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Fundamental Research Directions in
Environmental Engineering

Conference Overview and Summary

Richard G. Luthy
Conference Chairman

Depariment of Civil Engineering
Camegie Mcllon University
Pittsburgh, Pennsylvania 15213

This volume contains the prepared papers and discussions that were presented at a conference organized
by the Association of Environmental Engineering Professors (AEEP) on Fundamental Research Directions in
Environmental Engineering. The purpose of the conference was to explore research needs and approaches for
managing and controlling environmental problems from a multimedia, multidisciplinary perspective. The
conference was held at Arlington, Virginia, Novemnber 13-15, 1988, and was sponsored by the National Science
Foundation (NSF) with supplemental support from the United States Environmenial Protection Agency (EPA).

Conference Objectives

The objectives of ‘the conference were threefold: (1) to identify long-term directions in environmental
engineering research as seen by engineers and scientists actively engaged in this research; (2) to promote an
exchange of ideas between researchers studying environmental problems from different disciplinary
perspectives; and (3) to promote the dissemination of the results of the conference to researchers, practitioners,
professional societies, private sponsors, and granting agencies.

In presenting the results of the AEEP Conference, this volume outlines a comprehensive approach to
environmental engineering/science research. The conference proceedings provide research assessments of
environmental problems involving land, water, and the atmosphere utilizing physical, chemical, biological, and
engineering expertise. It is hoped that these proceedings will stimulate ongoing examination of research
agendas and methodologies and provide a basis for identifying significant research themes and directions into

the next century. In this manner the conference can impact environmental engineering and science research and




education, and the selection of research directions and priorities by sponsor groups.
Background .

The first conference of this type to' occur in tecent years took place in December #977 and was entitled
"Fyndamenta] Research Needs for Water and Wastewater Treatment Systems". The conference, organized by
the Association of Environmental Engineering Professors (AEEP) and supported by NSF, was directed towards
identifying long term research needs for water and wastewater treatment systems. A second conference of
similar title was organized by AEEP and supported by NSE, and held in December, 1982. The scope of the
conference was expanded to include the fate of pollutants in the natural environment, including surface water
and ground water systems.

This third conference follows the second by a period of six years. Important environmental Jegisiation
has been enacted in this interval focusing on toxic and hazardous wastes, and there has been a significant
increase in public awareness and concem for a wide array of environmental problems. This conference is wider
in scope than the two previous meetings; the subject focus is not restricted fo water and wastewater treatment
systems and natural aguatic environments; rather, it is directed towards all aspects of the water, air, and land
environments. The conference includes, for the first time, significant contributions from the conymunity of air
3 pbilutibn' scientists and engineers. It also includes researchers from the diverse fields of microbiology, fluid
sechanics and social-decision sciences. The conference addresses pollutant emissions, flow through the

. environment, and subsequent effects, as well as the link between environmental science issues and policy

questions.
Significance

While the traditional division of environmental engineering education, research and practice into water, air, and
soil specialties has been successful and valuable, the critical problems challenging environmental professionals
today have stimulated research which recognizes that poliution problems must be approached from a
muliimedia, multidisciplinary perspective. Environmental control strategies for conservative compounds (e.g.
lead) or for slowly degradable substances (e.g. (richloroethylene or DDT) must pe formulated from the
perspective that removal from one medium resulis in its introduction into another. Further, control strategies for
a single medium often result in trade-offs between pollutant form and concentration, in combination with spatial
and temporal effects. This is evident, for example, in the complex interactions between automotive emission
and photochemical smog. For these reasons, a particular focus of the cofiference is on multimedia approaches
and comprehensive strategies for safe-guarding the environment.

The multidisciplinary focus of the conference recognizes the fact that environmental engineering and
science has always utilized perspectives and tools from a wide range of disciplines, including physical
chemistry, fluid dynamics, aquatic biology, public health, and meteorology. Focused research in areas such as
water and wastewater treatment, air pollution meteorology, soil microbiology and groundwater geohydrology
has allowed for significant progress and success in the past decades. As we continue to be faced with
environmental problems that rranscend single disciplines, however, a broad-based, integrated approach is
required. In addition, new disciptines and expértise that can impact our approach to environmental problems




continue to emerge. Examples of these include the developments in bictechnology and genetic engineering, the
study of global geochemical cycles, the introduction of high-speed computers and new problem solving
approaches such as expert systems, and the evaluation of societal risks and social decision making. There is a
need for innovative progress in each of the disciplines which contribute to environmental engineering and
science, as well as a need for a better mutual understanding and ability to integrate across dsciplines.

In consideration of the interests of the Conference sponsors, it is appropriate to comment on the relevance of
research in environmental sciences and engineering to the competitive position of industrial nations. Certainly
it is possible for environmental research to uncover environmental problems and provide a basis for legislation
and other actions that increase business costs. However, the desire for environmental quality is present in all
technologically advanced countries, and increasingly in developing countries as well. Thus with respect to
environmental quality, there is noa priori basis for assuming that the protection of environmental quality and
human health results in disparate economic competitiveness among different nations. In addition: it is now
apparent that some of the most critical environmental problems transcend national boundarics, with global
impacts. It is thus recognized that environmental research can (1) provide all geople of the world with a better
and safer environment, (2) permit improved use of scarce environmental resources thereby lowering costs, and
(3) lead to new, more efficient and cost-effective technologies. These latter benefits are real and attainable, and
the conference attendees were asked to speak to these matters. In as much as most of the conference
participants are from the academic research community, we were also asked to consider how results from the
research "producers” 1ﬁay be transmitted to research "users” in a timely and effective manner. In this way the
research community can help to both formulate national policy for environmental management and hasten
technological innovation for effective control processes.

Conference Program

The conference was organized into four sessions: Physical Processes, John H. Seinfeld, Chairman; Chemical
Processes, Philip C. Singer, Chairman; Biological Processes, C.P. Leslie Grady, Jr., Chairman; and Multiphase
Systems, Perry L. McCarty, Chairman. Each session included three main presentations on air, land and water
{the air presentation in the Biological Processes session focused on risk assessment and toxicology, and the
Maltiphase Systems session included a fourth presentation on social systems). Each presentation was followed
by a prepared discussion. An attempt was made to select the presentors and discussants to represent both
well-gstablished researchers in the field, as well as younger, new contributors to environmental science and
engineering. James J. Morgan was the conference rapporteur and pmvi&ed an overall summary of the
deliberations, A list of the conference programs and presentations is provided in the Appendix.

James J. Morgan aptly summarized the major themes of the conference when he noted that we now study
a wider range of environmental processes than ever before - over a wider range of spatial and temporal scales
and with a wider range of disciplinary skills. Our desire to obtain a deeper understanding of environmental
processes and systems draws us outward, seeking knowledge from the fundamental physical, chemical,
biological and social sciences. Still, the need to solve pressing, interrelated environmental problems, pulls us

together, as a community of environmental scientists and engincers. It is hoped that this conference will




encourage an appreciation of the broad diversity of skills and interests among environmental researchers, as
well as a unified sense of purpose and mission. The excitement generated by such a meeting, and the
cross-fertilization and development of new ideas that has occurred, can only lead to deeper and more significant
advances in our undersianding of the environment, leading to ultimate improvements in the management and

preservation of environmental quality. w
Conference Sessions

%'I‘he first session focused on physical processcs, for which an underlying theme was that models provide the

_ principal basis for understanding physical phenomena. Kenneth Demerjian addressed major physical processeé
affecting the atmospheric environment and its linkages 10 multi-media environmental problems. Philip Roth in
discussion explained the specific issues of temporal and gpatial scale and uncertainty as related to model
predictions. John Wilson's paper on physical processes in the terrestrial environment focused on the
importance of wetting, as broadly viewed, in the context of en;'ironmental issues affecting subsurface
phenomena. Linda Abriola’s discussion addressed the special problems of immiscible/miscible organic
pollutant transport, and the need for integration of research efforts across disciplines anﬁ for field validation of
laboratory-derived modeling approaches. Paul Roberts and Jeffrey Koseff’s paper on physical processes-water
emphasized the linkages between physical, chemical and piological processes, and the need for the predictive
capability of ‘accurate three-dimensional simulation models which capture hydrodynamic influences with
chemical and biological processes. In discussion, Desmond Lawler expanded on 2 theme of Roberts and Koseff
with regard to the paraliclism that accompanies mathematical and experimental approaches and the analogous
need for study of temporal and physical scale phenomena. In concluding discussions it was noted that it 18
important to test models in actual field situations and that models can be used to design effective laboratory-
scale experiments and 10 plan larger-scale tests.

The second session addressed chemical processes. The subject of environmental chemistry and chemical
processes is very broad. The paper by Michael Hoffmann details eight subject areas for research in which
chemical kinetics, and multiphasic chemistry and photochemistry are common themes, Harvey Jefferies in
discussion emphasized how some of these topics relate 10 national environmental policy. In presentation of
chemical processes that occur in the land environment, william Glaze focused on chemical processes that may
be used to treat soil in order to remove excess contaminants. Rene Schwarzenbach discussed the need 0
improve understanding of the basic processes that lead to long-term alterations of the quality of soils and
aquifers. In addressing rescarch needs for chemical processes in water, Charles ()’ Melia emphasized the role of
organic macromolecules in aquatic systems, and the effects of these Spcéies on interfacial processes in aguatic
environmental sysiems. Steven Eisenreich discussed the research needed to understand the speciation and
physiochemical state controlling fate and biotic availability. This session showed that there is an increasing
need for environmental engineers (o interact with other scientists and engineers to become better versed with the
thermodynamic and kinetic principle governing the speciation, partitioning, transformation, and transport fate of

contaminants in the environment and processes for their control.

