
historical atmospheric delivery of anthropogenic metals
to remote, undisturbed regions of the Arctic (12-21). An
increase in anthropogenic Pb delivery to the Arctic has
been detected this way (12), but similar studies have been
adversely affected by sample contamination, low concen-
trations of analytes in the samples, and dating uncertainty.

This report is also among the first to consider the fate
of trace metals from human waste in an arctic sewage
oxidation pond. The flux of metals in sediment in this type
of system is a sign of successful removal of metals from
waste. Previous research has focused on removal of oxygen
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demand and harmful bacteria (22) from waste, while more
recently, additional attention has been given to metal re-
moval by measuring changes in metal concentrations of
pond influents and effluents (23).

Various investigators have identified the limitations of
interpreting changes of atmospheric chemical flux by use
of lake sediment core data (e.g., refs 24 and 25). Successful
use of sediment requires that sediment cores be accurately
dated, that postdepositional sediment redistribution, or
focusing, be measured and factored into the flux, and that
the lake system analyzed not have pollutant sources within
the drainage basin. The latter requirement is easily
reached in the Arctic, where most drainage basins have no
pollutant sources. The appearance of anthropogenic
metals in arctic lake sediments shows one fate of atmos-
pheric pollutant transport to the Arctic from the midlat-
itudes, a process known to be very active and one that has
been widely investigated (e.g., refs 26 and 27).

Study Area

I collected sediment cores from two lakes on the
northern end of Flaherty Island, the largest of the Belcher
Islands in southeastern Hudson Bay (see Figure 1). Both
lakes are near the Hamlet of Sanikiluaq, NT, Canada, a
largely Inuit community with a population at the time of
sampling (1983) of ~425.

The largest of the two lakes is known locally as Imitavik.
Trace metals were analyzed in three cores, designated as
IN-7, IN-9, and IN-10, from the far-northern basin of this
lake. This basin has a 25-ha surface area, and a maximum
depth of 7.5 m at the site of core IN-10. The lake serves
as the water source for the municipal water system in
Sanikiluaq. The second lake, known as Annak, is a small,
eutrophic lake (surface area 2 ha, maximum depth 4.5 m)
used for oxidation of raw domestic sewage from the Hamlet
since the late 1960s. One core, designated as A-2, was
collected there for metal analysis. The chronology of these
cores and the physical characteristics of the lakes are
further discussed by Hermanson (28).

There are no industrial or agricultural activities in the
drainage basins of either Annak or Imitavik, so anthro-
pogenic metal inputs from these sources are not present.
The atmosphere is the only pathway for delivery of pol-
lutant metals to Imitavik during the 110-year period be-
tween the 1870s and 1980s, the time considered here.
Annak is located 2 km west-northwest from Imitavik so
both lakes receive the same atmospheric inputs.

The sewage disposal method used in Sanikiluaq since
its establishment in 1967 until 1983 was the honey bag
system. Human waste was discarded into plastic bags that
were collected regularly in the community and dumped
into Annak. All other liquid household wastes were dis-
charged on the ground. The natural drainage of the com-
munity prevented flow of household wastes into either
Imitavik or Annak. Metals found in personal care or other
household cleaning products (29) were therefore absent
from waste discharged to Annak. Bag waste systems also
did not include metals leached from plumbing systems in
the houses (e.g., ref 30) because piped water was not
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Table I. Results of Analysis of Standard Reference Materials 1645 and 2704%°

Pb Zn Cu
mean SD mean SD mean SD mean SD
SRM 2704
certified 161 17 3.45 0.2 438 12 98.6 5.0
this study® 157 11 3.56 0.2 450 32 97.2 1.0
SRM 1645
certified 714 28 10.2 1.5 1720 169 109 19
this study® 734 24 99 0.9 1758 12 124 19
Bettinelli et al. (34) 739 15 9.1 0.3 1685 45 107 9

2 All units are micrograms per gram. ®SD, standard deviation. ©Values are means of nine individual determinations.
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Figure 1. Location of the Belcher Islands and Sanikiluaq in south-
eastern Hudson Bay.

palatable to most native Hamlet residents. Metals found
in bag waste would therefore have originated from expo-
sure of the Hamlet populace to trace metals through in-
gestion or inhalation.

Methods

Sample Collection. Sediment sampling methods are
described by Hermanson (28). All cores were collected by
the gravity coring method employing 6.7-cm-diameter
polybutyrate core liners. They were sectioned at 0.5-cm
intervals from the surface to 4-cm depth, at 1-cm intervals
from 4 to 20 cm, and 5 cm to the end of each core.

Metal Analysis. Approximately 0.5 g of dried, crushed
sediment from each core section was digested in 30 mL of
50% HNO; for 4 h at ~100 °C (31, 32). Organic matter
was oxidized by five sequential 1-mL additions of 30%
H,0, at 30-min intervals. After the final addition of HyO,,
sample volumes were reduced to ~5 mL. Approximately
25 mL of mixed acid matrix modifier (0.6 N HC] and 3.2
N HNO,) was added to each sample and heated at 100 °C

2060 Environ. Sci. Technol., Vol. 25, No. 12, 1991

Table II. Values of Digestion Blanks and Limits of
Detection and Quantitation®

Pb Cd Zn Cu

Blank Values
0.000015 0.30 0.63
0.000016 0.87 0.56

mean 0.0011
SD 0.00056

Limits of Detection
0.0028 0.000063 29 2.3

Limits of Quantitation
0.0067 0.00018 9.0 6.2

2All values in micrograms. Means are based on 15 individual
analyses of blank.

for 15 min. The solutions were allowed to cool, filtered
through No. 42 Whatman filter paper, and volume-ad-
justed with distilled-deionized water to 100 mL.

Each section of the four cores was analyzed for Pb, Cd,
Zn, and Cu. Pb and Cd were analyzed by using a graphite
furnace AAS equipped with a square graphite cuvette and
a L'vov platform. The low level of matrix interferences
introduced during atomization from the platform enabled
quantitation by comparison to aqueous standards (33). Zn
and Cu were analyzed by flame AAS.

The AAS was automatically recalibrated with a cali-
bration blank and a midlevel calibration standard after
every eight samples, followed by either a digestion blank
or a standard reference material (SRM). Thus, over 27%
of the instrumental analysis was devoted to quality control
samples.

One blank and one SRM were digested with each group
of 14 samples. The SRMs were 1645 (river sediment) or
2704 (Buffalo River sediment) from the National Institute
for Science and Technology. Results of the SRM analyses
(Table I) are within certified ranges for all elements and
compare favorably with values obtained by others using
the L'vov platform (34).

The limit of detection (LOD) for each metal was com-
puted as the mean value of the blank (X) plus 3 times the
standard deviation (¢), while the limit of quantitation
(LOQ) for each element was the quantity (X + 100) (35).
Blank, LOD, and LOQ values appear in Table II.

Dating Analysis and Flux Calculations. Core dating
is discussed by Hermanson (28). Cores were analyzed for
20Ph and dated by use of the constant rate of supply
(CRS) model (36). A year was assigned to the top of each
sediment layer beginning with 1983 at the top of each core.
Sediment porosity (¢) was estimated by assuming a solids
density of 2.45 g/cm®. Bulk density (g/cm® was calculated
as the product of solids density and the quantity (1 - ¢).
An areal solids burden (g/cm?) to each core layer was the
product of bulk density and thickness of the sediment
layer. The areal burden of metal in each layer was com-
puted as the product of the areal solids burden (g/cm?



Table III. Years Corresponding to Eras of Individual
Imitavik and Annak Sediment Cores

era IN-7 IN-9 IN-10 A-2
surface 1982-83 1982-83 1980-83 1982-83
Hamlet 1966-83 1966-83 1965-83  1968-83
post-WWII  1946-66 1945-66 1949-65 1946-68
pre-WWII 1902-46 1903-45 1902-49 1897-1946

19th century 1875-1902 1874-1903 1873-1902 1869-97

and the metal concentration (ug/g). The total burden to
several layers divided by the representative number of CRS
years yields an average annual flux (ug/cm? per year) over
that time period.

Focus Correction. Sedimentation rates measured in
Imitavik cores vary by a factor of ~3 because of postde-
positional resuspension and redistribution of sediment in
parts of the lake. This process, known as sediment fo-
cusing, also affects fluxes of metals associated with sedi-
ment. The metal flux in cores with redistributed sediment
will represent atmospheric deposition to the lake surface
if focus correction is used. A common focus correction
factor is derived from the inventory of '*’Cs in sediment
and is measured as a ratio of the total burden of *’Cs in
sediment to an estimated total ¥Cs fallout at the sampling
site (28, 37-39). The ¥'Cs inventories for these cores are
reported elsewhere (28). The focus-corrected fluxes of
trace metals from a series of cores within a lake should be
similar if the background amounts and anthropogenic
sources of metals are the same at each coring site.

Historical Flux Comparisons. Average annual fo-
cus-corrected fluxes of metals during four different his-
torical periods covering 110 years are used to show changes
in metal fluxes to the lakes sampled here. These averages
integrate the changes that occur over several years, al-
lowing comparison of cores with different sedimentation
rates. The periods vary slightly between cores because of
different dating resolution (Table III). In addition, surface
fluxes were calculated as the product of mass sedimenta-
tion rate (28) and the concentrations of metals in the
surface sediment layers.

The last quarter of the 19th century, from the early
1870s to ~1900, is the oldest period with quantifiable
unsupported 2'%Pb in Imitavik and Annak sediments and
therefore is the oldest period that could be dated. Metal
fluxes to Sanikiluaq area lakes during this period are as-
sumed to represent background levels because the metal
concentrations in the core sections are not significantly
different from each other during that time. None of the
cores collected here could be accurately dated before 1870,
preventing an earlier Pb flux measurement that may have
resulted in a lower background. Greenland ice core data
from Murozumi et al. (12) show that anthropogenic Pb first
appeared after the mid-18th century, in which case a true
Pb background would be obtained in sediment layers dated
from the early 1700s. Alternatively, Evans and Rigler (9)
showed the earliest appearance of anthropogenic Pb in lake
sediments in northern Quebec to be ~100 years later.
These findings suggest that the background Pb fluxes
reported here may include some anthropogenic Pb. The
anthropogenic Pb fluxes may therefore be conservative.

The pre-WWII era covers the period from ~1900 to the
mid-1940s. The use of lead as a gasoline additive began
during this period (12, 40) and became the largest source
of atmospheric Pb after 1924 (41). The post-WWII period
covers the late 1940s to the late 1960s and shows the
residues of human activity in the Arctic following WWIL.
Atmospheric transport of trace metals to the Arctic
probably increased significantly following WWIIL. Muro-
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Figure 2. Comparative historical focus-corrected Pb fluxes to Imitavik
and Annak sediments. The diagonal is the line of equal flux. Moving
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Figure 3. Comparative historical focus-corrected Cd fluxes to Imitavik
and Annak. See Figure 2 caption for further explanation.

zumi et al. (I2) observed that Pb concentration in
Greenland snow strata dated 1946 and later were 3—4 times
more concentrated than pre-WWII levels.

The most recent flux period covers the years from the
establishment of the Hamlet of Sanikiluaq in 1967 to the
sampling year (1983). Metal fluxes measured in the two
lakes for this era show atmospheric inputs and the in-
creased metal loads in Annak caused by sewage disposal.
The surface sediment flux covers the last 1-3 years of this
16-year period, showing trends of the early 1980s.

Measurement of Anthropogenic Source Contribu-
tions. Total atmospheric burdens of each metal in Imi-
tavik sediment are measured as the difference between
total areal burden and total background burden. In An-
nak, the anthropogenic burden (sewage + atmospheric) is
calculated as in Imitavik. The sewage burden in Annak
is the difference between total anthropogenic burden and
the atmospheric burden to Imitavik. It is assumed that
the background metal fluxes to Imitavik and Annak have
not changed during the 110-year period investigated here
and that flux amounts in excess of this background are
from anthropogenic sources.

Results and Discussion

Changes of Historical Fluxes. Figures 2-5 show the
changes in individual metal fluxes occurring between
historical periods. The diagonal lines in the figures rep-
resent equal flux to both lakes. The 19th century value
is the background flux and, with the exception of Cu, is
the same in both lakes. Points on the diagonal line above
the background level show the anthropogenic contribution
by the atmosphere, which is the same to both lakes. The
vertical distance that a point lies above the diagonal rep-
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Figure 5. Comparative historical focus-corrected Cu fluxes to Imitavik
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resents flux to Annak resulting from sewage disposal.
Figure 2 shows that the pre-WWII Pb fluxes to Imitavik
and Annak are not significantly different from each other
or from background. The post-WWII period Pb flux to
both lakes was equal and approximately 2 times greater
than background. During the Hamlet era (following 1968),
the Pb flux to Imitavik was ~3 times greater than the
background amount, while in Annak, the effect of sewage
disposal increased the flux to greater than 5 times back-
ground. The Pb flux to surface sediment in Imitavik is
lower than the Hamlet era flux, while it remains constant
in Annak. If atmospheric deposition to the surface sedi-
ment has declined, then it appears that inputs from sewage
have increased to maintain the constant Pb flux to Annak.
Figure 3 shows that the late-19th century and pre-WWII
Cd background fluxes to both lakes are not significantly
different. Post-WWII Cd deposition to Imitavik has nearly
doubled and has increased even more in Annak. Since
sewage disposal to Annak began after 1967, the appearance
of greater Cd flux there than in Imitavik during the
post-WWII era suggests inaccuracy in sediment dating or
postdepositional migration of Cd. Since the excess Cd was
probably deposited later, during the Hamlet era, the flux
measured during the Hamlet era is probably less than the
actual value. As shown, the Hamlet-era Cd flux to Annak
is over 6 times greater than background and is 2 times
greater than the post-WWII value. The Cd flux to Imi-
tavik during the Hamlet years is again approximately
double the background value and not significantly greater
than post-WWII. The surface Cd flux is not significantly
different from the Hamlet-era flux. In Annak the surface
flux is nearly 8 times greater than background and greater
than Hamlet-era flux, showing that Cd inputs in recent
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years are increasing relative to the average for the Hamlet
era.

The Zn flux history in Imitavik shows a small atmos-
pheric contribution following WWIIL. The Hamlet-era Zn
flux is greater than background (see Figure 4), but the
magnitude of the increase is less than that of Pb and Cd
fluxes at that time. The surface Zn flux to Imitavik is
roughly the same as the background level, suggesting that
the anthropogenic atmospheric contribution to recent
sediments is very low. Annak shows large Zn contributions
from sewage; the Hamlet-era flux is 5 times background,
while the surface flux is even more enriched, showing the
same trend observed with Cd.

Cu flux history, shown in Figure 5, differs from the other
metals because the background fluxes to the two lakes are
different. Cu flux to Imitavik shows little change through
these periods. The Hamlet-era flux is significantly greater
than pre-WWII, but the amount is small. As with Cd, the
post-WWII Cu flux to Annak is higher than expected and,
again, may result from dating inaccuracy or postdeposi-
tional Cu migration. Sewage disposal during the Hamlet
era has led to a Cu flux that is more than double the Annak
background value.

The atmospheric flux of each of these four metals in-
creased at some time following WWIIL. Greater industrial
activity in the midlatitudes of North America and Europe
or in Arctic regions outside North America during or
following the war would contribute to these increases. This
result has important application to materials that are
transported to the Arctic through the atmosphere and form
the Arctic Haze each spring (26, 27).

The total atmospheric anthropogenic burdens of these
metals (in pug/cm?) are 4.6 for Pb, 0.077 for Cd, 4.0 for Zn,
and 6.7 for Cu. The Pb value agrees well with an at-
mospheric burden of 4.2 ug/cm? measured from a lake in
northern Quebec by Evans and Rigler (9). Their sampling
site was ~420 km east from Sanikiluaqg.

Recent fluxes of Pb may have declined, as indicated by
the trends of fluxes to surface sediments. This has been
observed by investigators outside the Arctic (5, 42) and is
attributed to lower metal emissions by industries and by
decline in consumption of gasoline with Pb additives
during the 1970s (43). However, the surface sediment data
do not support a long-term trend because only 1-3 years
of integrated flux are included in the surface measurements
from Imitavik, less than the other historical periods used
for comparison. Also, surface sediment in cores IN-7 and
IN-9 may have been mixed, which would obscure the re-
cord of decreased flux and contribute to the broad error
ranges in Imitavik surface fluxes.

Atmospheric Sources. All of the metals analyzed here
are considered to be readily transported by the atmosphere
(44). The relative amounts of anthropogenic metals in
Imitavik sediments should then correspond to relative
proportions of those metals emitted to the atmosphere
from anthropogenic sources, or to atmospheric flux mea-
surements. Estimates of global metal emissions from an-
thropogenic sources by Nriagu and Pacyna (43), Pacyna
(45), and Galloway et al. (25) show ratios of total masses
of the four metals of interest here to be Pb > Zn > Cu >
Cd. However, relative burdens of anthropogenic trace
metals in Imitavik sediment show a pattern of Zn > Pb
> Cu > Cd. The latter pattern is similar to the relative
amounts of these metals observed in wet deposition to rural
and remote areas tabulated by Galloway et al. (25).

The fluxes of anthropogenic metals to Imitavik during
the Hamlet era are similar to the measured atmospheric
deposition at Moonbeam, ON (46), ~800 km to the
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south-southwest (see Figures 1 and 6). The Moonbeam
data are only for 1 year and show an unusually high level
of Cd in comparison to other sites in Ontario (46). How-
ever, the similarity of fluxes and the relative values be-
tween metals suggest that the source of these metals at
both sites is characteristic of the rural/remote type. The
Imitavik sediment fluxes are less than the Moonbeam
values because of an expected northward decline in wet
deposition of metals caused by lower precipitation amounts
and lower metal washout in the North (47). The Moon-
beam flux data may be higher because they also include
both anthropogenic and background fluxes from the at-
mosphere.

Pb is the most anthropogenically enriched of the four
metals measured in Imitavik sediment although second to
Zn in total pollutant mass (see Figure 7). It has been
recognized for many years that Pb compounds used as
antiknock additives in gasoline were transported through
the atmosphere and appear in lake sediments (41). The
similarity of historical patterns between gasoline-based Pb
consumption in the United States and the anthropogenic
Pb in Imitavik sediment suggests that much of the Pb
found in the lake sediment may have originated from
motor fuel (see Figure 8). A further indication of this
relationship is the significantly lower Pb flux to Imitavik
surface sediments in comparison with the 1968-1983 pe-
riod, representing the Hamlet era (see Figure 2). Con-
sumption of gasoline with Pb additives declined sharply
during the latter part of this period (40).

The other metals analyzed here do not have singular
sources to the atmosphere comparable to Pb so that flux
histories cannot be associated with any particular sources
or events.

The atmosphere is the source of 25% or less of the total
sediment burden of these metals in either Imitavik or
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Figure 8. Historical distribution of U.S. gasoline-based Pb consumption
and of anthropogenic Pb in Imitavik sediments. The percentages of
each source add to 100. Gasoline data are from ref 42.
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Annak (see Figure 7). These amounts are significant but
are small in comparison to burdens in midlatitude lakes.
Sediment analyses of Lake Michigan, for example, show
that more than 75% of Pb and Cd and greater than 50%
of Zn inputs are from anthropogenic sources (2).

Sewage Sources. In comparison with the atmospheric
contribution to Annak, sewage from an average population
in Sanikiluaq of ~300 persons over 15 years is the source
of over twice as much Cd, over 5 times as much Zn, and
40% more copper than the atmosphere (see Figure 7). The
Pb contribution from sewage is only ~78% as much as
from the atmosphere.

In comparison to the background burdens, Cd is more
enriched by sewage dumped into Annak than any of the
other metals. Studies of human exposure to metals from
ingestion and inhalation show high exposure of the Inuit
to Cd. An investigation of Inuit exposure to metals in
Greenland showed that Cd dietary intake was 12 times the
provisional tolerable weekly intake (PTWI) established by
the World Health Organization (48). Seal kidney and liver,
typical components of the Inuit diet, are concentrated
sources of Cd (49). Investigations of Greenland Inuit by
Hansen (48) showed a significant relationship between
blood Cd concentrations and cigarette smoking, a habit
practiced widely in Sanikiluaq. These results suggest a
link between human exposure to Cd and the elevated
amounts found in Annak sediments.

Klein et al. (50) observed that residential waste from
New York City contributed more Cd, Zn, and Cu to
treatment plants than any other source, including indus-
tries known for large quantities of metal discharge. This
result is consistent with the heavy loading of Cd and Zn
in Annak from human waste, although residential wastes
from New York include metals from household products
and plumbing systems.

The elevated metal concentrations in Annak sediments
since the beginning of the Hamlet era show that this
treatment method is removing some of the metal load in
sewage. Since sewage input to Annak is unknown, metal
removal efficiency cannot be measured. However, Soniassy
and Lemon (23) estimated that a serial lagoon treatment
system in subarctic Yellowknife, NT, removes 83% of Pb,
90% of Cd and Zn, and 60% of Cu. Lagoon treatment
thus can be an effective means of removing metals from
sewage in cold environments.

Conclusion

Fluxes of Pb, Cd, Zn, and Cu from the atmosphere to
lake sediments in southeastern Hudson Bay increased
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following World War II apparently in response to greater
emissions to the atmosphere in midlatitudes. The relative
amounts of these metals in atmospheric flux are charac-
teristic of rural/remote deposition, and during the last 15
years of record, the actual fluxes are similar to atmospheric
deposition in a remote area farther south. The source of
these enriched amounts of metals is probably from outside
of the North American Arctic. Although the atmosphere
has delivered more metals to arctic lakes since World War
II, the burdens attributable to the atmosphere are not
more than 26% of the total metal burden in sediment of
an otherwise undisturbed lake.

Disposal of human waste into a small arctic lake caused
large increases in sediment fluxes of all metals measured,
although Cd and Zn were most enriched relative to sedi-
ment background amounts. Approximately one-third of
the total burden of Cd and Zn are attributable to sewage
inputs. The deposition of metals from sewage shows that
the pond type of waste disposal system is removing some
of the metals load from sewage.

Acknowledgments

Several residents of Sanikiluaq, including John Jamie-
son, Johnny Meeko, and Hamlet administrative officer
Lucassie Kittosuk, helped with this work by providing
lodging, scuba gear, and temporary laboratory space. J.
R. Brozowski helped with sampling work. P. D. Anderson
and R. W. Paddock helped with metal analysis. Jane
Domier prepared the map. Special thanks to Donn Ha-
glund, who arranged my first visit to the study site and
who encouraged later work. This research was conducted
under the authority of the Science Advisor of the North-
west Territories, Canada, Scientific Research License 2803.

Registry No. Pb, 7439-92-1; Cd, 7440-43-9; Zn, 7440-66-6; Cu,
7440-50-8.

Literature Cited

(1) Charles, M. J.; Hites, R. A. In Sources and Fates of Aquatic
Pollutants; Hites, R. A.; Eisenreich, S. J., Eds.; American
Chemical Society: Washington, DC, 1987; Chapter 12.

(2) Christensen, E. R.; Chien, N. K. Environ. Sci. Technol. 1981,
15, 553-558.

(3) Edgington, D. N.; Robbins, J. A. Environ. Sci. Technol.
1976, 10, 266-274.

(4) Bruland, K. W.; Bertine, K.; Koide, M.; Goldberg, E. D.
Environ. Sci. Technol. 1974, 8, 425-432.

(5) Verta, M.; Tolonen, K.; Simola, H. Sci. Total Environ. 1989,
87/88, 1-18.

(6) Evans, R. D,; Rigler, F. H. Environ. Sci. Technol. 1980, 14,
216-218.

(7) Johansson, K. Water, Air, Soil Pollut. 1989, 47, 441-455.

(8) Nriagu, J. O; Kemp, A. L. W.; Wong, H. K. T.; Harper, N.
Geochim. Cosmochim. Acta 1979, 43, 247-258.

(9) Evans, R. D,; Rigler, F. H. Water, Air, Soil Pollut. 1985,
24, 141-151.

(10) Ouellet, M.; Jones, H. G. Can. J. Earth Sci. 1984, 20, 23-36.

(11) Muller, G.; Barsch, D. Environ. Technol. Lett. 1980, 1,
131-140.

(12) Murozumi, M.; Chow, T. J.; Patterson, C. Geochim. Cos-
mochim. Acta 1969, 33, 1247-1294.

(13) Herron, M. M.; Langway, C. C., Jr.; Weiss, H. V_; Cragin,
J. H. Geochim. Cosmochim. Acta 1977, 41, 915-930.

(14) Wolff, E. W_; Peel, D. A. Nature 1985, 313, 535-540.

(15) Weiss, H.; Bertine, K.; Koide, M.; Goldberg, E. D. Geochim.
Cosmochim. Acta 1975, 39, 1-10.

(16) Mart, L. Tellus 1983, 35B, 131-141.

2084 Environ. Sci. Technol., Vol. 25, No. 12, 1991

(17) Ross, H. B.; Granat, L. Tellus 1986, 38B, 27-43.

(18) Davidson, C. I; Chu, L.; Grimm, T. C.; Nasta, M. A.;
Qamoos, M. P. Atmos. Environ. 1981, 15, 1429-1437.

(19) Boutron, C. Geochim. Cosmochim. Acta 1979, 43,
1253-1258.

(20) Barrie, L. A;; Vet, R. J. Atmos. Environ. 1984, 18, 1459-1469.

(21) Gorzelska, K. Atmos. Environ. 1989, 23, 2729-2737.

(22) Miyamoto, H. K.; Heinke, G. W. Can. J. Civil Eng. 1979,
6, 324-328.

(23) Soniassy, R. N.; Lemon, R. Water Sci. Technol. 1986, 18,
129-139.

(24) Nriagu, J. O.; Wong, H. K. T.; Coker, R. D. Environ. Sci.
Technol. 1982, 16, 551-560.

(25) Galloway, J. N.; Thornton, J. D.; Norton, S. A.; Volchok,
H. L.; McLean, R. N. A. Atmos. Environ. 1982, 16,
1677-1700.

(26) Rahn, K. A. Atmos. Environ. 1981, 15, 1507-1516.

(27) Barrie, L. A;; Hoff, R. M.; Daggupaty, S. M. Atmos. Environ.
1981, 15, 1407-1419.

(28) Hermanson, M. H. Geochim. Cosmochim. Acta 1990, 54,
1443-1452.

(29) Stephenson, T. In Heavy Metals in Wastewater and Sludge
Treatment Processes; Lester, J. N., Ed.; CRC Press: Boca
Raton, FL, 1987; Vol. I, Chapter 2.

(30) Samuels, E. R.; Meranger, J. C. Water Res. 1984, 18, 75-80.

(31) Krishnamurty, K. V,; Shpirt, E.; Reddy, M. M. At. Absorpt.
Neuwsl. 1976, 15, 68-70.

(32) Katz, S. A.; Jenniss, S. W.; Mount, T.; Tout, R. E.; Chatt,
A. Int. J. Environ. Anal. Chem. 1981, 9, 209-220.

(33) Sturgeon, R. E;; Desaulniers, J. A. H.; Berman, S. S.; Russell,
D. S. Anal. Chim. Acta 1982, 134, 283-291.

(34) Bettinelli, M.; Pastorelli, N.; Baroni, U. Anal. Chim. Acta
1986, 185, 109-117.

(35) Keith, L. H,; Libby, R. A.; Crummett, W.; Taylor, J. K,;
Deegan, J., Jr.; Wentler, G. Anal. Chem. 1983, 55,
2210-2218.

(36) Appleby, P. G.; Oldfield, F. Catena 1978, 5, 1-8.

(37) Christensen, E. R.; Bhunia, P. K. J. Geophys. Res. 1986,
91C, 8559-8571.

(38) Hermanson, M. H.; Christensen, E. R.; Buser, D. J.; Chen,
L. M. J. Great Lakes Res. 1991, 17, 94-108.

(39) Eisenreich, S. J.; Capel, P. D.; Robbins, J. A.; Bourbonniere,
R. Environ. Sci. Technol. 1989, 23, 1116-1126.

(40) Boyle, E. A.; Chapnick, S. D.; Shen, G. T. J. Geophys. Res.
1986, 91C, 8573-8593.

(41) Nriagu, J. O. Nature 1979, 279, 409-411.

(42) Rippey, B. Philos. Trans. R. Soc. London 1990, 327B,
311-317.

(43) Nriagu, J. O.; Pacyna, J. M. Nature 1988, 333, 134-139.

(44) Lantzy, R. J.; Mackenzie, F. T. Geochim. Cosmochim. Acta
1979, 43, 511-525.

(45) Pacyna, J. M. In Toxic Metals in the Atmosphere; Nriagu,
J. 0., Davidson, C. I, Eds.; John Wiley & Sons: New York,
1986; Chapter 2.

(46) Chan, W. H.; Chung, D.; Tang, A. J. S. Acidic Precipitation
in Ontario Study. Precipitation Concentration and Wet
Deposition Fields of Pollutants in Ontario, 1982; ARB-
142-84-ARSP API-12-84; Ontario Ministry of the Envi-
ronment: Toronto, ON, Canada, 1984.

(47) Hardy, E. P.; Meyer, M. W,; Allen, J. S.; Alexander, L. T.
Nature 1968, 219, 584-587.

(48) Hansen, J. C. In Arctic Air Pollution; Stonehouse, B., Ed.;
Cambridge University Press: Cambridge, U.K., 1986; pp
249-257.

(49) Nordstrom, R. J.; Schweinsberg, R. E.; Collins, B. T. Sci.
Total Environ. 1986, 48, 195-212.

(50) Klein, L. A;; Lang, M.; Nash, N.; Kirschner, S. L. J—Water
Pollut. Control Fed. 1974, 46, 2653-2662.

Received for review February 12, 1991. Revised manuscript
received June 17, 1991. Accepted June 28, 1991.



Environ. Sci. Technol. 1991, 25, 2065-2070

Kinetics and Transport Parameters for the Fixed-Bed Catalytic Incineration

of Volatile Organic Compounds

Albert C. Frost, John E. Sawyer, and Jerry C. Summers

Allied Signal Inc., Tulsa, Oklahoma 74104
Yatish T. Shah* and Carlos G. Dassori

College of Engineering and Applied Sciences, The University of Tulsa, Tulsa, Oklahoma 74104

B The accurate sizing of a commercial catalytic incinerator
from laboratory data requires a comprehensive mathe-
matical model for the reactor. Allied Signal has developed
one such model, which is capable of (a) predicting Lang-
muir-Hinshelwood rate constants and the alumina layer
mass-transfer coefficient through a nonlinear regression
fitting of the experimental data obtained in a laboratory
adiabatic, fixed-bed reactor and (b) sizing a commercial
reactor for the desired performance for given sets of kinetic
and transport parameters. The model considers axial
dispersion of both mass and heat as well as mass-transfer
resistance at the gas—solid interface. The mathematical
model correlated the experimental data for the conversions
of n-hexane, n-octane, n-decane, and n-dodecane well over
wide ranges of superficial gas velocities, bed depths, tem-
peratures, and inlet concentrations.

Introduction

Catalytic incineration has become a desirable way to
control the emission of volatile organic compounds (VOCs).
Its relatively low operating temperature requires less fuel
and less expensive materials of construction than does
thermal incineration.

The proper design of a fixed-bed reactor for catalytic
incineration requires the knowledge of kinetic and trans-
port parameters, and an appropriate mathematical de-
scription of the reactor behavior. This description has
usually been in the form of a simple isothermal model
having a single global rate constant (1).

A more sophisticated model is presented in this paper
that incorporates a Langmuir-Hinshelwood kinetic ex-
pression, a bulk film mass-transfer coefficient for the gas
flowing around the catalyst pellets, a solid mass-transfer
coefficient for any layer of refractory support (e.g., alu-
mina) that may be covering the noble metal, and the
dispersion coefficients for the mass and heat along the
length of the reactor. The model can also be modified
slightly to describe these same rate processes in a mono-
lithic bed.

This model is used to estimate four Langmuir-Hin-
shelwood constants and the mass-transfer coefficient for
the alumina layer covering the platinum from laboratory
temperature—conversion data for n-hexane, n-octane, n-
decane, and n-dodecane. The curves generated by the
model using these derived rate constants closely match the
experimental curves for conversions over a wide range of
space velocities, bed depths, and temperatures. Such a
capability makes the model a valuable tool for predicting
the performance of commercial reactors.

Mathematical Model

The present model for the fixed-bed reactor containing
spherical particles is somewhat similar in character to the
one presented by Carberry and Wendel (2). It incorporates

*Present address: College of Engineering, Drexel University,
Philadelphia, PA 19104.
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a different fluid-solid mass-transfer mechanism and uses
simpler heat equations, which reduces the number of un-
known constants that need to be derived from the data.
It makes the following assumptions:

(1) The reactor is operated under adiabatic and
steady-state conditions.

(2) There are no radial concentration or temperature
gradients.

(38) The axial mass and temperature dispersions are
characterized by the usual dispersion coefficients.

(4) The mass-transfer resistance through the gas film
surrounding each catalyst particle is characterized by the
usual bulk film mass-transfer coefficient. The corre-
sponding heat-transfer resistance is neglected.

(5) The noble metal is deposited on a refractory oxide
(e.g., alumina) support as a single film. This film can reside
either on the outside surface of the support or at some
discrete distance within the support. The mass transfer
through the resulting alumina layer is described with a
solid mass-transfer coefficient. The corresponding heat-
transfer resistance is once again neglected.

(6) The intrinsic reaction rate for the oxidation of the
VOCs follows the Langmuir-Hinshelwood kinetic ex-
pression. The oxygen concentration is assumed to be in
excess and is not explicitly incorporated into the expres-
sion.

(7) The heat of reaction for the VOCs and the heat
capacity of the gas stream are independent of temperature.

(8) The temperature dependence of the gas flow rate,
concentration, and density are governed by the ideal gas
law.

(9) The temperature dependence of the bulk film
mass-transfer coefficient follows the relationship described
by Thoenes and Kramers (3).

(10) As shown by Oh et al. (4) for an effective diffusion
coefficient in an alumina particle, the temperature de-
pendence of the solid mass-transfer coefficient is assumed
to be proportional to the absolute temperature raised to
the 1.4 power.

Figure 1 illustrates a schematic of the concentration
profile across the exterior bulk gas film and the alumina
layer that covers the film of noble metal. It is worth noting
that while the alumina layer may slow down the rate of
a simple first-order reaction, it may actually increase the
rate of a Langmuir-Hinshelwood reaction, particularly for
the case where the reactant is strongly adsorbed (5).

Governing Equations

With the previous assumptions, a differential material
balance for the reacting VOC species can be expressed as

d dC d
== e e = = % =
dx(De i ) i uC) - ka,(C-C*) =0 (1)
At steady state, the mass-transfer rates can be equated to
the rate of reaction as

kya,(C - C*) = Dya’,/L*(C*, ~ C)= (1 - gwry (2)
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where the intrinsic kinetic reaction rate is expressed by
a Langmuir-Hinshelwood equation of the type

k. exp(-E/R,T)C,

"R 1+ k% exp(q/RgT)Cg]2 @

Equations 1-3 are subjected to the boundary conditions
atx =0 u(Cy-C)=-D,(dC/dx) 4)
dC/dx =0 (5)

atx =L

The differential heat balance for the reactor can be ex-
pressed as

i(xeﬂ ) - ;—x(upcpﬂ + (-AHR)(1 - 9wra =0  (6)

dx\ “dx
subjected to the boundary conditions
atx=0 peu(Ty — T) = -\, (dT/dx) 7)

atx=L (dT/dx)=0 (8)

Finally, the continuity equation leads to
(d/dx)(pu) = 0 (€)]

The above equations can be dedimensionalized by using
the expressions

C=(C-0)/Cy (10)
=(Cy-Cy)/Cy (11)

= (Cy- C*)/Cy (12)
z=x/L (13)

oy = kla,L/u, (14)
Bi = D*,a’,L/L*u, (15)
D*, = DJe{(T / Tref)14 (16)
Q=k’.C, 17)

Da = (1 - ¢wk.L/u° (18)
v =E/R[T, (19)

v =q/R;T, (20)
0=(T-Ty/T, (21)

8 = (-AHR)Cy/p°C, T, (22)
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Pe,, = uoL /D, (23)

Fa = (1 = ewraL /Coug (24)
p=p/p° (25)
u=u/u° (26)
Pey, = p°CLu’L /A, (27)
kg = ky /R (28)
D, = D,/D°, (29)
which leads to the dimensionless expressions
Pim :z (32) + La(1 - ) - auhy(C - C*) = 0 (30)
anhy(C*, - C) = BiD,(C,- C*) =7, (31)
v - Da(l - Cs_) exp(-y/(1 + 0)) 32)

[1+ 901 -C,) exp(y’ /(1 + 6)]2
with the boundary conditions

atz =0 (1/Pey)(dC/d2) = aC (33)
dC/dz =0 (34)

atz=1

Similarly, the differential heat balance equation can be
expressed as subject to the boundary conditions

1 d (Q) - d—d;(i)a(l +0)+pra=0 (35

Peh dz \dz
atz =0 pud = (1 /Pey)(db/dz) (36)
atz=0 di/dz=0 37

Finally, the continuity equation can be expressed as
(d/dz)(pz) = 0 (38)

The temperature dependence of the gas density is based
on the ideal gas law. The gas—solid mass-transfer coeffi-
cient, the gas viscosity, and the temperature coefficient for
the VOC-air diffusivity are calculated from correlations
presented by Theones and Kramers (3), Reid et al. (6), and
Benton and Hewitt (7), respectively. Mass and heat Peclet
numbers for the reaction conditions examined in this study
are based on the particle diameter and are estimated to
have a value of 2 (8). The above equations do not consider
the effect of temperature change on the gas-phase con-
centration. The equations are strictly appropriate only
when heat generation and temperature rise are small.

In the present analysis the above described model is
fitted to the experimental temperature—conversion data
by optimizing tried values for the four rate parameters in
the Langmuir-Hinschelwood kinetic expression and for the
mass-transfer coefficient for the alumina layer covering the
noble metal. IMSL’s DBCLSF optimization routine is
used to obtain the nonlinear regressive fitting along the
entire range of the temperature—conversion curve. This
optimization routine relies on IMSL’s DBVPFD boundary
value problem solver routine to find each of the calculated
conversions for each set of reiterated rate constants.

The calculations start with a set of values for the pa-
rameters and the system of differential equations is solved
by DBVPFD mathematics routine. As a result, the exit
conversion that satisfies the boundary conditions is ob-
tained. These results are taken by the mathematics sub-
routine DBCLSF, which is essentially the implementation
of the Marsquordt algorithm, and a better set of param-
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eters is computed. The process is repeated until no further
improvement of the fitting is found. The result is the set
of parameters that best fit the data with the predictions
of the model.

Once the five rate constants are found in this manner,
they can be fed back into the program to determine design
parameters for commercial reactors. These design pa-
rameters can be either the space velocity required for a
new reactor to attain a targeted conversion or the con-
version that will result from an existing reactor having a
fixed catalyst volume and a fixed volumetric flow rate. The
form of the model that solves for the space velocity of a
new commercial reactor uses both routines and reiterates
in reactor diameter (for a given bed depth) until the pre-
scribed destruction efficiency is achieved. The form of the
model that solves for the destruction efficiency of an ex-
isting commercial reactor requires only a single pass
through the DBVPFD program.

Experimental Section

Reactor System. A schematic of the experimental
system is outlined in Figure 2. It shows that metered air
and nitrogen streams are passed through water and liquid
hydrocarbon saturators, respectively, before they are
combined with an additional nitrogen stream to form the
inlet feed stream to the reactor. The relative amounts of
these streams are such that the combined feed stream has
a 50% relative humidity at room temperature and contains
12% oxygen. The total volumetric flow rate is checked
with a piston-type flow rate calibrator (Tracor Atlas, Inc.).

The water-saturated air stream and the additional ni-
trogen stream are passed through a preheater before they
are joined by the hydrocarbon-saturated nitrogen stream
at the inlet of the reactor. The combined stream then
passes down through the catalyst bed (typically 1.0 in. in
diameter and 4.0 in. long).

The effluent stream is cooled through a coil before it is
split into two parts; one part goes directly to vent and the
other to a sample pump that pressurizes it to 6 psig. A
small portion of this pressurized stream is fed to the FID,
while the rest is passed through a back-pressure regulator
and out to vent. This arrangement gives a rapid analytical
response and a means of keeping the pressure at the outlet

of the reactor to very close to ambient pressure.

Run Procedure. The FID reading for the inlet hy-
drocarbon concentration is obtained by analyzing the inlet
stream as it is bypassed around the reactor. During this
time the preheater and reactor are heated to approximately
200 °F. The run starts when the bypassed fluid is directed
through the reactor and the temperatures of the preheater
and reactor are increased at a rate of 85 °F/h. The tem-
peratures at the top (inlet), wall, and bottom (outlet) of
the bed are recorded with the corresponding FID reading
at every 25 °F temperature rise. The outlet temperature
is adjusted in respect to the inlet temperature to reflect
the expected temperature rise resulting from the oxidation
of the VOCs, while the wall temperature is maintained at
an intermediate temperature. Most of the runs are made
at low VOC concentrations and, hence, with temperature
rises that are less than 75 °F.

The experimental data were obtained for n-hexane,
n-octane, n-decane, and n-dodecane with a 2—4-in. catalyst
bed, at 15000-45000 h™* GHSVs and in the temperature
range of 260 to 750 °F. The inlet concentration was varied
from 387 to 234 ppm.

Catalyst. The catalyst was in the form of a 0.12-in.-
diameter alumina spheres with the platinum distributed
as a sharp Gaussian curve slightly below the outer surface,
with a resultant average layer loading of approximately 0.2
wt % platinum. The fresh BET surface area was 100 m?/g
and the fresh pore volume totaled 1.09 mL/g, 69% of
which was wider than 1000 A. It was activated by heating
to 1300 °F for 16 h in air that had been saturated with
water at room temperature and subsequently subjecting
it to a 950 °F, 2000 ppm, 67 vol % propylene/33 vol %
propane stream for 4 h.

Results

Figure 3 shows the fits of the mathematical model to the
n-decane and n-dodecane data at 15000 h™! GHSV. The
value for the transport parameter D *a’,/L* was deter-
mined by applying the model to the experimental data for
n-dodecane for the conditions where mass transfer is the
rate-controlling step. This is at the high-temperature
plateau region of the temperature—conversion curve, where
the kinetic rate is assumed to be infinitely fast and only
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Table I. Derived Rate Constants from Data Shown in Figure 8 (GHSV = 30000 h')

component k., m3/kgs E, kJ /kmol k’., m®/kmol q, kJ /kmol D/ja’,/L*, s7*
n-Cg 9.2 X 10% 2.1 x 10 1.6 4.7 X 10* 127.7
n-Cg 6.2 X 104 2.9 x 10* 10.0 3.3 X 10* 110.4
n-Cyo 5.2 X 10° 3.0 X 104 5.6 X 102 1.7 X 10* 96.4
n-Ciy 1.0 X 107 4.0 x 10¢ 10.0 1.2 X 10* 88.0
T ] -
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Figure 3. Fit of n-decane and n-dodecane data with model.

the bulk gas film and alumina layer mass-transfer steps
control the reaction process. Since the bulk gas film
mass-transfer coefficient is estimated from the literature,
the alumina layer mass-transfer coefficient is the only
unknown in the solution of the mathematical equations.

The value for D,"a’,/ L* obtained in this manner was
88 s7! at 225 °F, which was in good general agreement with
a 190 s7%; a value calculated from the effective diffusivity
for CO in a Pt/alumina catalyst reported by Oh et al. (4).
It should be mentioned that D."*a’,/L* is estimated from
a small difference between two large numbers (the pre-
dicted conversion minus the experimental conversion) and
consequently is sensitive to experimental error. While this
experimental error affects the absolute magnitude of
D,™a’,/L*, the absolute magnitude has a negligible effect
on the fitting of the data below the plateau portion of the
temperature—conversion curve.

It is difficult and time consuming to solve for D,a’,/L*
simultaneously with the four Langmuir-Hinschelwood
constants. The reason for this is shown by Figure 4 which
plots the absolute value of the mean relative deviation of
the fit [(predicted conversion for any assigned value for
D/ *q’, /L* - experimental conversion)/(experimental
conversion)] as a function of different assigned values for
the alumina mass-transfer coefficient for n-dodecane.
When this coefficient is set at a value lower than the exact
calculated value (indicated by the sharp minimum in
Figure 4), it itself is rate limiting and has a pronounced
effect on the mean relative deviation. However, when the
coefficient is set at a value higher than the calculated value,
it quickly loses its rate-determining influence over to the
bulk gas film coefficient, and the mean relative deviation
starts to level off. This resulting plateau causes an un-
acceptable large increase in computer time when attempts
are made to calculate the alumina mass-transfer coefficient
simultaneously with the four Langmuir-Hinshelwood
constants.