The session on biological processes also stressed the interrelatedness of processes occurring in the
environment. Session Chairman Leslie Grady called attention to the recognition that microbial research must
focus on the physical and chemical events effecting biological processes. Although biological processes




certainly have an indirect impact on air quality, microbial processes do not have a significant role In air media
per se. For this reason the time given to air media in the other sessions was devoted instead to the important
topics of environmental risk and toxicology. Michael Gough’s presentation reviewed current trends in research
and policy for risk assessment for carcinogens, and ‘the need for collaboration between engineers and biologists
on these issues. Joseph Roderick’s discussion referred to issues of particular concern in exposuré assessment,
and the opportunities for engineers (o make substantive improvements in reliable data and models for exposure
assessment. In the paper on biological processes in land, Alexander Zehnder described how little still is known
about microbial processes in a complex soil matrix with respect to the influence of solid surfaces, the potential
for microorganisms to adapt to new situations, and threshold concentrations. James Tiedje’s discussion of this
topic described the need for innovation in demonstrating catabotic potential and understanding rate-limiting
parameters. Biological processes in water were addressed by Sandra Woods, which included remarks on the
effects on microbial degradation of molecular structure, and the effects of multiple phases and alternate electron
acceptors/donors. Bruce Rittmann’s discussion emphasized the need for cross-disciplinary application of the
tools of modem biology, chemistry, microbial ecology and toxicology, and the need to work on both
conventional issues as well as the new issues of hazardous pollutants. The open digcussions in this session
included comments on a balanced approach to accepting risk and comments on risk assessment shortcomings.
" Also it was noted that there has been a shift in focus of environmental microbial research towards confaminated
soil and sediments; however, there are many subtle differences between traditional aquatic microbiology and
those microbial processes associated with the soil environment, specificaily with regard to the role of surfaces
“on microbial degradation. There is need for collaboration between microbiologists and engineers in order that
~ engineers can benefit from new techniques.

The fourth session addressed multiphase systems. In his introductory comments, Sesston Chairman Perry
McCarty described the Earth as a multiphase system in which multiple phases play a major role in fate and
. effects of environmental contaminants no matter what particolar phase an individual may be concerned nor the
scale of that concern. Yoram Cohen reviewed principal anthropogenic processes which are not sufficiently well
understood in regard 10 intermedia transport with the atmospheric compartment. In discussion, Ronald Hites
focused on the issue of toxic organic compounds in the atmosphere with specific emphasis on the need for
“énvironmental data gathering that is based on a carefully developed plan. Donald Mackay’s paper on land
contamination outlined the need for fundamental multimedia research in soil systems to develop improved
- remediation technologies, and to understand these phenomena in the growing recognition that the prevailing
atmospheric coneentration of contaminants such as PCBs is controlled or buffered by soil-plant-air interactions.
Philip Gschwend’s discussion stressed the need for improved physical picture of soil systems to assess correctly
he manner in which phases are moving relative to one another, and the need for rate data appropriate for
geochemical conditions. Rescarch strategies for multiphase systems with a focus on aquatic effects were
eviewed by Jerald Schnoor; important research needs were identified as fate and effects modeling with better
iinderstanding of aquatic surface chemistry and complexaton. The discussion by Christine Shoemaker
:_id_d_ressed the need for research on the methodology associated with fate and transport model validation with
¢_§£tension to management models, Uncertainty and risk analysis were the topics of the last paper in this session.
Talbot Page referred to the problem of communication about uncertainty being partly a problem in how
dividuals with different backgrounds think about uncertainty and the split between classical {(e.g. analytical)
and Bayesian views of probability. Mitchell Small’s discussion addressed the broader question of why
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Physical Processes - Introduction

John H. Seinfeld
Department of Chemical Engineering
California Institute of Technology
Pasadena, California

The first set of papers address current research issues related to phySical Processes in air, land, and water
systems. Although the meeting was structured according to physical, chemical, biological and multiphase
processes, it became evident early that environmental problems are characierized by an intimate interiwining of
- physical, chemical, and biological processes, frequently involving multiphase phenomena. This first session
focused on physical processes, with attention given to the role of physical processes in the integrated scope of
environmental problems. A theme underlying the papers in this session, and indeed most of the papers in the
entirc meeting, is that models are the ultimate integrators of our understanding of the phenomena occurring.
These three papers and their companion discussions address major uncertainties in our knowledge of physical
environmental processes, as well as the representation of these processes in environmental models.




Physical Processes - Air

Kenneth L, Demerjian
State University of New York
Albany, NY

£

Physical processes play an essential role in governing the lifetimes of chemical substances in the
atmosphere and are the major means by which these substances are distributed and deposited on the surface of
the earth. Whether the concern is the transport and fate of a pollutant species emitted into the atmosphere or
understanding the natural bio-geochemical cycles of trace chemical constiuents that make up the global
aimospheric environment, physical processes must be considered. The removal of atmospheric poflutants is
obviously a two edged sword. On the one hand, it represents the atmosphere’s natural process for cleaning
tself, which benefits our health and welfare based on the guality of the air we breathe. On the other hand, the
chemical contaminants that are transported and removed by precipitation and dry deposition impact our
errestrial and aquatic ecosystems in adverse ways, threatening many of our natural resources.

The following brief write-up provides a synopsis of the critical physical processes affecting the
atmospheric environment and its linkages to multimedia environmental problems.

- Transport and Dispersion

The distribution of chemical constituents emitted into the atmosphere is critically related to the vertical
and horizontal ransport. The mechanisms for vertical exchange are complex and varied, ranging from clear-air

| processes over various terrain and land use conditions to moist convection associated with non-precipitating
louds and cloud systems. Precipitating clouds redistribute pollutants venicallywin the atmosphere, with
pdrafis carrying surface-based pollutants into the upper layers, and downdrafts bringing rain, cloud and
.1rit¢rstitial air to the lower levels of the ecarth’s surface. With regard to photochemical oxidants, non-
'récipilating clouds are of particular interest, since they are prevalent in the warm season and are effective in
'e'disn'ibuting pollutants between the mixed layer and the free roposphere. The magnitude of their impact is
ighly variable in time and space and will depend on the cloud population, distribution, and their vertical extent.
/ Entrainment processes within the clouds play a critical role in determining the net vertical exchange in the
- atmosphere. The horizontal distribution and population density of clouds are highly variable regionally, and
“over diurnal and seasonal time scales. Long range horizontal transport of ozone and ils precursors are expected
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to be strongly influenced by cloud systems. As an example, experimental evidence of ¢loud induced vertical
exchange of ozone between the mixed layer and free troposphere has recently been documented (Ching et al.
1988). .

Horizontal transport of pollutants on a regional scale is controlled by the height 2F which emissions are
released, their chemical and physical lifetimes, and horizontal dispersion. Consequently, the horizontal
distribution of pollutants is strongly impacted by such factors as the speed and direction of the transport winds,
vertical mixing in and between layers, presence of wind shear, extent of coupling between the mixed layer and
free troposphere, surface pollutant fluxes and source distribution. The transport winds are expected. to translate
along isentropic surfaces, which are not necessarily horizontal. Wind shear will cause pollutant sources 10
undergo horizontal transpost and dispersion such that the pollutants in the upper air will be redistributed in three
dimensions and over greater areas than would be otherwise anticipated from surface winds. Significantly
distorted horizontal patterns will develop and vary with respect to the vertical levels of the atmosphere and the
varying transport and dispersion conditions.

There is a need to develop acceptable inert and reactive tracer systcrgs for deployment in field studies
which can be used to help evaluaie and further develop atmospheric transport, dynamic mesoscale and synoptic
: 'sc'alez'ni_lmerical- models. - In addition there is need to evaluate the integration of the above modeling systems and
o 4—Ddata assimifation: approaches for improving pollutant transport modeling systems. New generation
' ::iﬁ'c;ebf()l_b.g'i.éﬁl"rém'otc'sensing systems, soon to be deployed by the NWS as part of the National STORM
= pfégranf';'i'hél'uding' the ‘wind profiler and NEXRAD networks, must be quickly assimilated for use in transpoit
models and evaluated to determine their impact on poltutant transport model performance.

Cloud and Precipitation Scavenging

In addition to vertical transport clouds and associated precipitation also play important roles in the
chemical transformation and removal of wopospheric trace species. Clouds also strongly influence the
distribution of radiation in the troposphere, leading o changes in tropospheric photochemistry when clouds are
present. Within cloud updrafts, surface-derived trace species are efficiently transported into higher layers of the
troposphere, where temperatures are lower, photolysis rates are enhanced, and higher horizontal wind speeds
can efficiently transport trace species around the globe. Laboratory studies of SO, oxidation show that
aquedhs-phasé reactions between dissolved SO, and oxidants such as Oy and H,0, are extremely rapid,
suggesting that a major fraction of emitted SO, is oxidized to sulfuric acid in clouds. Other important species
such as HCHO, N205, and perhaps NO; may go through rapid aqueous chemical transformations in cloud
drops. Deposition of soluble trace species in precipitation is probably the most effective sink for the end-
products of sulfur and nitrogen oxidation in the troposphere: sulfuric and nitric acids; leading to the formation
of acidic precipitation. The presence of clouds will stongly modify distributions of photon flux in the
troposphere. Under some conditions, radiation modeling studies suggest that the upper regions of clouds
contain perhaps the highest photon densities found in the troposphere, implying that intense aqgueous- and
gas-phase photochemistry can occur in these regions.