Since the major component of the diffusion through the
alumina layer is believed to be bulk film diffusion through
the macropores (4), the alumina layer mass-transfer
coefficients for the other hydrocarbons were estimated by
multiplying the coefficient for the n-dodecane by the bulk
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Figure 4. Effects of changing D®'a’,/L* on predicted minus ex-
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diffusivity for the other component and dividing that
product by the bulk diffusivity for the normal dodecane.
The final results are outlined in Table I.

Figure 5 shows the fit of the mathematical model over
a wide conversion range with a single set of the five derived
rate constants of two n-hexane runs using two different
superficial velocities and two different bed lengths to
achieve their two different space velocities. The model
matches the data well over the full range of lower con-
versions (where the two adsorption rate constants in the
denominator of the Langmuir-Hinshelwood expression
were significant), of intermediate conversions (where all
five rate constants were significant), and of higher con-
versions (where the mass-transfer constants begin to
dominate).

Figure 6 shows the effect of bed depth on dispersion for
the 15000 h™* GHSV n-hexane run at 700 °F (corre-
sponding to a 94% conversion). As L/Dy increases, the
dispersion model predicts conversion very close to the one
predicted by the plug flow model. For shorter beds, the
axial dispersion will play a significant role and the dis-
persion model will predict the conversion considerably
lower from the one predicted by the plug flow model. The
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4-in. bed used (L/Dy = 1) in this run is shown to have a
degree of dispersion that causes the conversion in the
experimental bed to be 0.9% lower than that which would
result if the bed behaved as an ideal plug flow reactor. If
the 3.1-in. bed had a larger diameter and a correspond-
ingly shallower depth, to the point where the bed length
to bed diameter ratio was less than 1, the degree of dis-
persion would have grown exponentially. On the other
hand, smaller diameters and correspondingly longer beds
would cause the degree of dispersion to go asymptotically
toward zero. However, it should be mentioned that even
a 0.5% difference in conversions predicted by dispersed
flow and plug flow could be significant from a design
viewpoint at high conversions, and thus the dispersion
coefficients are important components of the mathematical
model.

Figure 7 shows the fit of the mathematical model over
a wide conversion range with a single set of the five derived
rate constants for two n-octane runs using two different
superficial velocities with the same 4-in. deep bed. Again,
the model fits the data well throughout most parts of the
two curves.

Figure 8 shows the model data matching for n-hexane,
n-octane, n-decane, and n-dodecane at 30000 h™* GHSV.
The alumina layer mass-transfer coefficients are obtained
from the data of n-dodecane in the manner described
above, and the four Langmuir-Hinshelwood rate constants,
determined from their displayed matches, are listed in
Table I. It can be seen that the higher degree of activity
shown for the higher molecular weight hydrocarbons in
Figure 8 was caused by the orders of magnitude increase
in the values for the preexponential term k., with the
apparent activation energy E changing only slightly. The
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Figure 8. Fit of n-hexane, n-octane, n-decane, and n-dodecane data
with model at GHSV = 30000 h™".

changes in the adsorption constants were less dramatic.

The apparent activation energies (E) listed in Table I
were 50-70% lower than the approximately 74 kJ/mol
activation energy derived from simple power law rate ex-
pressions (9, 10) for alkanes higher than butane. Such
discrepancies could be expected in view of the fact that
the apparent activation energy in the Langmuir-Hin-
shelwood equation is separated from the temperature-
dependent adsorption effects present in the dnominator,
whereas the activation energy in the power law equation
incorporates these temperature-dependent adsorption
effects.

The adsorption constant present in the denominator of
the Langmuir-Hinshelwood equation used in this paper
incorporates terms for the adsorption of both the hydro-
carbon and oxygen. Consequently, its value by itself has
no clear meaning. However, it is worth noting the general
agreement between the reported values for the apparent
heat of adsorption, g, listed in Table I and the heats of
condensation for n-hexane and n-octane. The lower ¢
values for the n-decane and n-dodecane may be due to a
large experimental error associated with the scarcity of
low-temperature, low-conversion data for these two species.

The model described in this article is a predictive model,
since it is developed from the first set of principles of mass
and energy balances. The fit of the model to the experi-
mental data with two different flow rates through two
different bed volumes (see Figure 5), with two different
flow rates through the same bed volume (see Figure 7), and
with other data at a 15000 h™! GHSV supports the pre-
dictability of the model. Additionally, the rate parameters
obtained in this study compare well with the values re-
ported in the literature. The model can be used to design
a commercial reactor, as long as the assumptions made in
the development of the model are valid. Unfortunately,
at the present time we do not have data from a commercial
operation to assess the validity of this claim.

Conclusions

The mathematical model developed to extract four
Langmuir-Hinschelwood rate constants and an alumina
layer mass-transfer coefficient fitted the experimental data
well for n-hexane, n-octane, n-decane, and n-dodecane over
wide ranges of conversions for different bed depths and
superficial velocities.

Glossary
a, specific interface area, m™
Bi defined in eq 15
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gas-phase reactant concentration in bulk gas,
kmol/m?

dimensionless concentration defined by eq 10
inlet concentration, kmol/m?

heat capacity, kJ/kg-K

gas-phase reactant concentration at the active
catalyst film, kmol/m?

dimensionless concentration defined by eq 11
dimensionless concentration defined by eq 12
diameter of catalyst particle, m
dimensionless parameter defined by eq 18
diameter of catalyst bed, m

axial dispersion coefficient for mass, m?/s
reference constant in eq 16

efgective diffusion coefficient in alumina layer,
m?/s

dimensionless parameter defined by eq 16
apparent energy of activation, kJ /mol

heat of reaction, kJ/kmol

frequency factor, m®/kmol

frequency factor, m®/kg-cal-s

gas-phase mass-transfer coefficient, m/s
dimensionless gas-phase mass-transfer coeffi-
cient defined by eq 28

gas-phase mass-transfer coefficient for inlet gas,
m/s

reactor length, m

alumina layer thickness, m

Peclet number defined in eq 27

Peclet number defined in eq 23

apparent heat of adsorption, kJ/kmol
universal gas constant, 8.313 kJ/kmol-K

rate of reaction, kmol/g-cal-s

dimensionless parameter defined by eq 24
temperature, K

inlet bed temperature, K

reference temperature, K, in eq 16

superficial gas velocity, m/s

superficial velocity of inlet feed gas, m/s
dimensionless velocity, defined by eq 26
volume of catalyst bed, m?

axial direction, m

dimensionless axial direction defined by eq 13
mathematics library for Fortran subroutine for
mathematical applications

two subroutines of the above mentioned library

gas hourly space velocity
volatile organic compound
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Greek Characters

8

F TR

€ 3 v

Q2

dimensionless parameter defined in eq 14
dimensionless parameter defined in eq 22
dimensionless parameter defined in eq 19
dimensionless parameter defined in eq 20
bed voidage, dimensionless

axial dispersion coefficient for heat, kJ/m?-s
density, kg/m3

dimensionless density as defined by eq 25
density of inlet feed gas, kg/m?
dimensionless temperature defined by eq 21
active catalyst loading of noble metal, kg/m? of
catalyst

parameter defined in eq 17

Registry No. n-Cg, 110-54-3; n-Cg, 111-65-9; n-C,o, 124-18-5;
n-Cyg, 112-40-3.
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Kinetic Study of SO, Reaction with Dolomite

Sanjeev Tambe,” K. Lal Gaurl,*" Suhan Li," and W. Geoffrey Cobourn?
Department of Geology and Department of Mechanical Engineering, University of Louisville, Louisville, Kentucky 40292

m In today’s industrialized environments, sulfur dioxide,
to the exclusion of other pollutant gases, is the main cause
of chemical deterioration of building materials such as
marble, limestone, and dolomite. This paper gives the
results of an experimental study of the reaction of laurel
dolomite, a coarsely crystalline variety of dolomite, with
sulfur dioxide. With the progress of reaction it was found
that a gypsum-epsomite crust grows outward due to a
continuous supply of Ca and Mg ions from an increasingly
greater depth inside the stone. Therefore, the rate data
were analyzed by following a shrinking unreacted core
model using first- and fractional-order (0.5) kinetic rate
constants. These two reaction orders fit the experimental
data equally well for the initial phase of the reaction, but
the fractional rate constant, 0.19 mmol®® ¢cm™®3 h™l, gives
the best fit to the overall experimental data.

Introduction

The deterioration of building stone due to the air pol-
lutants sulfur and nitrogen oxides is of increasing concern
because these pollutants adversely affect the appearance
and life of building materials. SO, and NO, react with
carbonate rocks to form sulfates and nitrates, which, due
to their solubility in water, may be drained away or, if
protected from the rain, may form unsightly crusts that
eventually exfoliate. The analysis of crusts upon naturally
weathered carbonate rocks and experimental studies on
combined SO, and NO, reactions reveal that the crusts are
largely made of sulfates while only trace quantities of
nitrate are present (1-3).

A substantial amount of literature on the reactivity and
kinetics of the reaction of SO, with carbonate rocks is
available (4-9). Recently, Kulshreshtha et al. (10) and
Gauri et al. (11) conducted experimental studies involving
the exposure of different types of marble to 10 and 300
ppm SO, atmospheres. The rate constants thus deter-
mined have proved useful in estimating the extent of
damage to marble in ambient SO, concentrations found
in industrial environments. The damage was expressed
as the thickness of the product crust (CaSO,2H,0) at the
surfaces of structures protected from rain or for surfaces
exposed to rain as the amount of erosion.

In this paper we describe the results of experiments on
SO, reaction with a dolomite [CaMg(COs),], laurel do-
lomite, which is a coarsely crystalline and highly porous
variety of dolomite rock. Further, this dolomite is stoi-
chiometrically balanced; i.e., the proportions of Ca and Mg
are nearly equal (12). However, this dolomite has certain
occluded minerals, including gypsum in the amount of
nearly 1% by weight. This quantity of gypsum was sub-
tracted from the reaction rate calculations. X-ray dif-
fraction analysis of a 120-year-old sample of dolomite from
Louisville and that of samples reacted in the laboratory
reveals that the reaction of SO, with dolomite takes place
according to the equation

H,0,
CaMg(COy), + 280, ——%
CaS0,2H,0 + MgSO,7H,0 + 2CO, (1)

' Department of Geology.
{ Department of Mechanical Engineering.
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Experiments were conducted employing sulfur dioxide
concentrations in the range 8-21 ppm. The kinetics of the
reaction was established by fitting the shrinking unreacted
core model (13-15) to the rate data. Also, analytical so-
lutions for model equations for the reacted mass of do-
lomite and the crust thickness were obtained.

Experimental Methods and Materials

Dolomite slabs were exposed to humid atmospheres
containing SO,. The details of the experimental setup used
in the present study are given in Kulshreshtha et al. (10).
Dolomite slabs (2.8 ecm X 1.6 em X 0.3 cm) were cut,
uniformly polished with 400-grit silicon-carbide powder,
cleaned in an ultrasonic bath, and exposed to a given test
atmosphere.

The dimensions of the slab were measured accurately
with a vernier caliper. An atmosphere containing SO, was
generated by passing air through a humidifier and then
over a permeation tube. The airflow rates were adjusted
properly so as to obtain the desired SO, concentration in
the reaction chamber, where the specimens under study
were suspended. To maintain 100% relative humidity, a
prerequisite to the performance of rapid reaction, water
was placed at the bottom of the reaction chamber, a
modified 10-L desiccator. This simulates a frequently
occurring condition outdoor, where the stone is coated with
a thin film of condensed moisture. Prior to exposing the
dolomite samples to SO,, the water at the bottom of the
chamber was equilibrated with the partial pressure of SO,
in the test atmosphere. At any given time no more than
30 samples were present in the chamber.

Each dolomite sample was weighed before exposure. At
irregular intervals, two or three samples were removed
from the chamber and immediately immersed in 100 mL
of deionized water to dissolve the reaction product. For
long exposures, the slabs were washed two to three times
to ensure that the entire reaction product had been re-
moved. These washings were analyzed for calcium, mag-
nesium, and sulfate ions. The amounts of Ca and Mg were
determined by atomic absorption spectrophotometry, and
the amount of sulfate was determined by a turbidimetric
method using UV /vis spectroscopy. The permeation tube
was weighed before and after the end of each run to es-
timate the total amount of SO, passed through the reaction
chamber. The amount of SO, was also monitored by a
sulfur dioxide analyzer manufactured by Columbia Sci-
entific Instruments.

For the calculation of the reaction rate, 20 samples were
selected from a total of 50 exposed. The selection was
based upon a close match of mass of the reaction product
[gypsum (CaSO,2H,0) and epsomite (MgSO,7H,0)]
calculated through various methods, namely, from Ca +
Mg ions, from SO, ions, and from the gravimetric weight
loss of the leached samples. For the selected samples, the
mean and standard deviation values fall in the ranges of
3.46-508.77 and 0.27-12.62 mg, respectively; higher
standard deviation values (>5) were encountered for only
two samples with long exposure times (>400 h).

Mechanism of Formation and Measurement of
Thickness of Crust

Figure 1 shows the profile of a reacted sample in cross
section. Three horizons, namely, crust, leached zone, and
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Figure 1. Profile of a sectioned dolomite specimen exposed to 14.05
ppm SO, atmosphere for 410 h, showing crust (a), leached zone (b),
and unreacted dolomite core (c).

the unaltered dolomite, are seen. The crust, a continuous
layer of gypsum crystals, lies above the original slab sur-
face. Underlying the crust is the cavernous leached zone,
which must have provided the Ca and Mg ions that reacted
with SO, at the surface to form the gypsum and epsomite.
Epsomite is absent from the crust due to its deliquescent
property. Figure 2 shows schematically the mechanism
of formation of crust upon dolomite.

Skoulikidis and Charalambous (16), in their studies on
the sulfur dioxide reaction with calcite (CaCOs), found that
the calcium ions near the solid surface diffuse outward and
react with SO,. They explained this phenomenon on the
combined basis of a galvanic cell model and solid-state
diffusion. Our studies on dolomite corroborate that ex-
planation.

The thickness of the reacted dolomite (84) was calculated
by dividing the reacted volume, obtained from the weight
loss of reacted sample when immersed in deionized water,
by the surface area of the sample. This thickness was
converted to equivalent product crust thickness (3,) by
multiplying it by the ratio of the molar volume of product
(gypsum plus epsomite) to that of dolomite. The following
equation summarizes this calculation:

(Wl - Wg) Mppd

b= ——= 2
P Apg Mg, 4

Where W,, Wy, and A, denote the sample weight before
exposure, sample weight after the reaction product is
leached, and external surface area, respectively. pq and
pp denote densities of dolomite (2.6593 g/mL as deter-
mined by pycnometer and mercury porosimeter) and re-
action products, respectively. The term M p4/Mgyp, rep-
resents the ratio of the molar volumes of reaction product
CaS0,2H,0 + MgS0,7.H,0 and dolomite and has a value
of 3.187.

Application of the Shrinking Unreacted Core Model
to the Decay of Dolomite

The shrinking unreacted core model is directly appli-
cable to the dolomite-SO, reaction. In this model, the
reaction front, in terms of the supply of Ca and Mg ions
(thereby the mass loss of parent dolomite) uniformly moves
inside the solid with progress of reaction. This results in
the reduction of the unreacted part of the solid.

The presented model assumes that the pore diffusion
resistance is negligible. This assumption is based upon the
fact that the observed reaction rate is small due to the low
reaction temperature (17). Also, the reaction rate remains
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Figure 2. Schematic diagram for unreacted (A) and reacted dolomite
specimen (B), showing gas film (a), crust (b), leached zone (c), and
unreacted dolomite core (d).

essentially constant throughout the reaction period, in-
dicating that the pore diffusional resistance was not op-
erative.

In the event that the progress of reaction is affected by
chemical reaction and external mass-transfer resistances,
the contributions of these processes must be simultane-
ously considered. Consequently, the overall reaction rate,
assuming pseudo steady state, is equal to the interfacial
chemical reaction and to that of external mass transfer.
The mass balance equation can then be written as (13-15)

(1/A,)(dNy/dt) = bk,CP (3a)
= hyq(Cy, - Cy) (3b)

Where A, is the surface area of the sample, N4 denotes the
number of millimoles of dolomite reacted in time ¢ (h), b
is the ratio of the stoichiometric coefficient of dolomite to
S0, (0.5), k, is the surface reaction rate constant, Cy, and
C, are the bulk and surface concentrations (mmol/cm?) of
sulfur dioxide, respectively, p is the reaction order, and
hq is the gas-phase mass-transfer coefficient. Equation 3a
can be integrated to obtain

Ny = bAk,CPt )

To obtain an expression for the thickness, we note that
the derivative term of eq 3 can be modified to represent
the thickness of the reaction product, i.e., the crust buildup
on the slab surface. From eq 2, the reacted number of
moles of dolomite (Ny) is given by

Ny = pgva/Ma = p'qvq (®)

where My, p’y, and vy respectively denote molecular weight,
molar density, and reacted volume of dolomite.

Since vq/ A, is equal to the thickness of dolomite reacted
(69), eq 3a after substitution and rearrangement becomes

dog/dt = (My/pg)bk,C,P 6)



Table I. Mass-Transfer Coefficients and Other Related Data®

equiv S0, conc, SO0, conc,
diameter bulk surface flow rate, mass-transfer
run no. (dp), cm (Cy), ppm (C,), ppm mL/min Nge coeff (hg), cm/h
1 2.072 14.05 11.156 700 0.3436 549
2 2.072 20.88 17.19 350 0.1718 524
3 2.072 8.00 5.89 800 0.3927 555
4 2.130 14.12 11.18 800 0.4037 541
°Ngp = 1.134; p, = 1.2047 X 10 g/cm?.
Integration of eq 6, assuming k, is essentially constant 450 e 1
with respect to time, yields the equation giving the 400 +
equivalent reacted thickness of the dolomite as 501

8q = (My/pd)bk,C.Pt )

In order to apply eq 4 or 7 to obtain &, it is essential
to determine the surface concentration of sulfur dioxide,
C,. For this, eq 3b can be rearranged

dC,/dt + haACy
s hdAs

wherein the mass-transfer coefficient, hg, can be obtained
from the definition of the Sherwood number as

hq = DNspn/dy 9)

The mass-transfer coefficient (hy) for each run was es-
timated (I18) from the knowledge of the binary diffusion
coefficient (Dg,) of the air-SO, system, the Sherwood
number (Ngp), and the equivalent diameter (d,) of the
dolomite slab (19). The binary diffusion coefficient (0.1336
cm?/s) and Sherwood number were estimated using the
Chapman-Enskog equation and the Rantz-Marshall cor-
relation, respectively.

The correlation for laminar flow, which is valid over
Reynolds number range 0-200, is as follows:

Ng, = 2.0 + 0.6Np 5N 03 (10)

wherein N, and Ng,. denote Reynolds and Schmidt di-
mensionless numbers. The Reynolds number is propor-
tional to the ratio of inertial to viscous effects and the
Schmidt number is the ratio of molecular momentum
diffusivity to molecular mass diffusivity. Their values have
been obtained using the definitions

Nge = dyGog/ Ngo = p/peDgy (11)

The notations G, u, and p, respectively represent linear
fluid velocity (cm/s), viscosity, and density of humid air.
The value of p as found from the viscosity tables is equal
to a 0.0001827 (g em™ s71) at 293 K.

The values of C, were estimated by fitting the experi-
mental data to eq 8 with utilization of an optimization
subroutine. Table I lists the values of the mass-transfer
coefficients and surface concentrations thus obtained for
each of the conducted runs.

(®)

Evaluation of Surface Rate Constant, k,

The N4 versus time data for individual runs were in-
terpolated using the Spline interpolation technique, and
the reaction rate was calculated using a second-order finite
difference approximation. Data consisting of the deriva-
tives and surface concentration of SO, (obtained from eq
8) for all the runs were combined. This single set of data
was fitted to eq 3a using a multivariable regression sub-
routine to obtain unique values of reaction order with
respect to SO, and the rate constant k, (Figure 3a). Their
magnitudes are p = 0.498 (~0.5) and k, = 0.19 mmol®®
cm™03 hl,

Product crust thickness, 6p (um)
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Figure 3. Plot of predicted (eq 7) and measured crust thickness. Bulk
SO, concentrations (ppm) for the respective reactions: open diamonds,
8; filled circles, 14.05; open squares, 14.12; open triangles, 20.88.
Panels a (top) and b (bottom) half- and first-order models, respectively.

Our earlier studies on the SO, reaction with marble (10)
showed that the reaction order with respect to SO, is 1.
As a trial, therefore, we fitted our experimental data to a
first-order rate model (Figure 3b) in addition to the 0.5
order, as indicated by Figure 3a. The rate constant value
thus obtained is 280 cm/h. As reported in the section on
methods, 20 samples were selected for the estimation of
model parameters. Nevertheless, parts a and b of Figure
3 show all the generated experimental data points. The
standard deviation and correlation coefficient values for
predicted and measured values of crust thickness for re-
action order p = 0.5 are 13.18 um and 0.98 and for p = 1
they are 35.52 um and 0.95, respectively. The smaller value
of the standard deviation in the case of reaction order 0.5
indicates that the fit in this case is better. However, the
first-order rate constant expresses more accurately the rate
of decay of dolomite in outdoor environments, as discussed
in the following section.

Results and Discussion

A primary aim of our reaction rate studies on stone is
to determine rate constants from experimental work so
that the reactivity of such stone can be predicted for
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outdoor exposures in a variety of industrial environments.
The criteria for comparison of outdoor weathering and
experimental reactions are the thickness of the crust and
the degree of surface erosion.

Correlating field and experimental studies, earlier we
(11) developed rate constants for the decay of marble.
There it was possible to compare predicted results with
actual values of the crust thickness and the amount of
erosion for even century-old structures because the crusts
were yet intact and the marble contained weathering-re-
sistant silicate minerals which projected above the receded
marble surface. In the case of the dolomite in question,
weathering-resistant minerals are absent and the crust falls
off rather rapidly after it has formed, as explained below.

In dolomite, we found that the reaction rate is nearly
constant through the entire period of exposure of speci-
mens in the laboratory and we expect the same in the case
of outdoor weathering. Theoretically, therefore, a relatively
much greater crust thickness will be built upon the do-
lomite surface in a few years than in the case of marble,
where after an initial few micron thick crust is formed
under kinetic control, the remaining crust is built up very
slowly through diffusion-controlled reaction.

The overall constant reaction rate in dolomite, and not
its reduction during advanced exposure as in marble, ap-
pears to be a result of the formation of the mineral ep-
somite as one of the reaction products. The deliquescence
point, i.e., the relative humidity at which epsomite goes
into solution, is 88.3% at 20 °C (20). As a result, epsomite
is frequently able to convert the ambient moisture into
liquid water. Our experimental samples showed that after
nearly 150 h of reaction, when an adequate quantity of
epsomite has formed, water droplets begin to appear at
the surface of the specimens. This water film allows the
reaction to continue at an essentially constant pace al-
lowing for a thicker crust to develop on experimental
specimens. In the outdoor conditions, however, the fre-
quent fluctuation of relative humidity above and below the
deliquescence point of epsomite generates crystallization
pressure in the crust, fragmenting it before a large thick-
ness can form.

In previous studies with marble, the rate constant cal-
culated on the basis of 10 ppm SO, concentrations pre-
dicted the outdoor thickness of gypsum crust reasonably
well. Therefore, to compare our theoretical results with
actual circumstances, we examined naturally dislodged
peels from the dolomite facade of a 120-year-old local
church. We determined (21) that the crust fell off after
a nearly 40 um thick layer was formed. According to the
reaction rate determined by us, this crust, in the prevailing
outdoor SO, concentrations of 0.01-0.04 ppm, was formed
in 9-38 years. Unfortunately, not enough recently installed
samples could be found in the field in order to verify the
model.

The calculation of this time to obtain the observed 40-
um-thick crust was based upon the first-order rate model
and not the half-order model that, as given earlier, fitted
the experimental data better. Application of the half-order
rate model generated 40 um in 7-13 months, a thickness
not observed anywhere on field materials. It may be
postulated then that epsomite, once again, by enhancing
the reactivity somewhat in the later phase of the reaction
makes the half-order rate model fit the experimental data
better and that for the purpose of extrapolation to low
atmospheric SO, concentrations the first-order rate model
may have to be used.

Further, the stream velocities used in our experiments,
due to the low permeation rates of the SO, source, were

2074 Environ. Sci. Technol., Vol. 25, No. 12, 1991

often lower than those experienced outdoors. Therefore,
the estimated gas-phase mass-transfer coefficient in our
system (~0.15 cm/s) is lower than in an urban atmo-
sphere, in which turbulent flow conditions typically prevail.
Reported values, determined outdoors experimentally, are
in the range 0.5-10.0 cm/s (22). This factor may have
given us the outdoor conversion value that is probably
somewhat lower than the real value. This explanation
suggests that, in the absence of criteria for verification, any
prediction of the rate of weathering will only be approx-
imate.

Conclusion

We have simulated the outdoor weathering of dolomite
by reacting it in the laboratory with SO, concentrations
between 8 and 21 ppm. The experimental data were
modeled using the shrinking unreacted core model. Even
though the experimental data on reactivity fit the half-
order rate model better, the first-order rate model ex-
presses more accurately the weathering of dolomite in
outdoor conditions.
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Glossary

A, surface area of the slab (cm?)

b stoichiometric constant of dolomite

Cy bulk concentration of SO, (mmol/cm?)

Cy concentration of dolomite (mmol)

C, surface concentration of SO, (mmol/cm?®)

d diameter of slab, assuming spherical geometry (cm)

Dp,,b binary diffusion coefficient of air-SO, (cm?/s)

G linear fluid velocity (cm/h)

hq mass-transfer coefficient (cm/h)

k, surface rate constant [for 0.5 order (mmol®® cm™%
h™!) and for first order (cm/h)]

My molecular weight of dolomite

Ny mass of the reacted solid (mmol)

p reaction order with respect to sulfur dioxide

Vg reacted volume (cm®)

W, weight of the dolomite slab before exposure to SO,
atmosphere (g)

W, weight of the dolomite slab after exposure to SO,

atmosphere (g)

Greek Letters

g thickness of reacted solid (cm)

bp product crust thickness (cm)

Pd density of dolomite (g/cm?)

0’4 molar density of dolomite (mmol/cm?)

Registry No. SO,, 7446-09-5; dolomite, 16389-88-1; gypsum,
13397-24-5; epsomite, 14457-55-7.
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Determination of Bacterial Collision Efficiencies in a Rotating Disk System

Robert E. Martin,* Linda M. Hanna,*'"$ and Edward J. Bouwer!
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Hopkins University, 615 North Wolfe Street, Baltimore, Maryland 21205

® The objective of this work was to determine the prob-
ability of attachment of Pseudomonas aeruginosa to glass
surfaces for a range of concentrations of a 1:1 electrolyte.
This parameter, referred to as the collision efficiency, was
determined by depositing cells on a rotating glass disk.
Collision efficiencies ranged from 0.00083 to 0.41 for NaCl
concentrations from 1078 to 10 M, respectively, and
supported the argument that the deposition of P. aeru-
ginosa can be limited by interaction of similarly charged
electric double layers. It was also shown that transport
of cells to the disk surface was comparable to that of sim-
ilar-sized polystyrene latex particles, although results for
both were inconsistent with theory in that the deposition
decreased with increasing distance from the center of the
disk. The most likely explanation was nonuniform
transport of particles to the rotating disk surface arising
from lateral migration.

Introduction

The movement of bacteria in porous media is important
for understanding mobility of pathogens and for imple-
mentation of bioremediation measures that enhance pol-
lutant biodegradation by the addition of nutrients and /or
acclimated bacteria. An important determinant of the
extent of microbial movement in porous media is the in-
teraction between the bacteria and solid surfaces, partic-
ularly the quantity of bacteria that attach under various
solution conditions. Although numerous studies of bac-
terial attachment have given some indication of factors
relevant to attachment, they have failed to quantitate the
probability that a cell will attach to a surface with which
it collides. This probability is often referred to as the
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collision efficiency, or simply «. One of the advantages
of this parameter is that it is independent of the rate of
transport of cells to a surface and can therefore be used
to predict deposition rates in any system for which particle
transport can be predicted. The success of this approach,
however, is contingent on the availability of an experi-
mental system for reliable determinations of the collision
efficiency.

This paper presents the results of collision efficiency
determinations for bacteria evaluated in a rotating disk
system. The system consisted of a rotating shaft to which
a glass disk was attached and then immersed in aqueous
solutions of different electrolyte concentrations. The study
was undertaken to obtain collision efficiences to be used
in modeling the deposition of cells in a porous medium.
Observed particle deposition was also compared to pre-
dictions of particle transport models in a rotating disk
system. The observations did not conform to expectations
and suggest that lateral migration needs to be included in
the particle transport models.

Approach

The collision efficiency, «, is defined as the ratio of the
rate at which cells attach to a surface to the rate at which
cells come into contact with the surface. Purely empirical,
semiempirical, and purely theoretical approaches to esti-
mating « can be distinguished. The first case entails ex-
perimental determination of both the rate of particle
transport to the surface and the rate of attachment; the
second consists of measuring the rate of attachment and
calculating the rate of transport; the third involves cal-
culation of both on the basis of fundamental properties
of the system. At the present time, theories of particle-
surface interactions in aqueous media have not proved to
be accurate in quantifying « for relatively stable particles.
The availability of particle transport models for selected
systems, however, makes the semiempirical approach an
attractive possibility since it entails half the experimental
effort of the fully empirical alternative. Nonetheless, re-
liability of the models remains to be verified.
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The choice of systems which lend themselves to theo-
retical calculation of particle transport as well as experi-
mental measurement of attachment is rather restricted,
parallel plate channels and rotating disks being two ex-
amples for which both types of studies have been published
(I-4). The data validating transport models for these
systems have been limited to submicron nonbiological
particles. It has not been demonstrated that they ade-
quately describe the behavior of particles the size of bac-
teria and larger (e.g., protozooan cysts). One goal of the
experiments reported here was to test the applicability of
particle transport models for the rotating disk system to
bacteria, which is necessary for a semiempirical approach
to evaluate the collision efficiency. The procedure adopted
here to measure cell transport to the surface was analogous
to that used by others to test particle transport theories
(1, 3, 5). Since bacteria are negatively charged, their ac-
cumulation on a positively charged surface in a given time
should reflect their rate of transport to the surface (i.e.,
it is assumed that the collision efficiency is 1). To estimate
rates of particle transport in this work, glass surfaces were
coated with a cationic water-insoluble polymer. The results
were used both for calculating collision efficiencies using
a fully empiric approach and for evaluating particle
transport models to assess the feasibility of the semi-
empiric approach.

The rotating disk was selected in part because the
transport of cells to the surface can be readily controlled
and experimentally measured. It is also very sensitive; the
lower sensitivity limit for measurement of deposition by
direct counting depends only on the total area counted and
the amount of extraneous deposition associated with ma-
nipulations of the disk and particle suspensions. A third
advantage of the system is that fluid flows toward the disk
such that the flux of particles to the surface is relatively
high. Experiments with bacteria can be of short duration
and still yield significant numbers of deposited cells.
Complications associated with growth and die-away over
longer periods can thus be avoided. The final major ad-
vantage is that the flow in this system is well-defined.
Cochran (6) provided an exact solution for the fluid ve-
locity and others have since developed models for the
deposition of Brownian and non-Brownian particles (2, 4,
7-9).

One feature common to all models for both molecular
and particulate mass transport to a rotating disk is that
deposition is predicted to be uniform over the surface of
the disk. This property of the system is a consequence of
the axial symmetry of the flow toward the disk and the
fact that the axial component of the fluid velocity is in-
dependent of radial position. On the other hand, the ve-
locity parallel to the surface, and hence the surface shear
stress, increases linearly with radial position. The potential
for fluid shear to prevent attachment of particles colliding
with a surface has been suggested by several investigators
(10-12). Tt could also influence particle transport, however,
by generating migration of particles across streamlines (13).
This effect has not been incorporated in any particle
transport model. If present, lateral migration, also referred
to as hydrodynamic lift, would be expected to result in a
radial dependence of the particle transport rate toward the
disk surface. Deposition was therefore examined as a
function of radial position in this study.

Collision efficiencies for Pseudomonas aeruginosa de-
positing on glass surfaces were calculated from measured
rates of attachment to glass surfaces (disks) under a range
of electrolyte conditions, and empiric determinations of
particle transport rates in the rotating disk system. The
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Figure 1. Schematic of rotating disk system showing approximate flow
pattern as visualized by dye injection.

collision efficiency depends on properties of both the
bacterial and disk surfaces and on solution conditions (14).
Only the latter was varied in this investigation, however.
Collision efficiencies for five concentrations of sodium
chloride ranging from 107 to 10! M were based on ob-
servations of 30 disks representing three replicates for both
glass and polymer-coated glass surfaces at each salt con-
centration. Supplementary investigations using poly-
styrene latex spheres were conducted to further examine
the observed radial dependency of deposition.

Materials and Methods

All water used for glassware washing and solution
preparation was triple glass distilled, deionized, and
sterilized by filtration through a Filterite 0.2-um cartridge
filter (Brunswick Technetics, Timonium, MD).

System Design. The rotating disk apparatus used for
the bulk of experiments consisted of a circular glass cov-
erslip fixed to the end of a shaft driven by a precision drill
press (Servo Products Company, Pasadena, CA) and ro-
tating in a particle suspension contained in an 800-mL
beaker (Figure 1). The coverslips were 22 mm in diameter
and held tightly in a machined recess at the end of the
shaft by a small amount of vacuum grease at the end of
the shaft. Consequently, the glass surface exposed to the
suspension did not come in contact with the vacuum
grease, which would alter its hydrophobicity. Because of
the close tolerances and the short duration of the exper-
iments, contamination of the aqueous phase was assumed
negligible. Observations of particles deposited on cover-
slips were restricted to a circular area ~20.6 mm in di-
ameter.

Theoretical design considerations as given by Riddiford
(15) were respected in the construction and operation of
the apparatus. The maximum disk Reynolds number for
any experiment was 11300, based on the coverslip radius
and a rotational speed, w, of 83.8 rad/s (83.8 s7), well
within the limit of 200000 for laminar flow (15).

Investigations under conditions of very low particle flux
to the disk required that background deposition due to
manipulations of the disk during exposure and rinsing be
reduced to an absolute minimum. This led to the devel-



opment of an improved chamber and procedure permitting
both exposure and rinsing steps to be accomplished
without the disk surface breaking the air-water interface
(16).

Disk Surfaces. Glass coverslips used as deposition
surfaces were cleaned by soaking in hot 10 g/L Alconox
detergent solution (Fisher Scientific, Pittsburgh, PA) for
at least 2 h, rinsing three times with water, soaking in 5
N nitric acid for at least 12 h, and then finishing with a
thorough rinse with sterile water.

To obtain a positively charged surface in water, clean
glass coverslips were coated with a copolymer (2-VPS)
containing 70% 2-vinylpyridine and 30% styrene (Polys-
ciences, Inc., Warrington, PA) by a method based on the
falling level technique described by Revell and Agar (17).
Details are provided elsewhere (16). Several investigators
have used similar polymer-coated surfaces and reported
{ potentials calculated from electroosmotic and streaming
potential measurements ranging from +15 to +72 mV (I,
3).

Bacteria. The P. aeruginosa culture used in this study
was an ATCC strain originally obtained from The Johns
Hopkins Hospital Department of Clinical Microbiology
(Baltimore, MD). Cells were maintained on nutrient agar
slants and transferred to fresh media every 4-6 weeks.
Cultures for experimental use were grown for ~20 hin a
water bath shaker at 37 °C in 250-mL Erlenmeyer flasks
containing 100 mL of tryptone yeast extract (TYE) broth
(10 g/L tryptone, 8 g/L NaCl, and 1 g/L yeast extract).
These conditions yielded a bacterial suspension containing
~5 X 10° CFU/mL.

Motility was always observed and aggregates were never
seen in wet mounts of 20-h cultures observed under
phase-contrast microscopy. Negative staining with India
ink as described by Norris and Swain (18) failed to reveal
capsules on cells from 20-h cultures. Examination of cells
grown under these conditions by transmission electron
microscopy revealed that the cells did have single polar
flagella, as is characteristic of the species P. aeruginosa,
but did not possess fimbriae. Singlet cells ranged from 1.1
to 1.9 um in length and from 0.66 to 0.75 um in diameter.

For deposition experiments, cells were washed three
times by centrifugation at 3600g for ~7 min and resus-
pended in a 10 M sodium chloride solution. The short
centrifugation time and low salt concentration resulted in
a loose pellet that was easily resuspended. After the last
wash, the pellet was resuspended in a volume of 30 mL,
giving a concentrated stock suspension containing ~ 10
cells/mL. The final suspension was prepared in the beaker
of the rotating disk apparatus by adding a 5-mL aliquot
of the stock suspension to 500 mL of the appropriate salt
solution while the disk was rotating. The concentration
of cells in the suspension for each disk was determined by
the direct count method described below and ranged be-
tween 107 and 10® cells per milliliter. Motility was also
checked in each suspension by direct observation of wet
mounts. Although difficult to quantify, it typically ap-
peared that ~50% of the cells were motile. Some loss of
motility relative to the original culture could be expected
as a result of the washing procedure, which may have
caused removal of flagella.

Various electrolyte concentrations were obtained by
adding sodium chloride to sterile water. The final con-
centrations of NaCl added were 1076, 1074, 107, 1072, and
107! M. The pH of these unbuffered solutions varied be-
tween 5 and 6.

Polystyrene Latex Particles. The supplementary
investigations on particle transport using polystyrene latex

spheres initially involved depositing 1.62-um-diameter
spheres with sulfate and hydroxyl surface functional groups
on polymer surfaces of 2-vinylpyridine-styrene (2-VPS).
The spheres were obtained from Interfacial Dynamics
Corp. (Portland, OR) and were manufactured by a sur-
factant-free process. Information provided by Interfacial
Dynamics Corp. indicated the spheres were hydrophobic
with 1-10 charge groups per 2000 A2, the pK, of the sulfate
group was less than 2, and the density of the particles was
1.055 g/cm?® at 20 °C. In the pH range of these experi-
ments (pH 5-6), the spheres carried a negative charge.

For the lowest rotational speed of 5.15 s71, 1.0-um par-
ticles with amino surface functional groups (Polysciences,
Inc.) were deposited on clean glass surfaces. Although
limited information on these particles was available, they
were assumed to be positively charged in the pH range of
these experiments. The major advantage to this system
was that deposition in the absence of an electrostatic
barrier could be tested without the inconvenience asso-
ciated with polymer coating of glass coverslips.

Suspensions of latex particles were prepared by diluting
the concentrated stock in sterile water. Particle number
concentrations ranged between 107 and 108 particles per
milliliter for all experiments.

Suspended Particle Enumeration. All microscopy
for particle enumeration was carried out with a Nikon
Optiphot microscope equipped for phase contrast and
epifluorescence microscopy (Nikon, Inc., Garden City, NY).
Suspended bacteria were enumerated by an acridine or-
ange direct count procedure based on ASTM standard test
method D 4455-85 (Enumeration of Aquatic Bacteria by
Epifluorescence Microscopy Counting Procedure).

Samples of latex suspensions were filtered through
0.45-um mixed cellulose ester membrane filters, which were
clarified by acetone vapor (Acetone Vaporiser, Model No.
VAP 100, Casella London, Ltd., London, England), and
counted under phase-contrast microscopy at 400X mag-
nification.

Exposure Procedure. To avoid depositing bacteria on
the disk surface during immersion, 5 mL of a concentrated
cell suspension was added by pipet as the disk rotated.
The stream was directed toward the shaft in the portion
of the beaker above the plane of the disk; this allowed the
maximum time for mixing before bacteria reached the disk
surface. The rotational speed for experiments with P.
aeruginosa was 31.4 s (300 rpm, Re = 4240). For the glass
surfaces, the exposure time was 20 min, while for the 2-
VPS, times ranged from 5 to 15 min.

After exposure, the disk was stopped and removed from
the suspension by slowly lowering the beaker. The residual
drop hanging from the disk surface was drawn off with the
corner of a tissue. The disk was then rinsed by rotation
at the same speed for 30 s in a particle-free solution of the
same chemical composition as the test suspension. Fol-
lowing the rinse, the disk was again removed from the
beaker as described above. Specimens with deposited
bacteria were then lowered into a 0.1 g/L solution of
acridine orange and allowed to stain for 5 min.

Experiments with polystyrene latex particles were con-
ducted at rotational speeds of 5.15, 10.5, 31.4, and 83.8 s!
(50, 100, 300, and 800 rpm). For the latter three cases,
1.62-um spheres with sulfate functional groups were de-
posited on 2-VPS surfaces. The procedure was similar to
that for the bacteria. The trial at the lowest speed was
carried out with 1.0-um amino-modified spheres and a glass
surface, using the modified chamber mentioned above.
Exposure times for the latex particles ranged from 5 to 15
min.
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Deposited Particle Enumeration. Singlet particles
attached to a disk surface were counted as a function of
radial position. A special device was constructed to fa-
cilitate rotation of coverslips on an x—y translating stage.
Counting was performed at 400X magnification using, for
the most part, phase contrast. Cells were often difficult
to distinguish on the coated disks, however, and the use
of epifluorescence permitted clear identification. Singlet
cells in the area bounded by a Porton graticule (1.5 X 10*
um?) were counted in 10 fields in each of 10 concentric
zones at 1-10 mm from the center. For the latex particles,
a zone at 0.5 mm from the center was added and field sizes
of 1.5 X 10* um? were counted; 16 fields were counted in
each zone. The trial conducted at a rotational speed of
5.15 s represented the single exception in that the entire
field of view (8.6 X 10* um?) was counted because of the
relatively small number of deposited particles.

Data Analysis

Local deposition rates, R(r), expressed as particles de-
posited per unit time and evaluated as a function of radial
position, r, were calculated for each of the concentric
counting zones on the basis of the average count for the
zone, 71(r), the area of the field, A, (typically 1.5 X 10* um?),
and the exposure time, ¢, such that

R(r) = ii(r)A,(r) /At

where A,(r) is the total area in the counting zone of average
radius r (27r dr).

In order to account for differences in cell concentrations
and exposure times between different trials, local depos-
ition rates were divided by the particle flow rate, R (r),
toward the counting zone, i.e., in the axial direction. This
quantity, R,(r), was calculated from the measured con-
centration of particles in suspension, N, the projected area
of the counting zone, A,(r), and the theoretical axial fluid
velocity far from the disk, where it asymptotically ap-
proaches a value of 0.886(vw)/2 (4). R,(r) is therefore given
by

R, (r) = 0.886(vw)/2NA,(r)

Since the ratio of R(r) to R,(r) represents the fraction
of particles flowing toward the disk that actually deposit,
i.e., that are “collected” by the disk, it is referred to as a
local collection efficiency, I(r). The total collection effi-
ciency, I,, for each trial was obtained by dividing the sum
of local deposition rates for all counting zones by the
predicted total particle flow rate toward the disk whereby

L= %:R(r)/%:Ro(r)

Assuming that the collision efficiency was 1 in the case
of oppositely charged particles and surfaces, the rate of
deposition on the 2-VPS surface was used as an empirical
estimate of the rate at which particles were transported
to the disk. Collision efficiencies for the deposition of cells
on glass were therefore calculated by dividing the total
collection efficiency for deposition on glass by that for
deposition on 2-VPS, with differences between trials in
particle concentrations and exposure times being taken
into account by the use of collection efficiencies. This
approach in determining the collision efficiency was
therefore fully empirical.

Results

Effect of NaCl Concentration on Deposition. The
variation in total collection efficiency with salt concen-
tration for the deposition of P. aeruginosa on both glass
and 2-vinylpyridine-styrene (2-VPS) surfaces is shown in
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Figure 2. Variation with salt concentration in the negative logarithm
of the mean total collection efficiency for P. aeruginosa deposition on
glass and 2-VPS surfaces in the rotating disk system. The error bars
show the logarithm of the mean plus and minus one standard deviation
where greater than zero.