While the microphysics of nucleation scavenging, aqueous chemistry, and trace gas and particle
scavenging by cloud and precipitation particles 1s relatively well documented, it is difficult to directly infer and
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evaluate the occurrence of these processes from cloud observations. Numerous chemical and meteorological
processes influence the chemical composition of clouds and precipitation, making it difficult to validate our
current understanding of scavenging processes using measurements of cloudwater composition. Because many
of the cloud chemical and scavenging processes occur on small scales, it is difficult to extrapolate these effects
to larger domains of interest. A comprehensive field program that is closely allied with a system of cloud
chemical and microphysical models needs 1o be developed. Each important mechanism involved, both physical
and chemical, needs to be tested through iterative intercomparisons among modeling, field, and laboratory
studies. Only then can a complete understanding of the physical and chemical processes in clouds be obtained.

Dry Depaosition

Dry deposition is the removal of chemical species from the atmosphere at the air-surface interface. It is
of practical interest, in that this process provides a major control on the physical lifetime of a. chemical
substance in the atmosphere. It therefore is essential to our understanding of atmospheric cleansing processes,
and equally important, it is also a major pathway for chemical exposures in terrestrial and aquatic ecosystems.
The dry deposition of gaseous phase material, aerosols, and cloud droplets to shrfaces is subject to a variety of
chemical, physical, and biological factors, Micro-meteorological transport related phenomena, the physical and
chemical propertics of the depositing substances, and the nature of the surfaces exposed are important
components in estimating this process. Though significant progress has been made in the measurement of the
transport fluxes of chemical species to and from exposed surfaces, from which dry deposition is inferred, an
effective direct measurement technique has vet to be developed. Therefore the accumulation of chemical
species on forest or crop canopies and on lake or soil surfaces can now be only crudely estimated. The flux of
any airborne material to a surface can be effectively considered using a resistance modeling approach, which is
analog to electrical resistance. The model considers the airborne material flux as current flow in an electrical
circuit; the individual resistances are associated with specified atmospheric and surface properties. These
breakdown into three major components, an acrodynamic, diffusive boundary, and surface resistance. The
model provides a reasonable conceptualization of the many contributing processes and allows comparisons of
their relative importance. The inverse of the total resistance to transfer to a surface is equal to a deposition
velacity, This convenient concept, which relates the downward flux of airborne material divided by airborne
concentration to velocity of deposition at some specified height above the surface (typically 1 to 2 meters), is
used to incorporate dry deposition processes into models. These approaches, though limited, represent the
current state-of-thie-art for incorporating dry deposition processes in atmospheric simulation models.

There is an obvious need for the development of direct surface deposition monitoring techniques. In
addition, field experiments must be designed to evaluate modeling approaches to dry deposition.

References.

Ching, LK.S., S.T. Shipley and E.V. Browell, Evidence for cloud venting of mixed layer ozone and aerosols.
Atmdspheric Environment, 22, 225-242, 1988.

Hicks, B.B., D.D. Baldocchi, R.P. Hosker, Ir., B.A. Hutchinson, D.R, Matt, R.T. McMillen, L.C. Satterfield,
On the use of monitored air concentrations to infer dry deposition (1985). NOAA Technical Memorandum
ERL ARL-141, Air Resources Laboratory, Silver Spring, Maryland, November 1985.
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Walcek, C.J. and J.S. Chang, The role of clouds in the vertical exchange of tropospheric tracc gases. Tellus
(in press).

Discussion: Physical Processes - Air

Philip M. Roth
836 Fawn Drive
San Anselmo, California 94960

¢

Dr. Demerjian’s paper, although brief, thoughtfuily addresses the major atmospheric processes requiring
attention in future research endeavors. Physical processes considered include transport and dispersion, cloud
and precipitation scavenging, and dry deposition. Dr. Demerjian offers six major research recommendations.
Of these, three focus on the development and/or evaluation of experimental techniques for use in major field
programs, two on suggestions for field programs per se, and one on evaluation of the predictive performance of
the latest generation of regional scale metcorological models. 1 concur with Dr. Demerjian in his

recommendations, noting that he has covered much of the “important turf".

A framework for both integrating and contemplating Dr. Demerjian’s comments is regional scale air
quality and deposition modeling. Were each of the six recommendations put forth to be seriously pursued,
critical understanding of key processes would clearly increase, and sound, more fundamentally based
formulations of regional simulation models would certainly emerge. Also, the ame 0 application of these
models with reasonable confidence would surely be shortened.

This framework is a point of departure for my comments in suggesting some additional needs, and thus
research direetions, in the study of physical processes. Dr. Demerjian has identified needs of the first
magnitude; the eight suggestions that follow are in several cases of lesser importance, but focus on existing
needs nevertheless. Principal unifying themes for these suggestions will be those of scale (temporal and spatial)
and uncertainty (as related (0 modeling and decision making).

Pertaining to Scale

1. Developing reliable meteorological models

While Dr. Demerjian mentions the general need 10 further develop meteorological models, attention
should be directed to specific existing needs. These include meteorological models that:
o relizbly develop wind and temperature fields for input to models that estimate concentration and
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. deposition fields on spatial scales ranging from local to regional. For urban scales and for transport
into and out of rough or mountainous terrain, there is need for models that accurately treat both
terrain and thermal influences. Field programs are needed to provide data for input o models
under study and for use in evaluating their performance.

. p
“eestimate the distribution of expected winds over an ensemble of possible outcomes, thereby

providing a means for estimating the distribution of ambient concentrations that might result from
such a wind ficld. Such models would find use, for example, in estimating the spatial ficld of
potential exposure to an accidental release of hazardous material in "real time", where accurate
estimation of a particular realization is not possible.

- Data availability can vary greatly from one situation to the next at a given spatial scale. Thus, there is
- need to develop a model or set of models that emphasize theory in those circumstances where supporting data
are scarce or unavailable, and emphasize the use of actual data where these are available. |

2. Linking models of differing spatial scale

Coarse scale, grid-based models generally cannot account for phenomena occurring at the subgrid scale.
regional modeling, for example, subgrid scale variability in the location and spatial coverage of precipitating
~clouds cannot be adequately represented, thereby limiting the accuracy of soch models in predicting wet
position. The ability to provide a description of the relevant dynamic processes at a finer scale, embedding

description in the coarser scale model, would be particularly attractive in this instance - as well as'in a
iety of other modeling situations.

Key inputs to urban scate models are upwind and aloft boundary conditions. In most situations, available
data bases are inadequate for characterizing these conditions. The estimates of concentrations provided by
egional scale models would be a welcome alternative for estimating boundary conditions.

Developing facile means for linking models of differing scales thus will be an important advance in
tmospheric modeling. The high speeds of modern parallel processing computers will facilitate this advance.
However, proper representation of relevant dynamic processes at appropriate spatial and temporal scales is still

ritical element in developing "nested" systems of models, and further development of component models, as
well as supporting field programs, is needed.

mproving the practice of performance evaluation

Advances in-the practice of model performance evaluation are needed if substantive progress is to be
_made in diagnostic analysis (where a model appears flawed), model improvement, determination of the range of
'_'-appiicabiiity of a model, and estimation of the uncertainties attending model prediction, Topics meriting
altention include rendering more commensurate in spatial and temporal scale the predictions of models and the
~Observations with which they are compared (e.g., characterizing the variability associated with point
casurements and developing and applying techniques such as remote sensing for measuring at the spatial
resolution of the grid); improving procedures for diagnostic analysis; advancing theory and application in the
‘estimation, characterization, and treatment of uncertainty and variability; developing procedures for evaluating
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the performance of "preprocessor models" such as meteorological and cmiss%ons models; developing procedures
for selecting the types, range, and number of meteorological episodes necded for adequate testing; developing
techniques-for determining the range in-emissions levels over which a model may be reliably applied when it
has (typically) been tested only over a range in metcorological conditions (and thus for various levels of
"dilution” of more or less constant em:ssmns) and developing suitable proccdures for Judgmg model
performance Clearly, model evaluation prov1des fertile ground for research

4. Developing reliabl¢ estimation mé‘thdds for periods of lorig duration

Long term (seasonal and annual) estimation of poliutant concentrations and their distributions is usuatly
based on (1) approx1mate or hlghly s:rnphﬁed reatments of governing processes, or (2) more deta;led modeling
of "typlcal" episodes, followed by aggregauon of episodic results using welghtmg based on frequcncy of
occurrence of mcteorologlcal regimes from which the episodes wer¢ drawn Research is needed in deveiopmg
improved approaches to estimation of concentrations for periods of long duration. Needs include developing
sound means for classifying episodes, aggregating and weighting the results of eplsodac studaes and evaluaung
the performance capabilitics of the procedures developed.

Pertaining to Uncertainty

5. Characterizing and estimating uncertainties in model predictions

Uncertainties associated with model estimates of concentrations and deposition are typically poorly
characterized. Knowledge of these uncertaintics can be as important as the estimates themselves in the
interpretation and use of the results. Substantive effort is needed in developing means for characterizing and
estimating the uncertainties associated with the predictions of primary simulation models and supporting
preproéessor models.

6. Deve]opmg means for estimating the chances of achieving an
. air quality goal through the adoption of a selected strategy

Decision makers would undoubtedly value more highly the resuits of modeling analyses if they were
provided with estimates of the chances of failing to achieve an air quality target if attainment of that target is, in
fact, predicted using the model. (They know that models are not as accurate as they would wish.) The thinking
and methods of decision analysis should find application in linking model use with the needs of decision
makers. Support for this type of research is likely to be forthcoming, as the primary potential client community
is influential in determining funding.