Table 1. Effect of NaCl Concentration on the Collision
Efficiency for P. aeruginosa Deposition on Glass

[NaCl], M a [NaCl], M a
1076 8.3 x 10 1072 4.1 % 107
107 2.1 % 104 107! 4.1 % 10!
107 46 X102

Figure 2. The bars show the negative logarithm of the
average values for three replicate disks for each surface
and salt concentration. For glass surfaces, the collection
efficiency increased by 2 orders of magnitude with in-
creasing salt concentration, ranging from 1.2 X 107 for
virtually no salt added (10® M) to a maximum of 2.7 X
107 for 102 M salt.

In contrast to the glass surfaces, the highest collection
efficiencies for the 2-VPS surfaces were obtained at the
lowest salt concentrations and the range of values were
much smaller. The maximum shown in Figure 2 was 1.4
X 107, obtained at 10 M NaCl, while the minimum was
5 X 10% at 10°' M NaCl.

Collision Efficiency. Estimates of the collision effi-
ciency for the deposition of P. aeruginosa on glass for the
different electrolyte conditions were obtained by dividing
the total collection efficiency observed for glass by that
observed for the 2-VPS surface. Values ranged from 8.3
X 107* to 4.1 X 107! for NaCl concentrations from 107 to
10! M (Table I). The collision efficiency calculations
clearly show the following: (1) a nearly 3 order of mag-
nitude difference in « for the range of NaCl concentrations
from 107 to 107! M, (2) the absence of an effect of changing
salt concentration above 102 M NaCl, (3) the failure of
the collision efficiency to attain a value of 1, and (4) the
presence of intermediate values for NaCl concentrations
between 10 and 102 M.

Variation in Collection Efficiency with Radial
Position. Evaluation of the local collection efficiency
revealed a radial dependence (Figure 3). In the figure,
the data for P. aeruginosa deposition on 2-VPS at 10 and
10* M NaCl were combined since the efficiencies were
similar. Each point thus represents the average of values
for a given radial position from six disks. The collection
efficiency decreased by 1 order of magnitude as the radial
position increased from 1 to 10 mm. The error bars show
one standard deviation and include the variability in
counts and among disks. A similar trend was observed for
cells deposited on glass. The horizontal lines in this plot
represent the total collection efficiency predicted by the
trajectory model of Spielman and Fitzpatrick (4) for 0.7-
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Figure 4. Radial variation in the local collection efficiency normalized
with respect to the maximum value for polystyrene latex spheres
depositing on disks rotating at various speeds. The medium was
distilled water. For w = 5.15 57!, 1.0-um amino-modified spheres and
a glass disk were used. For all other speeds, 1.62-um sulfated spheres
and 2-VPS-coated disks were used.

and 1.6-um spheres. If the radial variation were over-
looked, the comparison between the empirical and pre-
dicted total collection efficiency might be considered either
very good or off by 1 order of magnitude, depending on
the random selection of counting fields.

Similar experiments using polystyrene latex spheres also
revealed a radial dependence. Local collection efficiencies
for various disk rotation speeds, normalized with respect
to the maximum value, are presented in Figure 4. For all
speeds, the collection efficiency for polystyrene latex
spheres decreased with increasing distance from the center
of the disk in a pattern similar to that shown for P. ae-
ruginosa. A more rapid decrease with radial position was
ot;served as the rotational speed increased from 5.15 to 83.8
sL

The distributions for the 1.62-um latex spheres and P.
aeruginosa deposited on 2-VPS surfaces obtained at a
rotational speed of 31.4 rad/s are compared in Figure 5.
The results for the bacteria are based on the data for 10%
and 10* M NaCl as in Figure 3. Since the rate of decline
in the local collection efficiency was similar for both
particles, the effect cannot be attributed to particular
mechanisms of bacterial attachment. For example, it is
not likely that attachment was limited by the time required
for bacterial synthesis and extrusion of cementing poly-
mers.
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Figure 5. Comparison of radial distributions in the local collection
efficiency for 1.62-um sulfated polystyrene latex spheres (as in Figure
4) and P. aeruginosa, 0.7 X 1.6 um rod-shaped bacteria (as in Figure
3), both deposited on 2-VPS surfaces in the rotating disk system at
a rotational speed of 31.4 s™'. The dashed line shows the trajectory
model prediction for the latex particles, assuming specific gravity 1.05.
The solid lines are the predicted values for 1.6- and 0.7-um spheres
of specific gravity 1.1.

Discussion

Effect of NaCl Concentration. The trend observed
here for bacteria depositing on glass was qualitatively
consistent with the theory of double-layer interaction.
That is, the repulsive electrical interaction energy should
decrease with increasing ionic strength for a given parti-
cle-surface separation distance thereby permitting the
dominance of attractive interactions such as van der Waals
forces and an increase in deposition. Abbott et al. (19)
obtained similar results for the deposition of Streptococcus
mutans in a rotating disk system. Other investigators,
using various experimental systems, have observed in-
creasing levels of attached cells with increasing ionic
strength up to 0.01-0.1 M (20-23).

While the results shown in Figure 2 suggested a trend
of decreasing collection efficiency on 2-VPS with increasing
salt concentration, the experimental variability prevents
any firm conclusion. Bowen and Epstein (1) attributed
such an apparent increase in deposition rates at low ionic
strength for oppositely charged particles and surfaces to
increased attractive double-layer interactions. Recent work
by Elimelech (24) provides additional support for this
hypothesis. Another possibility for the trend in Figure 2
is steric stabilization as the ionic strength is increased. At
high ionic strength, adsorbed polyelectrolytes, such as
bacterial polymers, can have a configuration that extends
further from the solid surface (25) and can give rise to a
strong repulsive interaction energy.

The comparison of deposition on the 2-VPS and glass
surfaces at low salt concentration as well as the effect of
increasing salt concentration provided strong evidence that
electrostatic forces can have a dominating influence on the
deposition of P. aeruginosa at NaCl concentrations below
102 M. Above this concentration, however, collection
efficiencies for the two surfaces became comparable, dif-
fering by a factor of ~2. This relatively small difference
may have been due to attractive hydrophobic interactions,
the polymer-coated surface being considerably more hy-
drophobic than the glass. Such interactions could involve
proteins present in the flagella or the outer membrane of
the cells. It is also possible that despite compression of
the electrical double layers under these electrolyte con-
ditions, repulsive electrostatic interactions at small sepa-
ration decreased the probability of attachment to the glass
surfaces. Finally, trace quantities of organics in the
aqueous phase carried over from the original P. aeruginosa
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culture may have contributed to the effect by altering the
surface charge and surface free energy of the glass and
2-VPS surfaces (26, 27).

Collision Efficiency. Although the collection effi-
ciencies discussed above are convenient for analyzing the
results of this study, only the trends and not the numbers
can be extrapolated to other systems of different hydro-
dynamic properties. The collision efficiencies reported in
Table I, however, represent probabilities of attachment
regardless of the particle transport conditions. A subse-
quent paper will describe their use in modeling the de-
position of bacteria under similar solution conditions in
a model porous medium consisting of glass beads.

One important implication of these results is that any
discussion of mechanisms of bacterial attachment must
take into account the relevant solution conditions. Thus,
in seawater, for example, in which electric double layers
are not diffuse, short-range hydrophobic interactions could
play a more important role in attachment than they would
in ultrapure water systems characterized by very low ionic
strength and, hence, extended electric double layers.

There is currently a great deal of interest in the move-
ment of bacteria in groundwater, in relation to both tra-
ditional concerns about microbial pollution and recent
schemes for biological remediation of contaminated
groundwater. Typical ionic strengths for groundwaters
range from 107 to 102 M (28), with often significant
concentrations of divalent cations. The collision efficien-
cies determined in this work varied by 1 order of magni-
tude over this range, showing the need to consider specific
solution conditions when dealing with bacterial attachment
in aquifers.

Comparison with Particle Deposition Models. As
shown in Figure 3, predicted collection efficiences based
on the trajectory model of Spielman and Fitzpatrick (4)
and observed values were within 1 order of magnitude for
P. aeruginosa at a rotational speed of 31.4 5%, despite the
radial variation. This extent of quantitative agreement
was probably only fortuitous, however. The trials with
latex particles at a rotational speed of 5.15 s yielded levels
4 times higher than predicted values while at 83.8 s ob-
served levels were 10 times lower than predicted. This may
have been due to fluid shear effects, which are discussed
below.

Because of the radial dependency of deposition, the
results were not qualitatively consistent with the model’s
prediction of uniform deposition. Possible explanations,
including experimental artifact, have been discussed in
detail elsewhere (16), the most likely being nonuniform
transport of particles to the disk surface arising from
lateral migration. This phenomenon, also referred to as
hydrodynamic lift, is the translation of particles across
streamlines in a shear flow and results from the effects of
fluid inertia on particle motion (13). Particle transport
models in the neighborhood of a rotating disk do not in-
clude lateral migration since the description of particle
motion is based on the assumption that fluid inertia is
negligible. Studies of particles in shear flow have dem-
onstrated, however, that migration can occur even at low
particle Reynolds number. The phenomenon has been
invoked to explain the tendency of red blood cells to
concentrate at a finite distance from the capillary walls
(29).

Theoretical and experimental work reviewed by Brenner
(13) has indicated that the migration velocity depends on
the relative velocity of particle and fluid, the particle size,
and the shear rate. Work by Saffman (30) showed that,
for a small rigid sphere moving in a uniform simple shear
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flow, if the particle lags behind the fluid, then migration
occurs toward streamlines of higher velocity. If the particle
moves faster than the fluid, migration is in the opposite
direction. In a rotating disk system, lateral migration of
particles across streamlines may result in particles moving
across the limiting trajectory (4). Depending on the di-
rection of the axial component, lateral migration across the
limiting trajectory may either increase or decrease the
number of particles transported to the disk. Because both
the tangential and radial velocity gradient which give rise
to migration are radially dependent, the magnitude of the
migration velocity across streamlines should similarly be
radially dependent.

An analysis of particle motion close to the disk lends
credence to the hypothesis that lateral migration influences
particle transport in the rotating disk system. Although
the flow is three dimensional with axial, radial, and tan-
gential components, it is sufficient to consider only the
tangential component of the fluid velocity in the region
close to the disk since this approaches the disk velocity
while the axial and radial components decrease to zero at
the disk surface (31). To a first approximation, the tan-
gential velocity increases linearly with increasing radial
position as well as with decreasing distance from the
surface. Since the velocity of a particle close to the surface
would be less than that of the fluid as a result of wall
effects (32), the essential factors giving rise to migration
would be present, i.e., a nonzero particle velocity relative
to the fluid (slip velocity) and shear flow. Furthermore,
because both the particle slip velocity and the magnitude
of the velocity gradient depend on the radial and axial
coordinates, the migration velocity would not be uniform.
The rate of particle transport to the disk would therefore
depend on radial position.

Several other studies of particle deposition employing
a rotating disk have given no indication of nonuniform
deposition (3, 33, 34). Indeed, Hull and Kitchener (3)
plainly stated that for negatively charged particles and
positively charged surfaces the deposition was uniform.
This conclusion was based on counts made in four different
areas of the disk, which may not have been sufficient to
reveal radial variation. In all of these studies, the particle
diameter did not exceed 0.45 um. In the Masters Thesis
of Toppan (35), however, the observation of higher levels
of deposition toward the center of the disk for 8-um
polystyrene latex particles was reported. The effect was
not systematically studied, however, and no effort was
made to explain the radial dependence. Since the mi-
gration velocity depends on particle size, it is possible that
the effect was negligible for the studies employing sub-
micron particles.

With regard to understanding the transport of bacteria,
many vegetative cells are smaller than 1 ym in size, and
starved cells less than 0.4 um in diameter have been ob-
served (36, 37). Further investigation of lateral migration
for submicron particles under various hydrodynamic con-
ditions is needed to clarify the significance of the phe-
nomenon in situations such as the transport of bacteria
in groundwater.

To quantify the migration for purposes of determining
particle transport to the surface of the rotating disk, the
shear stress resulting from the radially dependent tan-
gential and radial velocity components must be considered
and is currently being developed. For the purposes of this
study, the vector sums of the radial and tangential ve-
locities were used to evaluate the shear stress at the surface
of the disk. In Figure 6, the normalized local collection
efficiencies for 1.62-um latex spheres have been plotted
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as a function of the shear stress (7) at the surface. The
shear stress was determined from the vector sum of the
velocities by assuming a linear velocity profile. The in-
teresting observation that emerges is that for rotational
speeds of 10.5, 31.4, and 83.8 57, the variation in the local
collection efficiency with shear stress is very similar with
rapid decreases occurring at low levels of shear (<1 N/m?).
Furthermore, there appears to be no characteristic value
of shear that might correspond to a mean strength of
particle-surface interaction.

It should be noted that nonuniform deposition has also
been reported by Varennes and van de Ven (12) for de-
position of 3-um polystyrene particles on glass surfaces in
an impinging jet system. Theoretical considerations lead
to the expectation of uniform deposition in this axially
symmetric system in which the fluid shear at the surface
increases linearly with distance from the stagnation point.
The authors found that deposition rates and total accu-
mulation decreased with radial position. Qualitatively, the
radial distribution was quite similar to that observed in
this work. It also showed a more rapid decline as the
Reynolds number increased. The explanation offered by
the authors implied that a finite time for bond formation
is required and that there is insufficient contact time in
a high-shear environment. Similar arguments have been
advanced to explain the effect of shear on bacterial at-
tachment in capillaries (10, 11). Considering the plot in
Figure 6, however, this explanation would imply in the
present case that the kinetics of bond formation vary over
a wide range and that there is no clearly identifiable
contact time sufficient for all particle-surface encounters
to result in bond formation. This does not seem likely for
oppositely charged particles and surfaces.

Conclusions

Because of their widespread significance in natural and
engineered systems, particle-surface interactions remain
a topic of active theoretical and experimental investigation.
From a practical standpoint, the rotating disk system has
provided a fully empirical approach to determining particle
collision efficiencies provided that deposition is evaluated
as a function of distance from the disk center. Because
of the radial dependence of particle deposition, a semi-
empirical approach to determining collision efficiencies
based on theoretical modeling of particle transport to the
disk surface is not yet feasible. It is likely that this effect
was due to lateral migration, and its incorporation into

particle deposition models for the rotating disk is under
study at the present time. The results of this study show
that the effect can be significant for particles as small as
1 pm in diameter and at levels of fluid shear stress below
0.5 N/m? Models for other systems such as parallel plate
channels and impinging jets should also be reexamined to
determine the importance of migration.

Despite the lack of a satisfactory particle deposition
model, the rotating disk system described in this study has
been used successfully to demonstrate an increase in
collision efficiency with increasing salt concentration for
P. aeruginosa depositing on glass. Values ranged from 8.3
X 107 to 0.41 for NaCl concentrations from 10® to 107!
M. These results confirm the importance of electrostatic
forces in the attachment of bacteria to surfaces.

Glossary

A, area counted in field (1.5 X 10* um? except as
noted)

Aq total area of disk (3.5 X 10 m?)

A,(r) total area in counting zone of average radius r (277
dr)

I(r) local collection efficiency

I total collection efficiency

N concentration of suspended particles

i(r) average of particles counted in zone at r

R(r) local deposition rate in area A,(r)

R,(r) rate of particle flow far from disk toward counting
zone

t exposure time

« collision efficiency

® rotational speed in radians per second (s™)
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Experimental Investigation and Review of the “Solids Concentration” Effect

in Adsorption Studies

James P. McKinley* and Everett A. Jenne
Pacific Northwest Laboratory, Richland, Washington 99352

B Abundant literature references suggest that unit ad-
sorption (i.e., mass of adsorbate sorbed per unit mass of
adsorbent) declines as the mass of available adsorbent per
unit volume increases. Adsorption of cadmium by iron
oxyhydroxide was experimentally quantified at pH 7.00
for equilibrium aqueous cadmium of 0.025-22000 nM and
for suspended iron oxyhydroxide concentrations of 0.5-50
mmol/L. For the full range of solids concentrations, over
all equilibrium cadmium concentrations, adsorption was
approximated by a single Freundlich isotherm. An ex-
ception to this was slightly increased unit adsorption at
high relative solids or low relative aqueous concentrations,
which were inversely related. Examination of published
accounts of the “solids concentration” effect—excluding
those which are admittedly caused by experimental
artifacts—revealed either inappropriate experimental de-
sign or errors of data interpretation.

Introduction

During groundwater transport of a dissolved metal from
a point source, adsorption incrementally reduces the con-
centration along the flow path, and the quantity of ad-
sorbate removed from solution declines accordingly. The
equilibrium dissolved concentration at any point is a
function of the following: the solid-phase surface area per
unit volume of the aqueous phase; the adsorption site
density per unit area of the adsorbent; the binding
strength, or affinity, of the adsorbate-adsorbent pair; and
the total amount of dissolved adsorbate available for in-
teraction with the adsorbent surface. The mathematical
relationships between these quantities must be known to
understand and model the transport process successfully.
The effective surface site density per unit volume of the
aqueous phase, for example, may be taken to be a direct
function of the solid-phase surface area. Contrary to this
assumption, however, are experimental results indicating
that the quantity of a metal adsorbed per unit quantity
of adsorbent (“unit adsorption”) decreases significantly
with increasing mass of adsorbent per unit volume, e.g.,
as summarized by Honeyman and Santschi (7). This de-
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crease in unit adsorption has been termed the “solids
concentration” effect. If real, this effect would require
scaling of surface complexation constants, defined in dilute
suspensions, to the greater effective sediment concentra-
tions encountered in the field.

Some observations of the solids concentration effect may
be explained by experimental procedure. These causes
may be grouped into five classes: (1) adsorption by
“nonsettling” colloids that remain suspended in the
aqueous phase after centrifugation or filtration (2-6); (2)
competition for adsorbate by complexing agents (particu-
larly organic carbon) desorbed from the adsorbent (4-8);
(3) implicit adsorbate competition (8, 9); (4) increased
solids aggregation (e.g., flocculation) to produce a net
decrease in readily available adsorption sites (3, 10-15);
and (5) extraneous chemical reactions such as sulfide
mineral dissolution or metal oxyhydroxide precipitation
(2), or the presence of bacteria (16) that produce changes
in system composition, pH, or E;.

The results of a number of investigations show decreased
adsorption with increasing solids concentration that cannot
be accounted for by experimental artifacts. In these in-
vestigations, adsorption may be expressed as the quantity
adsorbed per unit quantity of adsorbent (unit adsorption)
or as the fractional partitioning of adsorbent to the solid
phase when normalized to the quantity of adsorbent
present (Ky). Among the most direct observations are
those of Di Toro et al. (17), who reported a decrease in unit
adsorption. Other investigations of a variety of solutes
report that Ky decline as solids concentration increases (3,
5, 18). More recently, Honeyman and Santschi (1) and
Honeyman et al. (19) have attempted to generalize the
effect to show that K values for six adsorbates on various
adsorbents tend to decrease with increasing solids con-
centration (C,). Substances for which adsorption appar-
ently declined with increasing C, include inorganic and
organic adsorbates in freshwater and marine sediments,
quartz, clays and clay minerals, and digested sewage sludge
(3,4, 17, 18). 1t seems unlikely that experimental artifacts
could explain widespread agreement of a C,, effect for so
diverse a set of adsorbates, adsorbents, and investigators.
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In contrast to the above, researchers investigating a
variety of adsorbates and adsorbents have failed to observe
a significant solids concentration effect. These investi-
gations include manganese adsorption by CaCO, (20),
copper and lead adsorption by hydrous ferric hydroxide
(21), calcium and zinc adsorption by ferrihydrite (22), and
adsorption of chromate by a variety of natural solids (23).

The interrelationship of parameters determining the
equilibrium dissolved concentration of adsorbate may, in
part, explain these disparate results. It has been previously
noted that unit adsorption increases with solids concen-
tration at fixed total metal concentration and constant pH,
analogous to the titration of a metal cation with a dissolved
complexing ligand (24, 25) or of anions with positive com-
plexing solid ligands (26). In this paper, we detail an
experimental investigation of the solids concentration
effect, review the results of other investigations, and con-
clude that prior observations and models of the solids
effect for cationic metals may be in error.

Theoretical Model. The surface complexation model
represents the hydroxylated solid (adsorbent) surface by
a general hydrolyzed species (27), [e.g., =FeOH° (=Fe may
represent any solid inorganic substrate)]. The substrate
interacts amphoterically with its coexistent solution (28):

=FeOH,* = =FeOH" + H,* 1)
=FeOH° = =Fe0~ + H,* ©)

where the subscript s indicates proximity to the surface.
Equations 1 and 2 have associated “intrinsic” acidity
constants that use the Boltzman distribution to relate H,*
to the bulk solution concentration via an electrostatic term
(29):

K, = [=FeOH?][H*] exp(-ey,/kT) /[=FeOH,*] (3)
Ko™ = [=FeO][H*] exp(-ey,/kT)/[=FeOH"]  (4)

where {, is the surface electrostatic potential (V). The
reaction of a dissolved cation with an =FeOH? site may
be represented by an analogous equation (30):

=FeOH’ + M?* = =Fe0O-M* + H* (5)
By analogy with aqueous-phase reactions
K4 = [=FeO-M*][H*] /[=FeOH’][M?*]  (6)

where concentrations are in moles per liter. This ex-
pression for K4, includes the following assumptions: (1)
the activity coefficients for H* and Cd?* in a medium of
fixed ionic strength are constant and can be included in
K4 (2) the ratio of activity coefficients for the surface
species =Fe0-Cd* and =FeOH? is near unity (31); (3) at
constant pH (a nominal condition), the electrostatic term
[as specified in Davis and Leckie (30)] is constant and
included in K4, Two further specifications are sufficient
to describe the adsorptive process. First, the mass-balance
relationships for adsorbent and adsorbate

[=FeOH], =
[=FeOH"] + [=Fe0"] + [=FeOH,*] + [=Fe0-Cd*]
(7
[Cd]; = [Cd], + [=FeO-Cd*] (8)

where [Cd]; and [Cd], are total cadmium and equilibrium
aqueous cadmium concentrations, respectively. The sys-
tem of interest may usually be constructed so that [=Fe-
07] and [=FeOH,*] are negligible; otherwise, they may
be calculated from eqs 5 and 6. Second, the definition of
the adsorption maximum as the fraction of adsorbent that
is surface active

Apg = [=FeOH],/[Fe]; 9

where [Fe], is the total moles or mass of iron in the system,
and A, is the fraction of [Fe], that could accept M?* at
saturation. Substitution of eq 6 into 7 and rearrangement
yields an equation in the form of the Langmuir isotherm,
implicitly including eq 9:

[=Fe0-M*]/[Fe], = ((=FeOH],/[Fe])(K,q/[H*])
IM*]/(1 + (Kygs/ [HD[M**]) (10)

On a logarithmic isotherm plot of unit adsorption ([Cd],;
moles of Cd/mole of Fe) versus [Cd],, suspensions with
low M2* to [Fe], ratios exhibit unit slope (i.e., Langmuirian
behavior).

Experimental data often do not behave as predicted by
eq 10, but fit the empirical Freundlich isotherm, which
may be expressed

[=FeO0-M*]/[Fel, = K,q[M>*]/" (11)

where K and n are constants. When n = 1, the Freundlich
isotherm is operationally similar to the Langmuir isotherm.
Unlike the Langmuir isotherm, the Freundlich isotherm
does not have a limiting adsorbed concentration. When
n > 1, a logarithmic isotherm plot will have less than unit
slope, so that at higher [Cd],, fractionally less adsorbate
will have been removed from solution.

Equations 10 and 11 indicate that an equilibrium state
is determined by either the total adsorbate or adsorbent
present, when the other is held constant. However, in
experimental systems, the nonequivalence of constant
adsorbate and adsorbent has been frequently reported.
Various explanations are evaluated in the Discussion.

Experimental Procedure

Experiments were conducted at [Fe], of 0.0005, 0.001,
0.005, 0.01, and 0.05 mol/L. Fresh iron oxyhydroxide was
prepared from ferric nitrate for each experiment in a
500-mL jacketed stir vessel under an inert nitrogen at-
mosphere at 25 °C (£0.1 °C). Sodium nitrate was added
as necessary to yield a final ionic strength of 0.1 M. Iron
oxyhydroxide was precipitated by titration with 1.0 M
carbonate-free sodium hydroxide to a final pH of 7.2
(£0.05). Since iron oxyhydroxide is not a thermodynam-
ically stable phase, a new preparation was made and aged
for a uniform period of 16 h at pH 7.2 before each ex-
periment. The experiments were conducted in a nitrogen
atmosphere.

Amounts of solutions and suspensions were quantified
by weight. By use of a volumetric pipet, 0.1 mL of
19Cd-bearing, pH-neutral, standard solution at eight
cadmium concentrations, spanning a concentration range
of 1 X 10 to 3 X 103 M, was added in duplicate to po-
lycarbonate centrifuge tubes. A 10-mL aliquot of iron
oxyhydroxide suspension at pH 7.2 was added to each tube.
Tubes were capped and shaken for 4 h and then centri-
fuged. A 1.0-mL aliquot of supernatant was removed to
a scintillation vial; the activity of 1°°Cd was determined
by liquid scintillation counting. Samples were processed
sequentially with blanks and standards during each ex-
periment, and the concentration of cadmium in each
standard solution was confirmed by inductively coupled
plasma atomic emission spectroscopy. The pH of the
unstirred supernatant in each sample tube was determined
immediately after removal of the scintillation volume by
using a combination electrode under a nitrogen atmo-
sphere. Equilibration with the electrode required 20-30
min.

Results

Overall results are presented in Table I. The log-log
isotherm for all results, in logarithmic terms of eq 11, is
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Figure 1. Combined adsorption isotherms, uncorrected for the effects
of pH. Experiments were conducted in duplicate. Total iron: Vv,
0.0005 mol/L; A and O, 0.001 mol/L; X, 0.005 mol/L; +, 0.01 mol/L;
¢, 0.05 mol/L.
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Figure 2. Individual adsorption isotherms under the conditions of Figure

1. Included are linear regression fits to the lower and upper segments

of each isotherm.

presented as Figure 1. The results from different ex-
periments vary over approximately three-quarters of a log
unit in the dependent variable ([Cd],) at any given [Cd],
but do not vary in a systematic manner with adsorbent
concentration.

Each isotherm is seen to be curvilinear (Figure 2). In
a manner analogous to that of Benjamin and Leckie (32),
each isotherm may be approximated by two intersecting
straight-line segments, which are also plotted in Figure 2.
The point of intersection for the two line segments was
determined by simultaneously solving the regression-line
pair for each isotherm. Intersection concentrations of [Cd],
are listed along with line-segment slopes in Table I.
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Figure 4. Combined adsorption isotherm at [Fe], of 0.0005-0.05
mol/L, corrected to a uniform pH of 7.00.

Base addition and pH buffers were considered to be
possible sources of error in sorption experiments, so pH
was not adjusted during equilibration. Inspection of Table
I shows that the final pH in all experiments deviated from
the initial value of 7.2, held by titration during aging, by
as much as —0.6 unit. The effects of pH variation on
adsorption were empirically corrected as follows. The
amount of Cd?* that would be adsorbed at 1 nM [Cd], was
estimated from interpolation of the appropriate line seg-
ment in Figure 2. A graph of this calculated [Cd], against
the average pH for each experiment shows a strong cor-
relation (Figure 3), but there is no correlation between [Fe],
and pH. From the regression of the data shown in Figure
3, a pH correction value (the departure of the regression
line from its value at pH 7.00) was determined for each
experiment that would approximate the unit adsorption
results at [Cd], of 1 nM of dissolved concentration for an
otherwise identical experiment at pH 7.00. Since adjust-
ments in pH affect the Y intercept only (pH may be in-
corporated into K4, of eq 11 as it is in eq 10), and since
the equilibrated pH of each isotherm is less than 7.00, this
value may be applied to individual values of [Cd],. This
incremental value, given as [Cd], ,,, in Table I, was added
to each value for cadmium adsorbed to produce equivalent
log-log isotherms for all data at pH 7.00 (Figure 4). All
data are now essentially collinear (i.e., they express a single
isotherm) over a range in [Fe]; of 0.0005-0.05 mol/L.

Discussion

Experimental results show that, as [Fe], increases, the
slope of the low-[Cd], segment of each isotherm is steeper
and the [Cd], at which the apparent inflection between
segments occurs is lower (see Figure 2 and Table I). In-



Table I. Experimental Results®

experiment
1 2 3 4 5 6
[Fe], 0.0005 0.001 0.001 0.005 0.01 0.05
pH 6.87 6.56 6.93 6.97 6.69 6.71
SD pH 0.14 0.14 0.15 0.10 0.10 0.08
[Cd]g corr 0.48 0.47 0.46 0.16 0.07 0.27
M, 0.68 0.82 0.71 0.82 0.87 0.93
M, 0.59 0.57 0.50 0.54 0.56 0.65
[Cd]gne 6.44 7.75 6.54 7.98 7.94 8.43
experiment
1 2 3 4 5 6
[Cd), [Cd], [Cd], [Cd], [(Cd]. [Cd], [Cd]l, [Cd], [Cd], [Cd], [Cd]e [Cd], I[Cd].
5.97 4.70 9.05 4.99 9.21 4.84 9.60 5.67 10.60 6.00 10.50 6.37 10.6
5.51 4.26 8.47 4.56 8.69 451 9.04 5.21 10.10 5.51 10.00 5.94 10.4
5.01 3.79 7.81 4.13 8.15 4.01 8.33 4.71 9.52 5.02 9.43 5.42 9.67
4.51 3.34 712, 3.58 7.33 3.54 7.70 4.22 8.90 4.50 8.80 4.92 9.18
4.00 291 6.44 3.13 6.60 3.05 6.98 3.70 8.19 4.02 8.14 441 8.61
3.50 2.49 5.81 2.72 591 2.60 6.25 321 7.45 3.52 7.40 391 7.93
3.01 2.15 5.18 2.36 5.26 2.19 5.51 2.72 6.62 3.19 6.93 341 7.17
2.52 1.82 4.66 2.06 4.66 1.84 4.79 225 5.69 2.54 5.78 292 6.38

¢Cadmium was added in variable but known concentrations to suspensions with fixed [Fe],; [Cd],, adsorbed (M Cd/M Fe); [Cd],, final
dissolved cadmium concentration; [Cd],, cadmium standard concentration; pH, average (arithmetic) pH; [Fe],, total iron in moles per liter;
[Cd]g o incremental adjustment (additive) to bring the isotherm into equivalence at pH 7.00; M, M,, slopes of individual isotherm line
segments; [Cd],;, [Cd], at intersection of M; and M, segments. All cadmium concentrations are pCd.

creased slope indicates a greater affinity of dissolved metal
for the solid surface, so this behavior cannot be the result
of decreased unit adsorption at increasing [Fe],. The
changes in slope may be accounted for by the multiple-site
adsorption theory (32) and/or “the surface precipitation”
model (27).

According to Benjamin and Leckie (32), who examined
the adsorption of cadmium to iron oxyhydroxide, sites with
relatively high affinities for adsorbate dominated the ad-
sorption reaction at low adsorbate concentrations, to the
degree that fractional adsorption was independent of the
amount of adsorbate available to the adsorbent. In this
circumstance, [Cd], was linearly proportional to [Cd], (i.e.,
Langmuirian behavior was observed). At higher [Cd],,
[Cd], was a function of both total adsorbent and adsorbate,
the two quantities being inversely proportional in their
effect. In other words, where adsorbate was present in an
amount greater than could be accommodated solely by the
adsorbent’s high-affinity sites, multiple-site adsorption
occurred and a Freundlich isotherm could describe the
behavior of the overall system. Multiple-site theory can
thus explain the division of each isotherm into segments
(shifting from Langmuir to Freundlich behavior).

The surface precipitation model (27) treats the curvi-
linear isotherm as the expression of a chemical continuum
between adsorption due to surface complexation reactions
(the Langmuir portion of the isotherm) and heterogeneous
precipitation of a solid phase of the adsorbate. The com-
mon observation that a system exhibiting Freundlich be-
havior has no apparent adsorption maximum is considered
to be the result of a solid solution of the adsorbate with
the adsorbent phase. The transition from Langmuir
(surface complexation) behavior to Freundlich (surface
precipitation) behavior need not be abrupt; the increase
in slope, at increasing [Fe],, of the low-[Cd], segment of
each adsorption isotherm in Figure 2 and, conversely, of
the low-[Cd], portion of the combined isotherm in Figure
4 may be the manifestation of a more purely adsorptive
relationship between cadmium and the iron oxyhydroxide
surface.

The experimental data presented here lead to the con-
clusion that a higher [Fe], yields increased, not decreased,

unit adsorption. In a qualitative evaluation of varying
[Cd]; and [Fe],, Benjamin and Leckie (32) made repeated
measurements of the adsorption edge both in systems in
which [Cd], varied, while [Fe], remained constant, and in
systems where the converse was true. As [Fe]; was in-
creased, at constant [Cd],, the adsorption edge shifted to
a lower pH value. Conversely, as total cadmium increased
at constant [Fe],, the adsorption edge shifted to higher pH
values. These findings are in accord with egs 10 and 11
and the experimental results shown in Figure 2. At fixed
pH, the amount of available adsorbent bears a constant
relationship to total adsorbate. This relationship is re-
flected quantitatively in the single isotherm of Figure 4.
As the concentration of solids increases, there is no de-
crease in adsorption at a given [Cd],. These observations
directly contradict the body of literature that concludes
that decreased unit adsorption occurs at elevated solids
concentration.

Particle Interaction Model. Di Toro et al. (17) used
elaborate experimental procedures to rule out artifact
effects [i.e., desorption of complexing ligands, increased
implicit adsorbate concentrations, and flocculation (or
aggregation) of particles]. Nevertheless, they found that
the adsorption of nickel onto montmorillonite at an
aqueous concentration of 35 mg/L declined from 840 to
50 ug/g at solids concentrations of 30 and 1000 mg/L,
respectively. This general relationship was said to be
“independent of both sorbate [Ni and Co] and sorbent
[unpurified, commercially available montmorillonite and
crushed quartz]” (ref 17, p 59), over the entire range of
solids concentrations examined.

To explain the dramatic decremental effect of C,, on unit
adsorption, a kinetic particle interaction model was con-
structed (33). In this model, equilibrium is established
between adsorbed and dissolved quantities of adsorbate
when the magnitude of adsorptive and desorptive flux is
equal. The underlying assumption of the model is that
desorption is affected by collision, or some other interac-
tion, between particles, and that the magnitude of this
effect is proportional to the solids concentration. Di Toro
et al. (17) adjusted the value of K4, to account for in-
creased solids concentration by inclusion of an effective
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adsorption constant K, [expressed in the notation
adopted in this paper, but otherwise identical with eq 5
of Di Toro et al. (17)]:

Kadsl = ads/[l + Cp(Kads/C)] (12)

where C,, represents the mass of any adsorbent per liter
and C is a correction factor. The value of C, which ranged
from 0.68 to 0.91, was said to be “essentially constant for
the experiments presented” (ref 17, p 60). Each C,, resulted
in a distinct isotherm whose intercept was zero adsorbed
metal at zero aqueous concentration, but whose slope was
determined by eq 12.

Our data, collected over a wide range in [Fe], and [Cd],,
exhibited a curvilinear log-log isotherm (see Figure 4) and
yielded an approximately constant K4 (eq 6). Figure 5A
is a linear-scale isotherm of our experimental data. The
trend of adsorbed metal per unit solids concentration is
curvilinear (because the axes are not logarithmic), but a
100-fold change in solids concentration is nevertheless
described by a single value for K,4,. However, if the [Cd],
data presented in Figure 5A and Table I are plotted against
initial aqueous concentration of Cd (Figure 5B), rather
than [Cd],, the results are consistent with those reported
for the particle interaction model. In this case, each solids
concentration results in a distinct isotherm of characteristic
average slope. This plot is not a valid demonstration of
the effect of solids concentration on unit adsorption since
K4, must be calculated by using final (not initial) adsor-
bate concentration.
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Variation of K ; with Solids Concentration. In
published plots of K, versus C,, K is often reported to
vary inversely with solids concentration (3, 5, 18). Consider
the expression for K, expressed in our terminology:

K4 = [=FeO-M*]/[M**]C, (13)

where C, is proportional to [=FeOH?] (by eq 9) in units
of moles or mass per liter, M?* is the equilibrium con-
centration of the adsorbate in moles per liter, and K} is
identical with K4, of eq 6 with units of volume per mass
or moles, again assuming that pH is constant and that the
ratio of activity constants is unity.

The value of K4, computed for all of our data, is plotted
against [Fe], in Figure 6. Note that each experiment was
conducted at constant [Fe],, while [Cd], was varied. For
each [Fe]; value, K, declines as [Cd], increases. Experi-
mental data may be used with eq 11 to express a line (i.e.,
an isotherm), if the value of one of three variables
([=FeO-Mt], [M?*], [Fe],) is fixed. If all three variables
are computationally unconstrained, the value of Kj is,
likewise, not constrained to a meaningful value.

If C, is to be treated as a variable, then K, has a valid
definition only at constant [M?*] (or [Cd], in our exper-
iments). This is because the exponential term in the
Freundlich isotherm, which was shown above to affect the
distribution of the adsorbate, is not explicitly recognized
in eq 13. Calculated K, values at a fixed [Cd], (arbitrarily
fixed at 1 X 10 mol/L) for each (constant [Fe],) exper-
iment are included in Figure 6. Also indicated by a hor-
izontal line is the average Ky, computed by regression to
determine K4, and 1/n for all experiments included in
Figure 4. In both cases, K; is constant (within experi-
mental error for computations from individual experi-
ments) over the entire 100-fold range of C,,. In contrast,
the dependence of Ky, calculated according to eq 13, on
[Cd], is shown in inset in Figure 6; for each experimentally
fixed value of [Fe],, K4 declines as [Cd], rises. Finally, the
interdependence between K, pH, and adsorption density
([Cd],) must be recognized. Intercomparison of K,'s is
valid at equal pH or at equivalent (pH-corrected) [Cd],.



Conclusions

Direct experimental investigation of adsorption at var-
ying solids concentration under appropriately controlled
conditions shows that [Cd], is constant at constant pH and
equilibrium adsorbate concentrations. The increased unit
adsorption at higher solids concentrations is attributed to
the greater concentration of high energy sites. Reported
decreases in unit adsorption with increasing C, are ap-
parently the result of experimental artifacts or of incorrect
data reduction. Plots similar to those illustrating the
particle interaction model (33) may be produced from data
conforming to a Freundlich isotherm by misapplication of
adsorption parameters during data reduction. Observed
decreases in Ky at elevated C, are directly related to
specific aspects of experimental design and may not be
mathematically manipulated to reproduce observed
Freundlich or Langmuirian isotherms.

Registry No. Cd, 7440-43-9; iron oxyhydroxide, 11115-92-7.
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B In a series of seven column experiments, attachment
of the bacteriophage PRD-1 and MS-2 to silica beads at
pH’s 5.0-5.5 was at least partially reversible; however,
release of attached phage was slow and breakthrough
curves exhibited significant tailing. Rate coefficients for
attachment and detachment were on the order of 10~ and
105-10* 57!, respectively. Corresponding time scales were
hours for attachment and days for detachment. The
sticking efficiency («) for phage attachment was near 0.01.
The rate of phage release was enhanced by raising pH and
introducing surface-active chemical species, illustrating the
importance of chemical perturbations in promoting bioc-
olloid transport. In a series of batch experiments, MS-2
adsorbed strongly to a hydrophobic surface, octadecyl-
trichlorosilane-bonded silica, at both pH’s 5 and 7. Ad-
sorption to the unbonded silica at pH 5 was linear, but was
2.5 (with Ca?*) to 0.25% (without Ca%*) of that to the
bonded surface. Neither MS-2 nor PRD-1 adsorbed to
unbonded silica at pH 7. Hydrophobic effects appear to
be important for adsorption of even relatively hydrophilic
biocolloids.

Introduction

The fate of viruses in groundwater is governed by at-
tachment to immobile substrates, generally referred to as
adsorption, and by inactivation (I). In a study of over 100
groundwater samples, Yates et al. (2) found temperature
to be the only measured water characteristic significantly
correlated with viral inactivation. Gerba (3) cited extensive
evidence to the effect that sorbed viruses are generally
protected from inactivation relative to free viruses.

Several factors contribute to the adhesion of viruses and
other colloids to soil particles, including electrostatic at-
traction and repulsion, van der Waals forces, covalent—ionic
interactions, hydrogen bonding, and hydrophobic effects.
Murray and Parks (4) showed that free energies for ad-
sorption of poliovirus to a variety of metal oxides corre-
sponded well with potentials predicted by electrostatic
theory. Both chemical and electrostatic interactions could
be important in observations that divalent cations were
more effective than monovalent cations in promoting ad-
sorption of poliovirus to membrane filters (5).

Reported virus adsorption and transport experiments
have generally not involved well-characterized surfaces, but
have focused on specific soils or groundwater media (6-11).
These results, while quantitative, have failed to give gen-
eral insight into how chemical properties of the virus,
collector, and aqueous solution control attachment and
release. In addition, the reversibility of virus adsorption
has been studied for only a few cases (4). While several

*Present address: USGS, Water Resources Division, 10615 SE
Cherry Blossom Dr., Portland, OR 97216.

! Present address: STS Consultants, Ltd., 11425 W. Lake Park
Dr., Milwaukee, WI 53224.

$Present address: Stearns & Wheler, One Remington Park Dr.,
Cazenovia, NY 13035.
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mathematical models are available for describing transport
of viruses and other colloids in soil and groundwater (1),
all lack data for validation.

The research described in this paper is part of our on-
going studies of virus attachment and transport in natural
waters. Our first objective was to determine the effect of
pH on the attachment of MS-2 and PRD-1 to well-char-
acterized silica and hydrophobic surfaces. We chose MS-2,
PRD-1, and silica as their surface chemical properties are
well-known, offering the potential to determine the factors
controlling the degree of adsorption. We examined the
importance of Ca’* concentration and temperature in in-
fluencing MS-2 adsorption on silica at one pH. A second
objective was to demonstrate the reversibility of bacter-
iophage adsorption and to determine the effect of chemical
perturbations on the rates of desorption. Our third ob-
jective was to test equilibrium, first-order, and two-site
colloid transport models using the quantitative data and
parameter estimates developed for the chemical conditions
studied.

Materials and Methods

Batch Experiment Procedures. A set of pH 5 and
pH 7 batch experiments using silica and surface-modified
silica was undertaken to determine the role of pH and
hydrophobicity in MS-2 adsorption. Adsorption isotherms
were run at 4 °C in order to minimize viral inactivation.
A set of pH 5 batch experiments was also done at 24 °C
to investigate the effect of temperature under one set of
conditions.

Experiments consisted of placing 0.75 g of unbonded or
0.100 g of hydrophobic bonded silica (Min-u-sil 30, PGS,
Berkeley Springs, WV) in sterilized 4-mL glass vials with
Teflon cap inserts. Phage stock was diluted in buffer to
the desired titer and 2-mL aliquots were pipeted into
silica-containing vials and silica-free control vials. Vials
were hand-mixed and placed on a rotating Labquake
Shaker (Labindustries, Berkeley, CA) at 12 rpm. One set
of vials was assayed to give starting values. After 60
(unbonded) and 90 (bonded) min, vials were centrifuged
at 3500 rpm and 1-mL aliquots of the supernatant removed
for assay. Concentrations were corrected for inactivation
and isotherms plotted. The pH of each vial was measured
following an experiment; samples that varied more than
0.05 pH unit from the set pH were discarded.

Vials, caps, and inserts were autoclaved for 20 min after
each experiment and then cleaned by soaking vials and
inserts in RBS-35 detergent (Pierce Chemical Co., Rock-
ford, IL) for 24 h followed by rinsing and soaking in dis-
tilled water for 2 h. Vials were sterilized by baking for 30
min at 300 °C; caps and inserts were autoclaved for 20 min.

In four sets of experiments, mean phage removals (+
sample standard deviation) in sets of vials shaken for 30,
60, and 90 min were 97.7 + 1.7, 99.3 + 0.4, and 97.9 + 1.3%,
respectively. As there was no statistically significant
difference in adsorption at the three times, subsequent
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Figure 1. Column experimental setup.

experiments had a contact time of 60 min.