Pertaining to Other Needs

7. Characterizing gas-to-particle conversion processes

A key element in the formation of atrnospheric aerosols and acids is the conversion of gases {0 particles.
Condensation, nucleation, particle growth, and coagulation are critical processes in the conversion. However,
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the dynamics of these processes are incompletely understood, largely because of the difficuities that attend
appraising theoretical formulations. Carrying out the needed laboratory and observational studies is quite
difficult and tedious; considerable additional research effort is needed in this field.

8. Developing source-oriented particle (PM-10) prediction models

The existence of national and state ambient air quality standards for fine particles (PM-10) and the
exceedance of these standards in many geographical arcas has created a need for modeling the processes leading
to the formation of particles and accounting for their composition and conceniration. Because of the extreme
complexity of the processes influencing particle production, transport, dispersion, and deposition, and the many
routes to formation of particles (which may be comprised of sulfates, nitrates, organics, elemental carbon, and
crustal material), full description may appear intractable. Yet, important progress has been made in modeling
processes influencing the concentration distributions of some types of particles. However, further ‘research,
inclueding carefully planned field programs and model development, is needed if useful tools are to become

évaiIabIc.
)

These suggestions are but a sampling from the spectrum of research needs in physical processes, beyond
those suggested by Dr. Demetjian. I hope that they stimulate interest and thought.
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The Need for Research: Physical Processes - Land

The Role of Wetting in Environmental Problems

John L. Wilson
Department of Geoscience
New Mexico Institute of Mining and Technology
Socorro, NM 87801

Background

One often ignored physical process affecting environmental engineering problems concerns the
"wettability” of porous media, particularly soils. By wettability I refer to the relative affinity of the solid
component of the media for fluids such as air, water or oil [see Adamson, 1982]. For example, a hydrophillic
soil has an affinity for water. Rain will infilirate into a hydrophillic soil, limited only by the soils ability to
conduct water to depth [see, Letey el al., 1962]. A hydrophobic soil has a greater affinity for oil, or perhaps air,
than water. A drop of water spilled on this soil will not peneirate, but will "bead up.” A drop of oil will be
absorbed. In examining environmental problems we often assume that the media is hydrophillic. This may not
always be so, with environmental or other consequences, as the follow examples demonstrate.

o Hydrophobic soils have become a serious management problem on certain golf course putting
greens around the country {Karnok et al.,, 1987]. By top dressing the greens with sand the soil
profile becomes layered, sometimes creating high water content anaerobic conditions. This favors
the growth of soil micro-organisms which deposit an organic layer, generally composed of metal
sulfides, on the soil particles. Scanning electron photomicroscopy (SEM) shows that this layer may
completely, or only partly cover the sand particles [Karnok et al., 1987]. The organic layer changes
the hydrophillic sand to a hydrophobic sand. A variety of commercial "soil wetting agents” are
available to treat hydrophobic soils. Presumably the hydrophobic end of these nonionic surfactant
molecules is adsorbed by the organic coating, leaving the hydrophillic end exposed to the pore
space. The net result is a more hydrophiilic soil. The surfactant also reduces the interfacial
(surface) tension between water and air. This reduces the capillary forces that hold water in the
soil. The net result is that the "wetting agent" has both beneficial and harmful effects [Miller et al.,
1975; Pelishek et al., 1962]. Using surface active agents to alter wetting ofien requires that
competing objectives be balanced. If desorption of the surfactant can be controlled, this
competition can be resolved in favor of improving hydrophillicity {Valoras and Letey, 1968].
Although golf greens are my favorite example, the problem of hydrophobic soils is much more
widespread in agronomy and horticulture [see, e.g., De Bano and Letey, 1968; and abstracts in EOS
68 (44), 1296-1297, 1987]. '

A recent article in the New Yorker discusses another problem (McPhee, 1988). To the north of Los
Angeles arc the San Gabriel Mountains. Because of their unique location at the junction of plate
boundaries, these mountains are growing quickly, as much as 1 mm per year. Only a few miles
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from the Pacific Ocean they steeply rise to over 10,000 feet in height, and are far taller relative to
" Los Angeles, than the Rockies are relative to Denver. The San Gabriels are eroding almost as
quickly as they are growing. They generate an enormous amnount of debris that is carried down the
miountains by simple gravity and rainfall ranoff. Over the last fifty years LA has dramatically
expanded, and some of the choicest homesites are along the paths of the debris flows. In a bad year
several hundred homes are lost to debris flows. One natural agent in this process in the alteration
-of soil wetting by "brush” fires in the chaparral along the steep hills and mountainsides [Kiammes
and Osborn, 1968). The fires convert the heavy wax-like substances in the vegetative cover into an
organic coating on the soil grains in a layer a few centimeters into the soil. Above this shallow
hydrophobic layer, the veneer of burned soil is hydrophillic. Months later, if a serics of large
rainstorms come through, the water cannot infiliraie in these burn areas. The water runs off,
increasing erosion, and adding to the flooding and debris flows [Krammes and Osborn, 1968;
McPhee, p. 66, 1988]. Fires are artificially suppressed in the Los Angeles basin, but eventually
‘each area accumulates enough fuel, so that when a fire gets out of control it burns hotter than it ever
‘would naturally. The organic coating on the soil gets thicker, and penetrates deeper. The potential
for floods and debris flows is greater than ever. Soil wetting agents applied after the fire offer one
possible, but perhaps ineffective, mitigating strategy [De Bano et al., 1967].

he success of crude oil recovery from petroleum reservoirs is known to depend on the preferential

etting of pore solid surfaces [sec excellent review in Anderson, 1986a, 1987c]. Although it is
ypically assumed in reservoir engineering studies that the rock is "water wet” (hydrophillic), the
field evidence actually suggests otherwise [Anderson, 1986a]. For example, Tteiber et al. [1972)
‘studicd reservoir rocks from 55 oil reservoirs. Only 15 were classified as water wet. Of the rest,
“three were considered of "intermediate wetiahility” and 37 were classified as "oil wet"
‘(hydrophobic). The degree of wettability is a function of the nature of the solid surface, the
haracteristics of the crude oil, and the composition of the water (brine). Hydrophillic surfaces,
such as silica, are altered by the deposition of organic material that was originally in the crude oil,
and/or by the adsorption of polar oxygen-, nitrogen-, or sulfur-containing compounds. Only a few
f Treiber’s hydrophobic reservoirs were strongly oil wet; in these rocks the solid had a bitumen
coating. For each phase present in an oil reservoir, that is, for the oil and the water, welling
controls the relalive permeabilities, the capillary pressure/saturation relationships, the capillary
trapping of residual saturations, and the dispersivities [Anderson, 1587a,b,c; Hornof and Morrow,
~1988; Morrow et al., 1973, 1973, 1986; Wang, 1988; and Wardlaw, 1980, 1982]. In short, wetting
controls the oil recovery process, and should influence the design of enhanced oil recovery
perations. Surfactants are seldom, if ever, used in petroleum reservoirs as "wetting agents”. Their
“principle application is to reduce interfacial tension (IFT) between the oil and water, and thus
-reduce capillary forces. For sufficiently high flow rates (high “capillary numbers’) viscous forces
‘dominate capillary forces and some of the residual oil can be mobilized and recovered [Adamson,
p. 436, 1982; Chatzis, et al., 1983; Hornof and Morrow, 1988; Morrow, 1979; Taber, 1969;
Wardlaw, 1980, 1982]. Because of viscous fingering, gravity overriding, or permeability
heterogeneity, reservoir floods tend to follow preferred paths, by-passing large volumes of original
:0il or residual oil. These are referred to as "mobility” problems in petroleum engineering.
Surfactant-based foams are sometimes used to control mobility. In a porous media a foam is
comprised of gas bubbles separated from each other by stable liquid lamellae. The bubbles may be
either coritinuous or discontinuous - the foam is not the "bulk” foam we encounter above ground
[Ransohoff and Radke, 1988]. The foam appears to improve mobility by increasing the apparent
fluid viscosity along the preferred flow paths [Fried, 1961; Treinen et al.; 1985]. The flow
‘resisiance along these paths increases, and the flood is diverted elsewhere. Whenever surfactants
-are used to reduce IFT’s or for mobility control there is the possibility that wetting will be
inadvertently modified.

The improper disposal of hazardous organic liquid waste poses a serious threat to the nation’s
groundwater supplics. Groundwater supplies are additionally threatened by pollution in the form of
spills and leaks of petroleum hydrocarbons and other organics from storage tanks and pipelines.
Many of these organic liquid pollutants have a low miscibility in water causing them to migrate as
a separate phase through the subsurface. As an organic liquid moves through the subsurface, a
portion of its volume is left behind as immobilized pockets of liquid, the so-called residual
:saturation of petroleum engineering, trapped by capillary forces within the pore space {Alberton et
-al., 1986; Wilson et al., 1987; Schicgg, 1980; Schiegg and McBride, 1987; Schwille, 1984, 1988].
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Eventually, the entire volume of an organic liquid spill may become immobilized by this process.
Commonly, hydraulic remediation techniques - pumping out the free organic liquid phase - recover
less than 50% of the original spilled volume [Wilson and Conrad, 1984]. Much of the organic
liquid that is not recovered remains trapped within the porous matrix of the scil, immobilized by
the effects of capillarity. Although the organic liquid phase is often only very slightly miscible
with water, it is important to realize that small concentrations of the various.components of the
organic liquid partition to the air and water phases, even when the organic liquid has been
immobilized by capiliary trapping [Corapcioglu and Baehr, 1987a,b]. In effect, the organic liquid
phase acts as a continuing source of dissolved andfor vaporized organic poilutants and must be
removed in order 1o clean up a contaminated aquifer. The migration, capillary wapping, and
inter-phase partitioning or organic liquids is dependent upon: the number of fluid phases present;
the physical forces exerted on the fluids (pressure, buoyancy, and capillary forces); the surface
chemistry {wetting properties of the system); and the soil structure and heterogeneity [Albertson et
al., 1986; Wilson et al.,, 1988; Schiegg, 1986; Schwille, 1986, 1988]. As the golf course green, the
chaparral fire and petroleum reservoir examples demonstrate, wettability of normally hydrophiilic
surfaces can be changed by contact with compounds present naturally in the environment. This
alters the flow and sorption behavior of the porous medium. It appears likely that some of the
compounds present in organic waste soluiions, or even gasoling, can likewise alter wettability,
Schiegg observed such changes in his laboratory study [1980], as we have in ours. The transport of
the organic compound under natural conditions and the success of alternative remediation designs
will be affected. To the best of my knowledge there has been no study of wettability for these types
of environmental problems. '

Wettability issues are sometimes addressed by environmental engineers when it comes to spill
management.- Absorbent materials are employed to contain, absorb, and clean-up spills, leaks, etc. Sometimes
mineral {clay) particles are used, but because they are more water than oil wet, they are inefficient. Polymeric
socks (often polypropylene or polyethylene) are much more efficient because they are composed of
hydrophobic, oil-wet material.