Column Experiment Procedures. Four continuous-
flow column experiments were conducted with the bac-
teriophage PRD-1 at pH’s 5.5 and 7.0 and three with MS-2
at pH 5. Experiments were done at 4 °C using a 15 cm
X 0.9 cm i.d. precision-bore glass chromatography column
(Spectrum Medical Industries, Inc., Los Angeles, CA)
packed with 45-90-um glass beads. Buffers and phage
were stored in glass reservoirs and fed through the column
by a peristaltic pump (Ismatec, Cole Parmer Instrument
Co., Chicago, IL). Column fittings were Teflon, and Teflon
tubing was used everywhere in the system except for a
length of Tygon tubing in the pump. Phage were pumped
through the peristaltic tubing for a minimum of 1 (MS-2)
or 18 h (PRD-1) prior to beginning an experiment to re-
duce subsequent tubing losses. Columns were packed with
new beads for each experiment by the tap and fill method
(12). After columns were flooded from the bottom to
remove air, a minimum of 40 pore volumes of the buffer
was passed through the column prior to introducing bac-
teriophage to the column.

In order to take column inlet samples throughout an
experiment without disrupting the flow, a parallel feed
tubing was set up (Figure 1). Feed-reservoir titers (from
0.9 to 3.9 X 10° plaque-forming units (PFU) mL™) re-
mained constant during an experiment, within analytical
uncertainty. Inlet and outlet samples were collected in
sterile glass test tubes for 10-20 min and assayed the same
day. Desorption solutions were fed to the column with
separate, uncontaminated tubing.

Outlet pH’s were within 0.06 pH unit of the target
values, with the exception of the pH 8 and pH 9 T'ween-80
detergent and beef extract eluent phases of experiment 7,
when pH’s dropped from 8.00 to 7.86, and from 9.00 to
8.81. Few phage were eluted with these solutions, however.

Flow rates, monitored continuously, remained fairly
steady; occasional excursions by as much as £9.5% were
quickly reset to target values. Column pore volumes were
determined by flooding with 0.01 M NaCl overnight and
then introducing a 0.03 M NaCl solution and monitoring
outflow conductivity. When outlet conductivity became
constant, 0.01 M NaCl was again introduced at the top of
the column and conductivity monitored. Pore volumes
calculated by conservative tracer breakthrough were
greater than those calculated by weighing empty and filled
columns by as much as 4.6%. This difference may be due
in part to variability in bead specific gravity, reported by
the manufacturer to be 2.45-2.50 g cm™; we used 2.475 g
cm,

Materials and Chemicals. Sodium phosphate was
used to buffer pH, with Ca added as CaCl,. In experiments
1 and 2 (pH 7.0), 0.08 M NaCl was added to raise ionic
strength. Stock solutions of beef extract and Tween 80
detergent were made by adding deionized water to beef
extract V (Becton Dickinson and Co., Cockeysville, MD)
and polyoxyethylene (20) sorbitan monooleate (Tween 80)
(J. T. Baker, Inc., Phillipsburg, NJ) to give 1.0 or 2.5%

solutions. These solutions were autoclaved for 20 min and
cooled to 4 °C, and the buffer was made with Na,HPO,.

Tris-buffered saline solution was prepared by dissolving
63.2 g of Trisma base (Sigma Chemical Co., St. Louis, MO),
163.6 g of NaCl, 7.46 g of KCl, and 1.13 g of Na,HPO, in
1600 mL of distilled water. To make experimental Tris
solutions, 32 mL of this saline solution was added to 368
mL of distilled water; the mixture autoclaved for 20 min
and distributed with a sterile Cornwall pipet in 2.7-mL
aliquots into sterile glass test tubes that were then capped
with sterile rubber stoppers and stored at 4 °C.

Trypticase soy broth (TSB) host medium was prepared
by dissolving 30 g of Tryptic soy broth powder (Gibco
Laboratories, Madison, WI; Difco Laboratories, Detroit,
MI) in 1 L of distilled water. Aliquots (3 and 100 mL) of
TSB were then dispensed into glass test tubes and Er-
lenmeyer flasks, respectively; these were capped, auto-
claved for 20 min, and stored at 4 °C.

Trypticase soy agar (TSA) overlay medium was prepared
by dissolving 30 g of TSA powder and 10 g of Bactoagar
(Difco Laboratories, Detroit, MI) in 1 L of distilled water.
Three-milliliter aliquots were delivered into 14-mL glass
test tubes; these were then capped, autoclaved for 20 min,
and stored at 4 °C. TSA plates for phage growth and assay
were prepared by dissolving 40 g of TSA in 1 L of distilled
water, autoclaving the solution for 20 min, cooling it to 50
°C, and dispensing in 10-mL aliquots into sterile, 100 mm
X 15 mm plastic Petri dishes. TSA plates were cooled
overnight and stored at 4 °C in their original plastic bags.

Bacteriophage and Assays. Bacteriophage MS-2 is
an icosahedral phage with a diameter of 26.0-26.6 nm (13)
and pH,, of 3.9 (14). The surface of MS-2 contains hy-
drophobic and hydrophilic portions (14). MS-2 (ATCC
15597 B-1) was obtained from the University of Arizona
Department of Microbiology and Immunology culture
collection. Bacteriophage PRD-1 is an icosahedral lipid
phage with a diameter of 62 nm (15). PRD-1 was obtained
from JuiCheng Hsieh (Department of Microbiology and
Immunology, College of Medicine, University of Arizona,
Tucson, AZ).

Coliphage MS-2 was grown and assayed in Escherichia
coli (ATCC 15597) and PRD-1 in Salmonella typhimu-
rium LT2. Both were assayed by the plaque-forming-unit
method described by Adams (16). Phage stocks were
prepared by covering infected host bacterial lawns with
5-10 mL of Tris-buffered saline solution for 2 h at room
temperature. The buffer was then poured from the Petri
dishes and collected in 250-mL centrifuge bottles. The
eluent solutions were centrifuged at 10000 rpm for 10 min
and removed, leaving behind and agar pellet. Bacterial
fragments were removed by filtration through a 0.45-um
membrane filter (Millipore Corp., Bedford, MA). The
phage solution was then purified by ultracentrifugation
for 2 (MS-2) or 1.5 h (PRD-1) at 25000 rpm. The phage
pellet was resuspended in Tris buffer by pipeting action
and the concentrated phage removed and diluted to 10 mL
with Tris buffer. Phage titers between 10'! and 10" pfu
mL™ were obtained. For microelectrophoretic experi-
ments, PRD-1 was further purified in a sucrose gradient.
Concentrated PRD-1 stock was placed at the top of a set
of filter-sterilized sucrose solutions with bands made of 20,
10, and 5% sucrose by weight in deionized water. The
gradients were placed in a ultracentrifuge for 105 min at
45000 rpm, after which the pellet was resuspended in 1
mL of buffer. A titer of approximately 10> pfu mL™
resulted.

Samples to be assayed were sequentially diluted with
Tris (or phosphate buffer) to appropriate concentrations,
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usually 100-300 pfu mL, by pipeting 0.3 mL of diluent
into 2.7 mL of Tris (or phosphate buffer) and vortexing
the mixture for 5s. One milliliter of host culture and 0.1
mL of the diluted sample were added to each of two to six
overlay media tubes, the solutions vortexed for 5 s, and
the contents poured onto TSA plates and allowed to sol-
idify for 15-30 min. The plates were incubated overnight
and individual plaques counted with a C-100 automatic
plaque counter (New Brunswick Scientific Co., New
Brunswick, NJ).

Silica Sorbents. The silica for batch experiments
(Min-u-sil 30, PGS) was first washed by placing 60 g of
Min-u-sil and 200 mL of 0.1 M NH,OH in each of four
250-mL Teflon centrifuge bottles. The bottles were shaken
for 5 min and centrifuged for 5 min at 5000 rpm. Su-
pernatants were discarded, and the process was repeated
with 200 mL of 1.0 M HCI, then with 200 mL of 0.5 M HCl,
and finally with eight rinses of deionized water. The final
rinse pH was ~5. The silica was then transferred to a glass
beaker, covered with a glass watchglass, and oven-dried
at 100 °C.

To prepare organosilane-modified silica, 100 g of the
cleaned Min-u-sil was suspended in 150 mL of deionized
water, 0.125 mL of octadecyltrichlorosilane added, and the
resultant solution stirred with an eye-shaped magnetic stir
bar for 2 h. The mixture was dried at 110 °C for 24 h, at
which time 50 g of the bonded Min-u-sil was washed with
150 mL of pentane. The mixture was centrifuged, the
pentane discarded, and the procedure repeated with an-
other pentane rinse, two methanol rinses, two rinses in 1
M HCI, and seven deionized water rinses, at which point
the supernatant was at a pH of ~5. The bonded Min-u-sil
was oven-dried in a glass beaker. In order to maintain
control experimental conditions, unbonded silica used in
batch experiments for comparison with the bonded silica
was subjected to the same additional rinsing as the bonded
silica. All silicas were stored in sterile glass jars with
ground-glass or solid PTFE stoppers.

The silicas for column experiments, Spheriglass 2530
beads (Potters Industries, Inc., Hasbrouck Heights, NJ),
were washed to remove soluble oxides of calcium and so-
dium and other impurities from the surfaces. Beads were
cleaned by first rinsing with distilled water, with NH,OH,
and then with deionized water until the rinse water pH
dropped below 11. Beads were then refluxed in 2 M HCI
for 4 h, rinsed in deionized water, and refluxed in fresh
2 M HCI for 2 h more; this second refluxing was repeated
a third time with fresh HCl. The beads were next rinsed
in deionized water until the rinse water pH rose above pH
4 and then refluxed in deionized water for 1 h. This last
step was needed as electrophoretic mobility measured on
beads following the acid refluxing was slow to reach a
constant value. Last, the beads were rinsed in deionized
water and oven-dried overnight at 200 °C.

Surface area, determined by single-point N, adsorption
on a Model QS-10 Quantasorb Sorption System (Quan-
tachrome Corp., New York), was 2.0 m? g! for unbonded
and 1.7 m? g’! for bonded Min-u-sil and 0.060-0.066 m?
g1 for beads.

Bonded and unbonded silica were analyzed for organic
carbon by elemental pyrolysis (Desert Analytics, Tucson,
AZ). The mass-fraction organic carbon (f,.) for unbonded
Min-u-sil was 0.00004; for bonded silica it was 0.000 18.
Assuming a silanol surface site density of 4.6 nm™ (17) and
the manufacturer’s reported size distribution, this corre-
sponds to a surface coverage of 0.065. The mass-fraction
organic carbon for both batches of beads was 0.000 02; the
instrument error for measurements was £+0.000 05.
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Figure 2. Batch experiment isotherms for MS-2 adsorption in (a, top)
calcium phosphate buffer at pH 5 at two temperatures with unbonded
silica and (b, bottom) calcium-free phosphate buffer at pH's 5 and 7
at 4 °C with bonded and unbonded silica. Each point is from a single
vial and blank.

Electrophoretic mobility was measured using a Rank
Brothers (Cambridge, England) Mark II microelectro-
phoresis apparatus equipped with a flat cell and platinum
electrodes. A measurement was made by timing at least
five particles at each polarity (constant voltage) at each
stationary level. Reported mobility is the average velocity
divided by the voltage gradient. The large beads used in
experiments settled out of the field of view before mea-
surements could be made. Smaller beads (Spheriglass
2900; <53 um) were washed by the same process as the
larger beads and measurements made on the nonsettling
fraction. For phage measurements, a cylindrical cell and
a He-Ne laser (Scientifica-Cook, Ltd., London, England)
were used. Purified PRD-1 was suspended in calcium
phosphate buffer (10* M Ca) to give approximately 1.5
X 10%° pfu mL™.

Results

Batch Experiments. Isotherms for MS-2 adsorption
to Min-u-sil in calcium phosphate buffer (Figure 2a) were
linear, with the partition coefficient [(pfugospea/Esorbent)/
(Pfuyager/ M Liygter) = S/C = K] for the 24 °C isotherm (K,
= 580 cm?® g™) twice that for the 4 °C isotherm (K, = 270
cm? g!). Standard errors were 30 for each. Freundlich
isotherm (C = KS") exponents for the respective experi-
ments were 0.99 and 1.01.

In calcium-free phosphate buffer, MS-2 adsorbed to
unbonded Min-u-sil at pH 5 but did not adsorb at pH 7;
it adsorbed to bonded Min-u-sil at both pH 5 and pH 7
(Figure 2b). A one-way, completely random analysis of
variance (ANOVA) (Costat Statistical Software, CoHort
Software, Berkeley, CA) with C as the variate showed the
variation between the pH’s 5 and 7 bonded silica to be not
statistically significant (P = 0.25). MS-2 adsorption to
bonded Min-u-sil was 400 times greater than to unbonded
Min-u-sil. Fitting a Freundlich isotherm to the bonded
and unbonded silica isotherms gave K’s of 41 000 and 100,
respectively, with r? values of 0.97 and 0.84; values of n
were 0.92 in each case. Linear isotherm partition coeffi-
cients (K,) were 8300 and 6.6 cm?® g7, respectively, with
r? values of 0.90 and 0.53; respective standard errors were
800 and 0.6.



Table I. Equilibrium Model Fits to Data

fitted parameters

exp® u,cm st Co, pfu mL™? Rb P ssq° Ky, cm® gt D, cm?s71
MS-2 Experiments at pH 5.0 and 4 °C

1 ads 0.0037 2.62 X 104 2.71 £ 0.10 4.51 + 0.78 0.1571 0.376 0.0127

1 des 0.0037 0.81 £ 0.02 109 + 47 0.0956 0.00053

2 ads 0.0037 3.49 x 10* 1.55 £ 0.06 6.47 + 1.43 0.1087 0.121 0.0089

2 des 0.0037 0.645 £ 0.016 737 £ 1.18 0.0181 0.00778

3 ads 0.0035 1.59 x 10* 291 £ 0.16 1.79 £ 0.37 0.1101 0.420 0.0295

3 des 0.0035 0.964 + 0.016 326 + 202 0.1354 0.00016
PRD-1 Experiments at pH 7.0 and 4 °C

4 ads 0.0057 1.05 X 10° 1.00 + 0.02 192 + 107 0.0650 3.1x10%

5 ads 0.0039 9.15 x 10* 1.02 £ 0.01 221 + 99 0.0505 2.7 X 108

¢ Adsorption (ads) and desorption (des) parts of breakthrough curves listed separately. ®Parameter estimate + standard error. ¢Sum of

squared errors.
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Figure 3. (a, top) Mobility of Min-u-sil as a function of pH in calcium-
free phosphate buffer and of silica beads as a function of pH in
phosphate buffer, both with 10* M calcium (O) and without calcium
(*). (b, bottom) Mobility of PRD-1 as a function of pH in phosphate
buffer with 10* M calcium.

At pH 5 and 4 °C, adsorption to unbonded silica was
on the order of 10-fold or more greater with (Figure 2a)
versus without (Figure 2b) Ca?*, suggesting either a
charge-neutralization or cation-bridging role for the ion.
Both unbonded and bonded Min-u-sil are negatively
charged in the pH range studied (Figure 3a), with bonded
silica being slightly less negative than unbonded silica.

Column Experiments. Experiments 1-3 (MS-2, pH
5.0) show a slowly rising breakthrough curve to C/C, of
1.0 after 4.5-5.0 pore volumes (Figure 4). The jaggedness
of the curve is due to the variability of the plaque assay
procedure. Replicate assays of a sample differed by an
average of 25%. The first phage were detected after
0.9-1.0 pore volume had passed through the column.
There was bacteriophage retention in the column, as C/C,
= 0.5 occurred after 2.2, 1.4, and 2.0 pore volumes in ex-
periments 1-3, respectively. It is thought that the earlier
breakthrough of the bacteriophage front in experiment 2
was due to not fully flushing phage from experiment 1 out
of the column; new packing was used for each subsequent
experiment. All three experiments showed steep declines
in C/C, ~1 pore volume after the feed was switched to
the bacteriophage-free solution. The fractions of bacter-
iophage recovered in desorption were 0.85 and 0.69 in
experiments 1 and 3, respectively; these include pertur-
bations after 10 pore volumes, which were not shown on

15 a. Equil model fits 15 b. First-order model fits
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Figure 4. Breakthrough curves for experiments 1-3 with MS-2 at pH
5.0. Experimental conditions are given in Table I. Pulse values
(number of pore volumes of feed solution containing phage) were 4.6,
4.7, and 4.3 for experiments 1-3, respectively (vertical dotted lines).
(a, left) Data with equilibrium model fits; parameters given in Table I.
(b, right) First-order model fits; parameters given in Table II. Vertical
dotted lines indicate points at which column input conditions were
changed.

Figure 4. Slow desorption apparently contributed to the
fractions being less than 1.0. Uncertainty in the plaque
assay, especially for short-term peaks, could also be a
factor. The second MS-2 experiment was carried out
without changing column packing, so mass balance was not
calculated.

After 20 pore volumes of desorption at pH 5 in exper-
iment 3, C/C, dropped below 0.01; switching to a pH 7.0
Ca-free buffer resulted in a small peak of C/C, = 0.06 (not
shown). After 4 days (158 pore volumes) of desorption in
experiment 2 at pH 5.0, changing the buffer pH to 7.0
resulted in an outlet pulse with C/C, = 0.14.

PRD-1 did not adsorb at pH 7.0 (experiments 4 and 5,
Figure 5 and Table I) for either the 64- (0.0057 cm s7) or
94-min (0.0037 cm s™!) residence time. PRD-1 adsorbed
slowly at pH 5.5 (experiments 6 and 7, Figure 6), but did
not reach C/C, = 1.0; upon switching to bacteriophage-free
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Figure 5. Breakthrough curve for experiments 4 and 5 with PRD-1 and
conservative salt tracer; pH 7.0 Experimental conditions are given in
Table I.
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Figure 6. Breakthrough curve for experiments 6 and 7 with PRD-1:
(a, top) adsorption at pH 5.5 in phosphate buffer with 10 M Ca?*,
u=0.0039 cms™'; C, = 2.15 X 10° pfu mL"; (b, bottom) adsorption
atpH 5.5 in phos?hate buffer with 10°® M Ca®*, v = 0.0039 cm s™";
C, = 3.89 X 10° pfu mL™". See text for explanation of desorption
sequences, which began after 44 and 28 pore volumes of input pulse
(number of pore volumes of feed solution containing phage) in ex-
periments 6 and 7, respectively. Vertical dotted lines indicate points
at which column input conditions were changed.

buffer the phage slowly desorbed. PRD-1 is negatively
charged at pH’s 4.5-7.5 in a phosphate buffer in the
presence of 10~ M Ca?* (Figure 3b).

In experiment 6, there was little desorption with calcium
phosphate buffer at pH 5.5, but a pulse with C/C, = 14
occurred upon switching to a calcium-free pH 7.0 phos-
phate eluent. A smaller but significant pulse occurred
upon switching to a pH 7.0 calcium-free buffer with 1%
beef extract. The beef extract addition provided two
chemical changes, a higher ionic strength and introduction
of organic, largely protein, molecules. Mass balance cal-
culations indicate that 82% of the sorbed phage was eluted
during desorption (including perturbations). The unac-
counted-for bacteriophage were apparently either resistant
to desorption or were inactivated. Phage were still de-
taching after 77 pore volumes of desorption.

There was little desorption in experiment 7 with calcium
phosphate buffer at pH 5.5 (pore volumes 28-36), or with
calcium-free phosphate buffer at pH 5.5 (pore volumes
36-52). A change from pH 5.5 to 8.0 eluent produced a
large bacteriophage pulse, suggesting that changes in pH
rather than changes in calcium concentration were re-
sponsible for the large desorption pulse seen in experiment
3. Only small pulses were observed in subsequent de-
sorption steps with (i) calcium-free buffer at pH 8 with
1.0% Tween 80 detergent (a surfactant) and 2.5% beef
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extract and (ii) desorption with the same mixture at pH
9. After 135 pore volumes of desorption, 76% of the ad-
sorbed phage was eluted.

Discussion

Interpretation of Chemical Effects. The greater
MS-2 adsorption to bonded silica is apparently due largely
to hydrophobic factors rather than any surface charge
reduction from bonded carbon chains reducing the total
number of silanol sites. Note that the difference in surface
charge of the bonded silica at pH’s 5 and 7 is greater than
the difference in surface charge between bonded and un-
bonded silica at pH 5 (Figure 3a). The greater MS-2 ad-
sorption to unbonded silica at pH 5 versus pH 7 is con-
sistent with electrostatic repulsion being important in that
the surface charges of both the colloid and the immobile
surfaces are nearer zero at lower pH. Thus MS-2, which
is relatively nonadsorbing in sandy soil (11), should be
retained in soil with an appreciable organic matter content.

Other indications of the importance of surface hydro-
phobicity come from batch experiments with the bacter-
iophage $X-174 and five different soils in which there was
a correlation between adsorption and soil organic carbon
content (18). Farrah et al. (19) observed that at pH 9,
antichaotropic salts, which act to increase the structure
of water, retarded or prevented elution of poliovirus from
membrane filters. Chaotropic salts, which disrupt the
structure of water, antagonized the effects of antichao-
tropic salts at pH 9. At pH 4 neither salt had any effect.
It was concluded that electrostatic interactions dominate
poliovirus adsorption to membrane filters at pH 4, but that
hydrophobic interactions dominate at pH 9. Similar re-
sults were also found with bacteriophage MS-2 (20).

MS-2 adsorption to unbonded silica is apparently en-
dothermic, and the temperature effect was opposite that
expected for ion adsorption. Hydrophobic interactions are
more stable at higher temperatures (21); if sorption was
partially driven by a partitioning of hydrophobic portions
of phage onto silica surfaces by exclusion from water,
sorption could increase with temperature. We have not
observed this behavior for sorption of hydrophobic mole-
cules onto the same bonded surfaces, however (22). Zittle
(23) cited evidence that proteins tend to sorb to a greater
extent at higher temperatures than they do at lower tem-
peratures. He noted that the processes of protein un-
folding is endothermic and suggested that protein sorption
may involve such unfolding on surfaces. If virus adsorption
involves the unfolding of surficial protein groups, virus
uptake should increase with increases in temperature. In
that case, our temperature results would be important for
virus and bacteria transport but would not be applicable
to abiotic colloids. Different rates of adsorption at 4 and
24 °C could also contribute to the observed temperature
dependence. Zittle (23) noted that the rate of protein
adsorption is faster at higher temperatures. It is possible
that experimental variability could have masked none-
quilibrium in the time curves, creating a situation in which
kinetics resulted in more sorption at 24 °C than at 4 °C.
However, that seems unlikely given the small changes at
later times and the time scales observed in the column
experiments.