Weltability issues also arise when the microbiclogy of a porous media is studied. The attachment of
bacteria 1o solid surfaces is an important issue in the design of above-ground and in-situ treatment processes. In
particular biofilm formation requires such an attachment, while in-situ bacteria migration into new treatment
zones requires bacteria mobility [see various papers in Marsell, 1985; Pringle and Fletcher, 1983]. The degree
of adhesion depends on the exposure [Corpe, 1970; Nilsson and Dostalek, 1984], surface wetting {Pringle and
Fletcher, 1983; Van Loosdrecht et al., 1987b] and cell wall wetting [Van Loosdrecht et al., 1987a]. As the golf
course green example demonstrates, bacteria have the ability to "condition” the soil [Baier, 1970]). A primary
film of organic molecules is adsorbed to the solid surface. In marine environments these conditioning films
have been analysed [Baier, 1979; Pringle and Fietcher, 19831, and for that case consist mostly of glycoproteins,
proteoglycans, or humic residue end products.

&

Soil Wetting

Soil wetling can change, from an initially strongly ‘water wet” hydrophillic condition, to a hydrophobic
condition. The examples above illustrate that the change can be caused by physical, chemical or biological
mechanisms. The major physical mechanism is heat, which deposits a coating of organic material on the soil.
This has been observed in chaparral soils [De Bano et al., 1967; Krammes and Osborn, 1988] and petroleum
reservoirs [Treiber et al., 1972]. The major chemical mechanism is adsorption, particularly of polar cxygen-,
nitrogen-, or sulfur-containing compounds [Anderson, 1986a; Morrow et al., 1986]. The biological
mechanisms, and there may be several, appear to be poorly understood.

Wetting can be altered in the laboratory by intentional chemical treatment. Organchlorosilane
compounds are used in petroleum engineering and soil science to establish various levels of hydrophobicity in
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ifidstone cores, glass bead packs and etched glass micromodels [¢.g., Anderson, 1986a, 1987c]. The
' ganosilane reacts with the silica surface leaving its organic portion exposed, thus presenting a hydrophobic
snrface to the pore space. Chemical modification of clays and other soils has recently been investigated, with a
foéu'S' on sorption behavior by hydrophobic surfaces in agueous media:

» Boyd et al. [1987] treated soil and clay surfaces with different alkylammonium catigns of the form
{(CHy); NRJ*, where R was a Cj, to Cyq hydrocarbon. They found that organo-smectite

complexes formed using hexadecyltrimethylammonium (HDTMA') were at least ten times more
effective than soil organic matter in immobilizing organic toxicants such as benzene and
pentachlorophenol.  Bouchard et al. [1987] found that ethylhexadecyldimethylammonium
(EHDDMA™) quantitatively replaced exchangeable metal cations sorbed on clay minerals. Once
sorbed, the EHDDMATY remained sorbed on the surface even in the presence of high concentrations
of alkali or alkali-earth cations. Furthermore, the EHDDMA™ remains sorbed on the surface in the
presence of organic solvents [C.G. Enfield, personal communication, 1987]. The
EHDDMA*-treated surfaces increased sorption of neutral organic compounds from aqueous
solation by up to three orders of magnitude over that observed for the untreated surfaces [Bouchard
et al., 19871.

» Mortland et al. [1986] recently determined the sorption of a number of chlorine-substituted phenols
on surface-altered smectite. The hydrophobicity of the clay surface was altered by the sorption of
quaternary ammonium cations including hexadecylpyridinium ¢ (HDPY*), HDTMA®,
trimethylphenyl ammonium (TMPA™*), and tetramethyl ammonium (TMA*). The results of the
sorption experiments indicated that some cations (HDMTA'Y and HDPY™) yielded a strongly
hydrophobic surface, while other cations (TMPAY and TMA* yielded a heterogeneous
hydrophobic-hydrophillic surface. The sorption of the various substituted phenols from water or
hexane solutions reflected their individual polarities and the hydrophobicity of the solvent vs, the
hydrophabicity of the modified surface.

These surface changes were made 1o alter sorption behavior. It is not unreasonable to hypothesize that the
altered wettability will also effect the behavior of fluids.

Wetting properties can be measured using a variety of quantitative and/or qualitative methods. In our
laboratory we use three quantitative methods. Contact angles are measured on quartz crystals and treated glass
plates [Adamson, 1987]. Welling in treated or natural soils packed in columns are measured by the USBM
[Donaldson et al., 1969] and Amott [Amott, 1959] methods. These methods are similar to the methods used to
obtain pore pressure-saturation curves. Qualitative methods include the sessile-drop method [Adamson, 1982]
on glass, and a variety of methods with soils. The imbibition method examines the propensity for spontancous
imbibition of water into an organic saturated soil and vice versa. The imbibition method is related to the Amott
test. Microscopic examination involves visually examining fluid distributions under an optical microscope.
Flotation methods involve shaking organic liquid, water and soil together in a glass bottle and observing the
distribution of each phase after equilibrium is established. Wettability measurement methods are reviewed in
Anderson [1986b] and Adamson [1982]; see also De Bano and Letey [1968]; Donaldson, et al. [1980]; and Van
Loosdrecht et al. [1987a).

Wetting is often non-homogeneous. That is, wetting, can be different in different locations in the porous
mediz, Whether it’s on a pore scale, or a porous media scale, heterogeneous weiting can imply clumps of
hydrophobic material, intermixed with the hydrophillic surfaces. For natural soils, the heterogeneity can be due
to the original mineralogy of the soil particles. It is also caused by the non-uniform alteration of wetting of
organic matter. Petroleum engineers refer to "mixed wettability” conditions, when describing media in which
the large pores contain continuous oil-wet paths, while the small ones are water-wet [Anderson, 1987; Melrose,
1982; Salathiel, 1973]. The basic idea of mixed wettability may be appropriate for hazardous waste sites.
Because the soil is initially hydrophillic, neither the air nor the organic phase may be unable to drain the small
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pores of water under gravity or capillary [Wilson et al., 1988]. The soil surfaces in these small pores may not
be as readily exposed to surface aliering agents. Thus the small pores remain water wet, while the large pores,
containing organic liquids, are altered toward an oil wei condition. Random or speckled wettability refer to
soils in which there is no interconnected or orgarfized path for a particular wetting. Whether it’s random or not,
heterogeneous wetting can have a significant impact on behavior {see review in Andersop, 1987c]. The
chaparral fire example, demonstrates that this can be especially so when the altered wetting is organized into
layers or blocks.

Wetting alterations may occur guickly, or only over an extended period of time. Thermal alterations,
such as the chaparral fires, can occur in a few minutes or several hours. Some bacterial related coatings may
also occur quickly [Pringle and Fletcher, 1983]. In most examples of chemical alteration the soil must be
"aged” with the organic complex; in which case the weltability is a function of exposure time [Anderson, 1986a,
1987c]. 1 suspect this is the case with hazardous wasic and gasoline spill sites. Wetting alteration can be
reversed. The chaparral soils are eventually rejuvenated, and after a few years become hydrophillic again.
Rock cores from petroleum reservoirs must be carefully handled, in order not to artificiaily modify wettﬁbility
[Anderson, 1986a, 1987c]. "Wetting agents”, usually non-ionic surfactants, can be added to reverse the
wettability. -

Wetiing alterations affect the behavior of fluids and chemicals. The golf course green and chaparral fire
examples depict wetling problems resulting in too little infiltration and too much run off. The petroleum
reservoir, and the hazardous waste site or gasoline spill problems, illustrate cases in which the movement of
waler, an organic liquid, and a gas are all affected by wettability. Also affected are the chemical partitioning
between fluid phases and the solid, and diffusion/dispersion of chemicals within each fluid phase. In short, the
entire transport system is influenced by the wettability. The consequences are that, without understanding
wemibility and its influences, there will be problems that we cannot model and for which we cannot design
appropriate engineering solutions.

Research Needs

Within the context of environmental problems research is needed in severat areas. This research may be
primarily laboratory based or field based. Theoretical research is called for in some cases. This proposed
research can use as a foundation much of the work that has taken place in other fields, in particular petroleurn
engineering.

» Can soil wetting be altered in the natural environment, and under anthropogenic stress? If so, how?

Does wetting alteration require aging?

» Is wetting actually altered to any significant extent in the environment, or is this simply an
academic problem?

e Where is welting altered? What is the spatial pattern and heterogeneity? What does heterogeneous
wetting look like throngh an SEM?

» Does wetting recover? If so, how? How long does it take?

» What are the effects and consequences of a change in wetting? In particular how does it influence
fluid flow and chemical transport including sorption? How does it affect colloid transport? How
does it affect bacterial growth and migration? How does bacterial growth affect wetting?

s Can the consequences be mitigated? If so, how?

There is a role for the Environmental Engineer to play in addressing all of these issues, but the problem is
multi-disciplinary. Various aspects of the problem require the experlise and services of surface chemists,
material scientists, organic chemists, and microbiologists. Petroleum engineers and soil scientists can
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ontribute. I also believe there is a role for mathematicians,

When two fluid phases and one solid phase contact, strange things can happen. The mathematics
attempting to describe this behavior is classical. Tn the last year advances have been made with the techniques

cellular automata (CA) and molecular dynamics (MD). D. Rothman at MIT has produced the first two fluid
hase automata models, using "red" and "blue" particles [Rothman, personal communicatjon? 1988]. The
ticles interact on a grid using rules that satisfy the conservation laws of mass and momentum. By adding
_'to describe the relative affinity of a "red” particle for another "red" particle, and similar rules for "blue”
particles, Rothman has simulated interfacial tension. The solid surfaces are presently assumed to be neutral
metric boundaries, but this can change. By assigning "red" or "blue" properties to the walls various wetting
itions can be simulated, including the attachment of surface active colloids to the wall to represent wetting
eration. This would however require the intervention of "red-blue” surfactant particles. At Schlumberger-
. Dole three researchers - J. Koplick, I.R. Banavar, and I.F, Willemsen {1988] - have attacked the same problem

iising molecular dynamics [see also, Physics Today, 17-19, May, 1988]. Molecular dynamics represents
o biecules,“ actually finite clumps of fluid molecules, and assigns a position coordinate and velocity vector to
each "molecule.” The "molecules” are allowed to interact, and the results are averaged out to obtain "fluid
p_r_o:perties" such as fluid velocity. The Schlumberger group extended the MD approach to two fluids near a
olid boundary. Where the fluid interface intersects the boundary, the classical no-slip condition vanishes.
" Curiously, they commented in Physics Today that CA could never handle the same two fluid phase problems.
wo months later Rothman presented his CA results at a private research meeting. I guess the moral is that, in
cience, one should never be too sure of one’s self. The difficulty with CA or MD is their need for copious
uper-computer time, preferably on a multi-processor machine like the hypercube Connection machine. In any
ent, these mathematical tools will make it easier to explore and understand some of the behavior we see in the

How Does This Help?

There are three application arcas that any rational rescarch program in this field should contribute toward:
nitoring and assessment; mitigation and remediation; and policy and regulation. Better understanding of
welting behavior and its influence will permit engineers to deal with each of these areas more effectively,
: I'_)"uring site investigations what do we look for, and where? What will happen if nothing is done? What is an
éffective remediation or treatment system, and how should it be operated? What policies or regulations are
onsistent with physical, chemical, and biological behavior? To illustrate, consider a typical pump and treat
- aquifer remediation scheme for an organic liquid. The ability of the system to "clean-up” the site will depend
-on the possible mobilization of the residual capillary-trapped organics, or the biotransformation of the organic
_ 0 a more mobile or less threatening by-product. The efficacy of this system may be strongly influenced by
:_ _W_ening; but wetting has never been studied in this context. For some soils and some organics, it is possible that
'-'pump and treat systems will never be effective, and that wetting behavior may play a role in this lack of
“effectiveness. What should the policy be toward the encouragement, or discouragement, of pump and wreat
~under these circumstances.

Can We Shorten the Time to Beneficial Use of Research?

The bottom linc is that we need to determine whether or not wetting is an important issue. If we find that
- it is not, then we benefit by the realization that things are going to be easier than they might have been. If
- weiting is an important issue, we need to bring it to the attention of the user community, while we get to work
n it. The problem has been left relatively unattended in environmental problems for so long, that I don’t
elieve that the time for beneficial use can be shortened. There’s a difference between scientific and
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engineering research, At this stage our scientific ignorance on the wetting problem makes it difficult to quickly
develop engineering applications.

s
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Discussion: Physical Processes - Land
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%
" It should be noted at the outset that this discussion was prepared without benefit of a preview of the
peéker’s paper. Hence this discussion is less a commentary or an elaboration of his major points. Ratheritisa
ummary of my own view of research directions in the groundwater area and suggestions for ways to narrow the
a}) between the researcher and user communities.

" My area of expertise is in the numerical modeling of fluid flow and contaminant transport in the
ubsurface. More specifically, my research work has focused on the development of mathematical models for
escription of immiscible/miscible organic pollutant transport. Within this subject area, 2 number of
yortant research directions can be identified. The first relates to the improvement of our understanding of
mmiscible organic phase entrapment in the saturaied and unsaturated zones. Experimental and theoretical
udies are needed to elucidate the mechanisms controlling this entrapment and to provide a concise
athematical description of this process for incorporation into multiphase flow models. Prediction of the
_configuration and persistence of an entrapped organic phase is of primary importance in the assessment of a
tamination event and in the design of an effective remedial strategy. Another important research area is the
tudy of interphase mass partitioning in multiphase fluid systems. The extent to which a nonagueous phase
rganic liquid can volatilize or solubilize into the pore gas or water fluids will determing its migration potential.
otption of the organic liquid or organic vapor onto the soil matrix could also be significant in this regard, but
received very limited attention. The efficiency of gas venting or soil flushing remediation schemes are
Sely tied (o the above partitioning processes. The process of fingering also deserves closer scrutiny.
Ekpeﬂmenml evidence (1) suggests that, under certain circumstances, fingering may control the migration of
‘rionaqueous phase liquids. The on-set of fingering and prediction of migration pathways, however, are not well
nderstood. Existing mathematical models of the organic pollution process do not account for such flow
tabilities. Finally, further work is needed on the development, validation, and calibration of numerical
odels designed to simulate multiphase contamination scenarios. Existing models are either extremely
unwieldy, requiring numerous parameters and substantial computational effort for even small-scale problems, or
are significantly over-simplified, neglecting important physical processes (2).

Taking a broader perspective for a moment, I believe that two central issues can be identified in relation
o future directions in groundwater contamination research, which I shall erm (a) integration and (b) scale.
These same issues surfaced in a Forum on NSF Research Activitics in Subsurface Systems held at the
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University of Michigan in July 1986 (3) and have been commented upon in a number of recent review papers
(4). Each is discussed briefly below.

By integration, I mean research which combines a number of disciplines and viewpoints to attack specific
environmental problems. Even from the brief discussion above, it is clear that physicalprocesses cannot be
separated from the chemical, nor can modeling be separated from experimentation. Unfortunately, in this age
of specialization, researchers tend to focus on relatively narrow rescarch areas. Thus, it is clear that the
complexity of environmental problems requires the collaboration of many investigators to achieve significant
advances in the field. If whole aquifer clean-up is to be a major objective, it will require the expertise of
hydrologists, soil scientists, chemists, microbiologists, systems analysts, etc. The trend toward collaborative
work has already begun; a number of interdisciplinary conferences have been held (including the present AEEP
meeting) and interdisciplinary journals are beginning to appear. I believe that this trend should continue. We,
as educators, researchers, and administrators, should make every effort to breach the barriers which currently
exist between disciplines and to encourage those who embark on coliaborative endeavors.

The second broad issue which relates to future research directions is scale. There is an urgent need for
controlled field experiments to validate laboratory-derived modeling approacéles. Research must be directed
towards the "scale-up” of theory and laboratory-measured parameters. Techniques for the measurement of
meaningful field-scale parameters must be explored, as well as ways 1o incorporate uncertainty and
heterogeneity into our modeling approaches. '

It is generally acknowledged that field experiments are extremely costly. The quest for field
"laboratories,” thus, leads naturally to the promotion of university partnerships with government and/or
industry. In addition to providing support for and access 0 field measurements, such partnerships can also
serve to narrow the gap between users and researchers and help in the pooling of expertise. Research Ceners
established by the EPA and NSF in the last few years were conceived with this objective in mind. Through the
participation on the advisory boards for these centers, industry may be kept apprised of the latest research
developments. In this capacity, industry also has the opportunity to provide research direction to the university
community. A study of the structure and success of these partnerships could help us develop a model for future
industry-university relations.

Tt is my belief that we can also greatly reduce the gap between rescarchers and users through our role as
educators of undergraduate engineers. We must instill in our studenis an appreciation for the complexities of
environmental problems as well as the great benefits to be gained from inter-disciplinary cooperation. Students
maust learn that simplified approaches, although attractive, often give misleading or inappropriate resuits. They
should be encouraged to read the scientific literature and to gain first-hand research experience where possible.
By strengthening their ties to the research community, we may, thereby strengthen our ties to induasiry.
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Understanding physical processes is essential to understanding the state 5f environmental systems of all
kinds, in natural waters and treatment operations alike. Physical processes affect the residence time and
distribution of the constituents dissolved or suspended in water, as well as the interchange with other
environmental compartments such as the atmosphere, lithosphere, and biosphere.

Scope

This paper offers an overview of fundamental research issues and directions related to the role of physical
processes in natural waters and treatment operations. The need o consider the interrclationship among

physical, chemical, and biological processes is pointed out, and a general philosophy is advanced that may help
facilitate understanding and utilization of research results by the user community,

Interactions Among Processes

Physical processes are intimately coupled to chemical and biological processes to an extent that makes it
difficult to segregate them according to the categories of this conference’s program. For example, mixing,
phase partitioning, and interphase mass transfer govern the local concentrations of contaminants; thus, these
physical processes often constitute important controls on the rates of chemical and biological processes, and
indeed often determine which reactions can proceed at significant rates. Indeed, some phenomena such as
sorption can be driven by both physical and chemical mechanisms to a degree that renders the distinction futile.