Results of the column experiments are also consistent
with electrostatic repulsion being important. Strong ad-
sorption at low pH and no adsorption at higher pH is
expected where both the colloids and immobile surface
have low pHy,’s (isoelectric pH’s). The desorption of MS-2
and PRD-1 with an increase in pH is also consistent with
the greater repulsion further away from the pH,,,. How-
ever, the small pulses that followed pH changes suggested



that complete desorption requires significant chemical
perturbations.

There was greater MS-2 adsorption to unbonded silica
with versus without Ca present; adsorption of PRD-1 was
also lower in experiment 7 as compared with 6 (10~ versus
10 M). Assuming a bead density of 2.5 g cm™ and a mean
bead diameter of 2 um, the surface area of the beads is
estimated to be 1.2 m? g!. Assuming a 100 mg L' sus-
pension and 4.6 silanol groups/nm? of silica suggests that
the concentration of surface silanol groups was 10 M.
Thus, sufficient Ca?* was present at both 10 and 10 M
to influence phage adsorption. These are consistent with
Mix (24), who proposed that cations may act as complexing
agents in attachment, forming salt bridges between viruses
and surfaces.

Modeling and Kinetic Influences. We fit experi-
mental breakthrough curves to three different one-di-
mensional advection—dispersion models (equilibrium,
first-order kinetic, and two-site kinetic models) in order
to estimate the magnitude of adsorption and time scales
for reaching equilibrium. Governing equations for the
most general model used, one-dimensional transport in a
porous media with two types of adsorption sites, one of
which is kinetically limited, have been given by various
investigators (25, 26):
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where C is the bacteriophage (or solute) concentration in
the aqueous phase; S; and S, are the bound concentrations
for fast and kinetically limited sites, respectively; 6 is po-
rosity; ¢ is the dry bulk density of the solid material; D
is the longitudinal dispersion coefficient; u is the average
interstitial velocity; &, is a pseudo-first-order rate coeffi-
cient (s7!) for attachment, which depends on the bacter-
iophage’s (solute’s) molecular diffusion coefficient and the
sticking efficiency (i.e., net energy of interaction between
phage and silica); and k, is a pseudo-first-order detachment
rate coefficient, which also depends on the energy of
phage—surface interaction. These rate coefficients do not
depend on the surface site concentration, as only a very
small fraction of the surface was covered by adsorbed
phage. Equation 1 expresses the total change in concen-
tration with time due to advection, dispersion, attachment,
and detachment. Equation 2 expresses the linear ad-
sorption equilibrium for the fast (type 1, equilibrium)
adsorption sites. K, and 6k,/¢k, are the equilibrium
partition coefficients for the type 1 and type 2 sites, re-
spectively. Letting Ky, = 0k,/¢k,, the overall, total
equilibrium partition coefficient for ¢t — « is K, + K.
Type 1 sites could correspond to colloids held near the
surface in a secondary minimum of the potential energy
of interaction, with little or no energy barrier for detach-
ment. In eq3, the change in bacteriophage concentration
bound to type 2 sites with time is the difference between
the attachment and detachment rates.

It is often useful to express the four model parameters
in dimensionless terms. The total partition coefficient, K,
+ K, is related to the retardation factor:

4 o(Kpy + Kpp) Ko ky

9 =1+ 9 +k—2 4)

The Peclet number

P=Lu/D ()

indicates the time scale for dispersion divided by the
residence time in the system. The dimensionless mass-
transfer coefficient is a Damkohler number (27, 28):
physical time scale L/u kL ©)
® 7 Cchemical time scale 1 /by u
where L is the length of the column. When » > 100, local
equilibrium applies, and as w drops below about 0.1-0.5,
adsorption is too slow to observe and the solute appears
to be conservative. A fourth parameter, 3, related to the
ratio of equilibrium to total adsorption, can be defined by

0+ oK,
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For no type 1 sites, a three-parameter (K, = 0; 8 = 1/R)
model (first-order model) can be used. For no type 2 sites
(8 =1/R and w 2 100), a two-parameter equilibrium model
results. Parameter values were estimated using the non-
linear-least-squares curve-fitting routine of van Genuchten
(29), with constant-flux lower boundary condition. Ap-
plying the equilibrium model to three NaCl breakthrough
curves accompanying experiments 1-3, we found dispersion
to be linearly related to pore-water velocity (D of 4.8 X 107,
8.7 X 107, and 18.0 X 1075 cm? s7! for velocities of 0.0014,
0.0030, and 0.0058 cm s}, respectively):

D =0.0303u + 1.92 X 10° (2 =0.99) (8)

Fitting the adsorption portion of the MS-2 breakthrough
curves with the equilibrium model gave good fits (low sum
of squared errors) but apparent dispersion values ~150-
fold higher than for the salt tracer, indicating nonequi-
librium behavior (Table I and Figures 4 and 5). There was
adsorption of MS-2 to the glass beads; fitted R’s ranged
from 1.6 to 2.9. The desorption portions of the same three
breakthrough curves gave dispersion values nearly the
same as for the salt tracer; however, the desorption curve
R values were less than 1. The apparent R can be less than
1.0 if there is colloid exclusion from a part of the pore
volume, i.e., the pore volume for colloid transport is smaller
than the pore volume for salt transport; that is not plau-
sible for our system. These two results—small D and R
< 1—are an artifact of fitting a slow-desorption break-
through curve with an equilibrium model; they suggest that
the time scale for desorption was slower than those for
sorption, and for flow through the column. From exper-
iments 4 and 5 (PRD-1), which had no adsorption (R =
1.0), D estimated from an equilibrium model fit averaged
2.9 X 107 cm s™ for a velocity of 0.0039 cm s~ (Table I
and Figure 6). This dispersion value is in the same range
as that of the salt tracer; there was apparently no addi-
tional dispersion associated with PRD-1 in the absence of
adsorption. The fitted Peclet number of 210 for PRD-1
was used for subsequent analysis of experiments 6 and 7.
A corresponding Peclet number of 470—based on its
smaller size—was used for MS-2 in later analyses to sep-
arate the effects of slow adsorption and desorption from
dispersion. Bales et al. (11) obtained D values of (1.4-1.7)
X 1072 ¢cm? s7! in soil column experiments with MS-2 at
velocities of 0.01 cm s!. Using a Peclet number based on
the mean grain size for their heterogeneous soils, ~1.5 mm,
suggests that dispersion was similar to that observed in
our PRD-1 experiments (Figure 7).

Further modeling efforts concentrated on determining
a range of values for k, and k,, the attachment and de-
tachment rate coefficients, respectively. Adsorption and
desorption portions of the curves were modeled separately

1 (7
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Table II. First-Order and Two-Site Model Fits to Data

fitted parameters®

K, + Ky,
exp® Re W g ssq? cm® g ky, 87t ky, 571 a
First-Order Model: MS-2 Experiments at pH 5.0 and 4 °C
1 ads 2.66 £ 0.07 2.16 £ 0.23 0.1270 0.365 533X 10* 321 X10* 1.1Xx10?
1 des 0.160 £ 0.043 0.0928 395 % 10®° 238x10° 8Xx10*
2 ads 1.62 = 0.05 0.871 £ 0.014 0.0547 0.136 215x 10* 347x10* 4 %103
2 des 0.132 £ 0.037 0.1045 3.26 X 10° 525x10° 7x10*
3 ads 2.72 £ 0.09 1.20 £ 0.12 0.1041 0.378 2.80 X 107 163 x10* 6 %1073
3 des 0.0348 £ 0.0120 0.0092 812x 10°% 472x10% 2x10*
First-Order Model: PRD-1 Experiments at pH 5.5 and 4 °C
6 ads 210 £ 42 4.53 £ 0.40 0.0063 46 1.18 X 10  5.64 X 107 1.3 X 102
6 des 2.16 = 0.40 0.0088 562X 10* 269x10% 6x 1072
Tads 115+ 22 2.08 + 0.08 0.0513 26 541 X 10*  474x10° 6x10°
7 des 0.11 £ 0.01 0.0027 2.86 X 10° 251 x107 3Xx10*
Two-Site Model: PRD-1 Experiments at pH 5.5 and 4 °C
6 ads 230 £ 51 4.30 £ 0.41 0.0080 £ 0.0039 0.0060 50 11.2 X 104 4.90 X 107 1.3 X 107!
6 des 0.82 + 11.43 0.0028 + 0.0425  0.0083 213 X% 10* 934 x107 2x103
7 ads 118 + 24 2.07 £ 0.08 0.0089 £ 0.0018 0.0501 26 538 X 10 460x10° 6 x107°
7 des 2.34 £ 0.17 0.0050 £ 0.0004 0.0029 6.08 x 10* 518 x10¢ 7x 103

@ Adsorption (ads) and desorption (des) parts of breakthrough curves listed separately. ?Peclet number fixed at 210 for PRD-1 and 470
for MS-2. ¢Parameter estimate % standard error. ¢Sum of squared errors.
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Figure 7. Dispersion Peclet number for salt tracer and virus break-
through curves; from equilibrium model fits, Table I. D, is the mo-
lecular diffusion coefficient and d is the bead diameter.

P

because of poor performance of the fitting algorithm when
given both parts of the breakthrough curves to model as
a unit, due in part to the lack of complete mass balance.
Note that the adsorption portion of the breakthrough
curve refers to the part during which bacteriophage-con-
taining solution was fed to the column; the desorption
portion refers to the second part, in which phage-free
buffer was fed to the column. The first-order model gave
good fits (low sum of squared errors) to the MS-2 break-
through curves (Figure 4), with R values nearly the same
as from the equilibrium model fits (Table II). The low
o values indicate nonequilibrium conditions, with &, and
k, values on the order of (0.3-3.0) X 10*s. Time scales
for equilibration (k;) are thus on the order of several
hours.

For the PRD-1 experiments, the unusually high bac-
teriophage concentrations eluted with the first pore volume
of desorption were removed from the data set; it is thought
that the high values were caused by jarring of the virus
tubing during the changeover from virus-containing tubing
to virus-free tubing. The first-order and two-site models
provided essentially the same parameter estimates and
equally good fits for experiment 6 adsorption and de-
sorption curves (Figure 8), as indicated by the sum of
square errors (ssq). The w values for PRD-1 are in the
same range as for MS-2, but the R values are nearly 100-
fold higher. Time scales for reaching equilibrium are thus
on the order of 1 h for adsorption and several days for
desorption. The low 3 values for the two-site-model fit
indicate that bonding to type 1 (fast) sites contributes little
to the total adsorption. That is, K; < K, for both MS-2
and PRD-1.
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Figure 8. Model fits to breakthrough curve for experiments 6 and 7
for first-order (solid) and two-site (broken) models. Parameters are
given in Table II.

Physical and chemical factors influencing the magnitude
of k, can be described separately following the single-
collector model used to describe particle removal in water
filtration (30). The single-collector removal efficiency, 7,
is defined as

rate at which particles strike a collector

rate at which particles approach a collector

and the sticking efficiency, «, is defined as

rate at which particles stick to a collector i
%~ Trate at which particles strike a collector (10)

Particles are removed from a unit volume of fluid at the
rate k,C and thus are removed by (stick to) a single col-
lector at the rate k;C(70d?/6(1 — 0)), where the quantity
in parentheses is the volume of fluid associated with a
single, spherical collector of diameter d. The rate at which
particles approach this volume is fuC(xd?/4), giving

na = (2/3)(kd/u)[1/(1 - 6)] (11)

For the bacteriophage-sized colloids, Brownian diffusion
is the primary mechanism for particle transport to the
collector, and 1 = 4Pe %3, where Pe is a Peclet number.
Substituting, n = 0.9[ud du/kT]?/3, where p is fluid vis-
cosity, d, is the bacteriopﬁage diameter, k is the Boltzmann



constant, and T is temperature. « values estimated from
first-order-model k;’s from the adsorption portions of the
breakthrough curves range from 4 X 1073 to 1.3 X 1072,
averaging 7 X 107 for MS-2 and 1 X 102 for PRD-1.
Values from k,’s estimated from the desorption portions
of the breakthrough curves were 3-10-fold lower.

The partition coefficients for MS-2 adsorption to Min-
u-sil at pH 5.5 and to silica beads at pH 5.0 were ~700-fold
different, 270 versus 0.36 cm?® g1, which is significantly
greater than their 30-fold differences in surface areas.
These small, but significant, different densities suggest that
adsorption is not site limited. If kinetics control the ad-
sorption density, as indicated by the column experiments,
batch experiments that are significantly longer than 1 h
are needed. Respective batch and column adsorption
densities for C, = 3 X 10* pfu mL, typical of the column
experiments, are calculated to be 500 and 17 pfu cm™. As
residence times in the batch and column experiments were
similar, differences in the sorbents rather than kinetics
were probably responsible for sorption differences. Burge
and Enkiri (18) reported a partition coefficient of 160 cm3
g! for bacteriophage X-174 sorption to a silt loam (f,,
of 0.0238) in batch experiments conducted at pH 6.2; the
large partition coefficient may be due in part to the large
surface area of the sample, 150 m? gl. The estimated
partition coefficient for PRD-1 in our experiments is also
large, especially for bacteriophage adsorption to an inor-
ganic surface with a relatively small surface area. This
suggests that sorption of PRD-1, a lipid phage, may be
largely due to hydrophobic factors.

Conclusions

MS-2 and PRD-1 adsorption in silica bead columns at
flow rates of ~0.004 cm s"'—somewhat fast for ground-
water velocities—is at least partially reversible, but both
adsorption and desorption are kinetically controlled. Thus,
one expects nonequilibrium conditions to prevail in some
natural systems. The greater adsorbing PRD-1 did not
reach equilibrium for the flow rates used. The strong
kinetic effect, evidenced in the slow rising limbs and the
long tailing limbs of the breakthrough curves, is important
because significant errors can result from the application
of equilibrium sorption parameters to nonequilibrium
situations.

MS-2 adsorption to unbonded silica at pH 5.5 was linear
over several orders of magnitude. Neither MS-2 nor
PRD-1 adsorbed to silica at pH 7.0, where electrostatic
repulsion was important. At pH 5.5, where electrostatic
repulsion was less important, PRD-1 adsorption was much
greater than for MS-2. Hydrophobic factors are thought
to be responsible for this difference; PRD-1’s larger size
would make the hydrophobic effect greater for it than for
MS-2. Hydrophobic factors are thought to be responsible
for this difference; PRD-1’s larger size would make the
hydrophobic effect greater for it than for MS-2. In general,
hydrophobic effects are important in adsorption of both
MS-2 and PRD-1 to the model surfaces studied and may
be orders of magnitude more important than electrostatic
forces in soil.

Our results suggest that chemical perturbations such as
changes in pH may cause more desorption of colloids than
would occur over long periods at constant pH. On the

other hand, slow desorption under steady-state conditions
could result in long-term release of viruses into ground-
water. Observed time scales for desorption—i.e., order of
magnitude changes in bound phage—were ~1 day.
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CORRESPONDENCE

Comment on “Speciation of Airborne
Nickel in Occupational Exposures”

SIR: We agree with Wong and Wu that airborne nickel
must be speciated to assess any nickel-related occupational
health hazards (1). We were also pleased to see data on
occupational exposures to nickel appear in the literature.
However, we do not think their proposed procedure for
determining soluble, metallic, and oxidic nickel is generally
applicable to workplaces where nickel is present. We also
wish they had provided more information on the opera-
tions being carried out and on the nickel species being
handled near each sampling site.

Our concern for their speciation method is based on
more than 10 years of work to develop, refine, and test a
protocol for separating airborne nickel in the workplace
into four different groups: soluble, sulfidic, metallic, and
oxidic. The protocol, based on sequential selective leaches,
was successfully tested on three industrial dusts in an
international interlaboratory program (2).

First, there can be no argument with using an aqueous
leach to determine soluble nickel. However, we believe
Wong and Wu should not have used glass fiber filters in
connection with this assay. They found decreased con-
centrations of soluble nickel and increased concentrations
of oxidic nickel when using a glass fiber filter compared
with using a cellulose ester membrane. They attempted
to explain these differences in terms of sampling periods
of different length, different pore sizes of the filters, and
different size distributions (which were not determined)
of the three nickel species. We believe the explanation for
their observations is much simpler.

Every glass fiber filter that we have examined has an
alkaline surface. We have found as much as 240 pequiv
of alkali/g of filter for some makes. This alkalinity can
convert some or all of the soluble normal nickel salts
collected on the filter into insoluble basic nickel salts. Less
nickel dissolves from the basic salts during the subsequent
water leach, resulting in an underestimate of soluble nickel.
The remaining basic salt dissolves during the hydrochloric
acid leach, leading to an overestimate of the oxidic nickel.

To provide experimental support for our belief, we found
that Gelman type A/E filters available in our laboratory
contained a natural surface alkalinity of 32 pequiv/g. We
spiked two such filters with 10 ug of Ni as NiCl,, dried
them at ambient temperature, and then leached them in
water. We recovered only 65 and 68% of the total nickel.
The remainder would report as oxidic nickel. This out-
come agrees with results we obtained on other glass fiber
filters and report elsewhere (2). Glass fiber filters should
not be used when attempting to determine the soluble
nickel content of airborne dust.

Wong and Wu may find this hard to believe in view of
the 100% recovery of soluble nickel they reported for the
same glass fiber filters in their method validation study
(3). We can think of three possible explanations for the
high recovery: (1) the filter was water leached before the
added soluble nickel could react with the filter’s surface
alkalinity; (2) the soluble nickel was added on top of and
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absorbed by the additions of nickel-containing silica al-
ready on the filter and hence did not contact the filter; (3)
commercial standard metal salt solutions such as the one
used by Wong and Wu are likely to contain between 2 and
5% free acid as stabilizers. This amount of acid could
easily have eliminated the surface alkalinity of the glass
fiber filter.

Second, Wong and Wu’s method for determining met-
allic nickel relies on a physical separation based on
magnetic properties. This approach may have been
suitable for the workplace they studied, but in many
workplaces, metallic nickel will not exist as discrete, ho-
mogeneous particles. For example, oxide fume from
high-temperature furnaces often contains a metallic core
while metallic dust from reducing operations could well
have cores of unreduced oxide. If the oxidic nickel took
the form of a magnetic nickel-bearing spinel, it would all
report as metallic nickel. Thus, Wong and Wu’s method
is likely to overestimate the amount of metallic nickel and
underestimate the amount of oxidic nickel. Our speciation
protocol employs a selective leach for the metallic nickel
phase. If that phase is completely encapsulated by an
oxidic phase, our method would underestimate the amount
of metallic nickel and overestimate the amount of oxidic
nickel. However, we do not think this happens very often
with dusts fine enough to remain airborne.

Third, we think Wong and Wu have underestimated the
refractory nature of oxidic nickel found in many work-
places. Its dissolution in dilute single acids like the 18.5%
HCI they used is often incomplete. Sodium peroxide fu-
sion or digestion with fuming perchloric acid are the only
ways we know to ensure the complete dissolution of any
type of oxidic nickel, including refractory oxides produced
at high temperatures.

Since we believe speciation of airborne nickel is essential
for meaningful assessment of workplace hazards, we must
caution readers of ES&T that the speciation method of
Wong and Wu is of limited applicability. One would have
to know in advance the microscopic nature of the dust of
interest to know whether their method could be relied
upon. We believe we have developed a method for spec-
iation that, while not foolproof, is better suited for general
application.
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SIR: The correspondence by Zatka and Warner refer-
ring to our paper (I) shows the complexity in the study
of occupational exposures to nickel. In the paper, we
report findings of speciation of airborne nickel inside a
building used for manufacturing specialized nickel prod-
ucts. This paper was not intended to propose a generally
applicable procedure for nickel analysis.

Their concern about the alkaline surface of glass fiber
filter is based on a special experiment: “We spiked two
such filters with 10 ug of Ni as NiCl, [solution], dried them
at ambient temperature, and then leached them in water”.
They recovered only ~65% of the total nickel due to Ni%*
ion reacting with glass alklai at the water—fiber interface.
However, this is not the situation with our air sampling,
where the Ni** particulates were trapped by the filter
membrane in the solid state, the filter membranes stored
in a desiccator, and then the air particulates sonicated into
dionized water of pH 5.7. It is only in the last step that
the filter membrane contacts water, and at that point the
glass alkaline surface is more likely quenched by H* in
water than by the solid Ni?* particles being drawn into
water. We have found no evidence of loss of Ni** in va-
lidating the nickel speciation scheme for our air filter
samples. It should be noted that this paper does not ad-
vocate using glass filters. We have made a statistical
comparison of air sample data obtained from two types
of air monitoring systems: one with a glass fiber membrane
and the other with a cellulose ester membrane; both are
in regular use and approved by OSHA for the nickel
manufacturing building. Our observations are consistent
with significant heterogeneity in airborne nickel concen-
trations and nickel species, but further study is necessary
to develop the proper air sampling technique for deter-
mining nickel exposure profiles.

The second concern is about separation based on the
magnetic property of Ni%. They suggest that (a) this ap-
proach may have been suitable for the workplace we
studied, (b) the magnetic separation is likely to overesti-
mate the amount of metallic nickel in some workplaces,
and (c) their leaching method may underestimate the
amount of metallic nickel when it is encapsulated by an

0013-936X/91/0925-2097$02.50/0 © 1991 American Chemical Society

oxidic phase. Thus, it is important to interpret the ana-
lytical data obtained within the framework of calibration.
We have described such calibration in our previous paper
dealing with development of the new nickel speciation
method (2).

The third concern is about our use of 18.5% HCI to
dissolve oxidic nickel. They suggest that “sodium peroxide
fusion and digestion with fuming perchloric acid are the
only ways...to ensure the complete dissolution of any type
of oxidic nickel”. Below we have compared the nickel
determinations of Nickel Oxide on Silica, a manufactured
product, digested with the two acids. From 18.5% HCI,
six separate experiments gave Ni of 44.2, 44.4, 44.6, 44.9,
44.1, and 44.5%, mean 44.5%, coefficient of variation
0.7%. From 70% HCIO,, four determinations of the same
nickel product gave Ni of 42.0, 42.9, 42.3, and 42.9%, mean
42.5%, coefficient of variation 1.1%. These results do not
support the contention that perchloric acid dissolution is
a better method or that we have underestimated the re-
fractory nature of oxidic nickel by using 18.5% HCI. In
sample preparations, our experience is that perchloric acid
is necessary for digesting hair samples but not for dis-
solving air samples. The procedure for evaporation of
nonvolatile HCIO, is much more tedious (careful heating
to avoid spattering) and time consuming (four times
longer) than evaporation of the volatile HCL.
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