Moreover, the residence time of a constituent in a given portion of the environment, which is determined largely
by physical processes, strongly influences the extent of reaction. As a further example, mixing and diffusion
can mediate chemical conditions so as 1o exert a profound effect on chemical equilibria (Davidson, 1985). It is
impossible to formulate a rational understanding of the behavior of environmental systems without accounting
for such interactions among the various kinds of processes.

Scale and Variability

Ceniral to the analysis of physical processes is an adequate grasp of fluid mechanics, particle dynamics,
mass transport, energy transport, and phase equilibria. Basic understanding of all of these processes is adequate
for analysis of simple problems, but difficulties invariably arise in applying the principles to real environmental
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systems because of their complexity, spatial heterogeneity, and temporal variability. The simple concept of the
mass balance is a case in point: an accurate mass balance is requisite for a well-founded environmental problem
analysis, and the methodology is straightforward. Yet it often proves extraordinarily difficult to implement an
adequate mass balance in dealing with real envfronments, because it is infeasible to sample adequately over the
relevant range of scales in time and space. Further, in real situations, the initial and botindary conditions
frequently are insufficiently well known to permit reliable analysis and experimental design, not to speak of
prediction.

Ideally, we should analyze environmental problems by developing understanding over the full range of
scales of time and space relevant to the environmental system; this is clearly a formidable challenge, since the
dimensions span some fifteen orders of magnitude, from the thousands of kilometers characteristic of some
environmenial compartments to the nanometer scale of molecular dimensions (National Research Council,
1988). Similarly, the relevant time scales cover some twelve orders of magnitude, from the millisecond range
for fast reactions and turbulent eddy transport (o the thousand year timeframe for long-term waste disposal and
groundwater movement.

P_hysical Processes in Natural Waters 3

o In our Lreatment of lhls section we adopt the posture that the basis for rational decisions should be the
predlcuvc capablhty of accurate lhree dimensional simulation models which realistically capture not only all

" the relevant hydrodynamic mfluences, but also represent the interaction between the hydrodynamics, the

chemistry, and the biology. This is not to say that the major focus of the research should be on the development
of the models per se. A growing body of computationa! fluid dynamicists have already begun to address the
hydrodynamic and numerical problems associated with building accuraie, realistic models for environmental
flows such as lakes, reservoirs, estuaries, and streams. However, the focus should be on developing a more
complete understanding of the physical, chemical, and biological processes in these flows, particularly with
respect to the interaction between these processes.

Sheng (see Gray, 1986) has stated that "To be an effective long-term simulator of a variety of flow
situations, an ideal numerical model should be comprehensive (containing the proper physics) and generalized
(requiring minimal tuning, and adaptable to various applications) in terms of its dynamic features, while
accurate (containing little numerical damping and dispersion) and economical (computationally efficient) in
terms of its numerical features”.

As we stated above, the vast majority of lakes, reservoirs and other naturally occurring surface waters are
heterogeneotss, both temporally and spatially. Indeed, as Ferrara (see Gray, 1986) states "No lake is ever static.
Several time frames are of significance. Diurnal... Seasonal... Geologic...". For e¢xample, the baroclinic
motions associated with internal density variations occur on time scales much longer than surface wave
barotropic motions. In addition, plunging inflows and sidearms respond on a different time scale to the whole
water body, yet the interaction between the sub-domain and the whole is strong (see Fischer and Smith, 1983).
The transport and mixing of pollutants is also affected by variation in length scales. As Blumberg (see Gray,
1986) notes, "Mixing is accomplished by a hierarchy of processes with different length scales...wind-driven
gyres (100km) to intermediate eddies (10km) to molecular viscosity and diffusion.”

Because of the large disparity in the size of the scales it is often the case that the smaller scale motions
remain unresolved in simulation modeling. Yet, as Blumberg states, "Unresolved turbulent motions can result
in significant transports of momentum, heat, nutrients, and pellutants. They also interact dynamicalty with the
larger scale eddies explicitly resolved in the model and progressively degrade the accuracy of the model
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predictions”.

In this paper, then, we would like to focus more on this very problem, which is one of the major
prtcomings in our present modeling approach. We would like to preface our remarks by acknowledging that
aditional turbulence models for the unresolved time or spatial motions have been successful o™ degree in the
past (Sheng in Gray 1986) and indeed have a useful role. However, recent efforts in modeling flows in natura}
‘water bodies have met with limited success. Rodi (1987) provides a fairly comprehensive review of the
state-of-the-art in modeling stratified flows. From this review it has become apparent that meaningful
'éngineen'ng calculations which represent all the relevant processes occurring in environmentat flows cannot be
hieved with our present modeling approach or with the turbulence models presently used for treating
unresolved scales of motion,

Tt is quite obvious, therefore, that given the demands of a successful simulation, the realities of the size
and physics of lakes and reservoirs, and the constraints imposed by present computer technology and: our
budgets, a new modeling approach is needed. Dividing the problem into smaller, more tractable sub-domains
based on bathymetry, physics, chemistry, and biology, and using boundary conforming coordinate systems, are
o methods presently being investigated to counter the problems described abdve in a realistic manner
(Meakin, 1986, and Perng and Strect, 1987). Furthermore, the use of adaptive gridding offers a very promising
solution to the problem of sufficient grid resolution (Skamarock et al., 1989).

The problem, however, goes beyond the numerical fixes described above. One of the major problems
with the traditional second-order closure (turbulence) models presently used in our simulation schemes is that
' these models cannot faithfully represent the unresolved scales that lie between the "true” turbulent scales and
the lower limit of the grid used in the numerical calculations. In most cases the "true” turbulence is often
- confined to scales well below those resolved by the numerical models. Thus the major issue should be the

3_"-_60nstructi0n of models of unresolved motions, whether they are turbulent or not, and NOT the construction of
"turbulence models”.

Our major effort should, therefore, be on constructing and verifying proper parameterizations for the
- unresolved motions. These parameterizations could then be used in conjunction with eddy-resolving numerical
codes (Large Eddy Simulation). The effect of all the length scales not resolved by the grid itself would then be
captured by the parameterization model. This strategy involves a number of important steps, including

identifying the important physical processes present in the relevant environmental flows, and developing a basic
understanding of these processes. '

What then are the relevant environmental flows that should be used for developing the parameterizations?
For purposes of this discussion, let us consider the relevant surface water flows to be those in lakes, reservoirs,
estuaries, and streams. In order to understand these flow systems it is necessary to identify all the factors
influencing the advective or transportive process, the mixing and dispersion processes, and the processes
influencing the interaction of the flow with the atmosphere as well as the benthos and sediments. The following
are examples that are most relevant to the 1ask of parameterizing unresolved scale motions.

1. The surface stress at an air-water interface due to the wind is an extremely important factor in the
transport of hcat, mass, and momentum through this interface. Significant work has been done on the problem
of rearation, and momentum and heat transfer at the air-water interface. Additional work is now necessary into
understanding the transport of pollutants through the water column and into the atmosphere. In addition,
understanding of the interfacial exchange process is essential to coupling the atmosphere to the water column,
The problem of acid rain and its influence on the health of natural water bodies comes to mind in this respect.
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2. ‘The vast literature on turbulent boundary layers needs to be marshalled in order to understand the
interaction between the benthos and the overlying water column. Whereas mass transfer processes at the
boundaries in intemal and aerodynamic flows are fairly well understood, they are not that well understood at
natural interfaces. For example, an emerging body of (largely circumstantial) evidence suggests that benthic
suspension feeders may be important in mediating the flux of particulates and their adserbed species (nutrients,
contaminants) from the water column to the sediments and thereby act as a natural control on eutrophication.
(Cloern, 1982). This issue cannot be addressed rigorously, however, until we understand the mechanisms and
rates of particle ingestion by benthic filter feeders. This means we need to understand not only the influence of
the near-bed hydrodynamics on the flux of suspended particies from the water column to the benthos, but also
the possible effect of filter feeders (bivalve mollusks), for example, on the flow properties near the bed.

3. Advection of pollutants in estuaries. There is a complex interaction between the bathymetry, the Coriolis
force, the tides and fresh water inflows which is not completely understood. The work by Huzzey and Brubaker
(1988) on the York River Estuary is a good example of this.

4, Inflows to estuaries, lakes and reservoirs. The behavior of the fresh water/salt water interface in a

partially mixed or salt-wedge type estuary will determine the transport ofypollutants to/from the estuary and

Lhéteby the dilution capacity of the estuary. The recent study by Denton and Hunt {(1986) is a good example of

this. The stream inflow to lakes and reservoirs is extremely important as well in this regard. Mixing in the

infiow zone will determine at what level the incoming waters are inserted into the reservoir and thereby where

‘the nutrients, sediments, and contaminants are likely to be inserted. At present no rigorous solution is available
" for pluﬁg'in'g_ inﬂows'._ In particular, the relationship between the mixing processes occurring within the plunge
' and the ;'el_éirant parameters describing the flow regime are not well defined.

5. Turbulence in stratified systems. Much of the mixing and dispersion in natural systems is due to shear
induced turbulence. However, the turbulence is modified by the rotation and buoyancy forces which are present
in these systems. Any attempt to model mixing and dispersion of pollutants in stratified systems depends on
our ability to characterize the behavior of the turbulence in the presence of stratification, which is very limited.
Research to date has raised more questions than supplied answers (van Atta, 1985, and Hopfinger, 1985).

Physical Treatment Operations

For the most part, physical treatment operations in environmental engineering applications are founded on
well established principles of chemical and mechanical engineering, adapted to the exigencies of water
treatment and pollution control situations (Metcalf and Eddy, 1979; Montgomery, 1985; Weber, 1972). The
unit ‘éperatiohs approach combining mass balances, mixing models, equilibrium relations, and rate expressions
has proven widely successlul, especially where substantial empirical data are available for calibrating methods
and models. Even complex mixtures of contaminants have been deait with adequately by lumping together
groups of contaminants that behave similarly into collective parameters.

Individual Contaminant Limitations

Nonetheless, the unit operations approach as employed traditionally in environmental engincering has
severe limitations when it comes to considering explicitly a broad pallet of individual contaminants, including
their interactions.. The pervasive regulatory trend toward formulating specific limitations for a multitude of
individual contaminants presents a new set of challenges for designers of treatment operations, and hence for
researchers who aim to provide a sound basis for process selection and analysis. We need to improve
conceptual and mathematical models for assessing the effectiveness of alternative process alternatives for
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treating individual contaminants and their mixtures, and for estimating equilibrium and rate parameters to be
used as inputs in those evaluations.

If the individual contaminants can be considered separately, without accounting for competition or similar
interactions, the tasks of process analysis, selection, and design are greatly simplified. HoWever, if substantial
interactions must be accounted for in dealing with contaminant mixtures, those tasks are impeded severely. The
seemingly simple matter of deciding when interactions among contaminants can be safely neglected, and when
they must be taken into account, leads us into largely uncharted territory in which the most experienced
researchers and practitioners risk losing their bearings. The criteria differ among treatment operations,
depending on the physical principle of separation and the nature of the contaminants and their potential
interactions,

Predicting the equilibria and rates of physical processes and the values of associated properties is a
well-developed art (Lyman et al., 1982), compared to the analogous task of predicting chemical reaction rates.
Accordingly, the difficultics of predicting interactions among contaminants are less severe where physical
processes predominate than where chemical phenomena play a major role. Seemingly, there are important
differences also between steady-state and non-steady-state treatment processes, ¥ith nonsteady-state situations
presenting special difficulties if observed over a wide range of time scales.

Hydrophobic partitioning is an example of a physical phenomenon that has proven remarkably amenable
to generalized prediction even in complex environmental systems. Hydrophobic partitioning concepts have
been applied o aqueous solubility as well as to partitioning into organic liquids, lipids, sediments, soils, aquifer
solids, and air (Chiou, 1985; Karickhoff et al. 1979; Karickhoff, 1984; Leighton and Calo, 1981; Means et al,,
1982; Schwarzenbach and Westall, 1981). Where the phase partitioning is governed by the hydrophobic effect,
it is possible to predict the distribution of a chemical between aqueons solution and other phases based on the

aqueous activity coefficient, which can be estimated using a group contribution method such as UNIFAC if data
are lacking (Arbuckle, 1986; Campbell and Luthy, 1985; Gmehling et al; 1982; Munz and Roberts, 1987).
These approaches also can be applied to well-defined mixtures to assess concentragion effects (Munz and
Roberts, 1986). Generalized approaches to environmental modeling that incorporate the fugacity concept to
quantify partitioning among environmental compartments (Mackay, 1979} show great promise as a tool for
analyzing the transport, distribution, and persistence of chemicals in the environment.

However, simple partitioning approaches usually fail to account properly for specific interactions
between solute and sorbing solid (Westall, 1987), and are inadequate for dealing with ionic organic compounds
and inorganic compounds. Adsorption onto granular activated carbon, the most widely used adsorbent in water
and waslewater treatment, is characterized by strong competition among solutes. Quantitative models are
available for predicting competition among well-defined solutes {Crittenden et al., 1985; DiGiano et al., 1978,
Radke and Prausnitz, 1972), but serious anomalies arise when substantial quantities of natural organic matter
are present, reducing the adsorption capacity for compounds of low molecular weight. This competition is
time-dependent and appears to reflect preloading with natural organic matter that is subsequently difficult to
displace (Baldauf, 1986; Zimmer ct al, 1987). Because fixed bed adsorption is a semi-continuous process in
which solule concentration fronts move at different rates through the adsorber bed, the wave of natural organic
matter permeates faster into the depth of the bed, and once adsorbed is difficult to displace (Summers and
Roberts, 1987). It is not yet clear whether interactions of this sort are caused by physical or chemical
mechanisms, although adsorption of organic solutes by activated carbon is thought to be governed mainly by
physical forces, Whatever the cause, accounting properly for this kind of competition seriously complicates the
task of designing adsorbers for water and wastewaler treatment.
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Facilitating Interactions Between Researchers and the User Communities

Understanding environmental processes is a worthy end in itself, and those conducting fundamental
research need the freedom to conduct their work without being overly encumbered by attachment to case-
specific problems. Nonetheless, the research effort must be justified in terms of ils utility,in defining and
solving problems. Researchers play a variety of roles that enrich user communities, including decision makers
and other government officials, organizations active in water supply and water pollution control, and
consultants. To be useful, the research insights maust be translated into terms that are understandable to the
users, who also must be convinced that the research resuits are relevant 1o their problems.

To enhance this interaction and acceptance, it is advantageous for researchers and users to work together
directly in formulating practical, scientifically founded approaches in setting policy, analyzing problems, and
developing technical solutions. One way of effecting this collaboration is through research that focuses on
fundamental processes in a natural selting. By focusing on problems in real environments, researchers can
assure that they emphasize real problems, and that they identify the processes that are relevant to the
environment. Moreover, they increase their chance of recognizing the important interactions among different
processes, and of identifying processcs that predominate at large scales of time angd distance. The analog with
respect to treatment processes entails systematic investigation of treatment operatioﬁs at full scale over extended
periods under the influence of representative, varying conditions. '

Whether dealing with natural environmemts oOF weatment applications, the most convincing
demonstrations of adequate conceptual understanding are those that entail interpreting and predicting a system’s
transient behavior under the influence of strong forcing. For example, a major chemical or oil spill like that
which recently occurred in the Ohio River sysiem in recent years presents a unique opportunity to test and
improve understanding of physical transport processes in streams. However, there usually are practical
constrainis to creating such forcing conditions, especiaily in natural environments. We should take advantage
of those opportunities that do arise, by establishing a mechanism to mobilize and support research on
environmental processes in real systems following catastrophic perturbations.

Investigations of real, large-scale systems usually are more applied than fundamental, and the results tend
1o be case-specific and empirical. But, if conducted thoughtfully and with a view toward process analysis, such
investigations can provide insights that transcend the particular situation being studied. Indeed, this approach is
most effective if large-scale studies are coordinated with controiled experimentation to identify and characterize
process mechanisms with well-defined systems at the laboratory scale.

Appropriate mathematical model development plays a crucial role in expressing process understanding in
operational form, facilitating the design and interpretation of experiments, estimating parameter values from
experimental data, and generalizing the results of the rescarch. A schematic of the integrated approach
combining these diverse research activities is shown in Figure 1. This integrated research strategy is inherently

suited for improving understanding of chemical and biological processes as well as physical ones, and also their

interactions, and in fact becomes more crucial the greater the complexity of the sitvation under study. To
achieve complete understanding of complex environmental problems, only a holistic approach will suffice.
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Figure 1: Schematic showing interrelations among hypotheﬁs,
experiment and modelling,
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Discussion: Physical Processes - Water

Desmond F. Lawler
Department of Civil Engineering
University of Texas
Austin, TX 78712

Research Directions and Approach

Roberts and Koseff have presented a novel approach to research, one that is likely to achieve the desired
goals of increasing interactions between researchers and users and shortening the time gap between research
advances and their application in environmental engineering situations., Their idea is similar to, but a significant
advance 6n, a research methodology that T have espoused. That methodology is summarized in Figure 1; in
scientific or engineering research, a question can be addressed either mathematically or experimentally. The
question can be translated into a mathematical formulation and the resulting solution constitutes an answer to
the original question; this concept was taken from the preface to Kreyszig’s book on Advanced Engineering
Mathematics (1972).  Alternatively or additionally, the question can be wanslated into an experimental
investigation and the experimental results also constitute an answer 10 the question. The advaniage of taking
both approaches is that one can compare the results. If they agree with one another, one can be confident of
one’s understanding and probably apply the results in a wide variety of applications. If they disagree, the
process is likely to identify the weak points in our understanding and thereby enable us to improve that
understanding (and perhaps design our next picce of research).
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Scientific
or
Engineering
Question
Mathematical Experimental >
Formulation Investigation
) Mathematical Experimental
3 Solution Results
Comparison

Figure 1: Generalized Research Approach

The advance that Roberts and Koself have included is the incorporation of the distinction between simple and

complex systems. Taking some liberty, I have taken their ideas and put them into my type of diagram as shown
in Figure 2. If this diagram is an adequate translation of their ideas, their addition is obvious--a third branch
representing the complex, full-scale, or field system and measurements within that system to compare with both
the simple system experimental results and the mathematical solution. The addition is an important one,
because it allows a check on whether the translation of the original question into the mathematics or the

laboratory-scale experimental investigation incorporated all the essential features of the complex system. The
challenge facing investigators in our field is to incorporate ali three approaches--t00 often, investigators have
followed only one of these three paths and it is 100 easy to misinterpret one’s results without the internal check
of the other research strategies. In particular, I believe that the mathematical approach has been overlooked too

often in our field, retarding the gencralization and widespread use of new understanding.

Scientitic
or
Engineering
Question
o
A
Mathematical Experimental Field
Formulation Investigation Investigation
(Lab, Simpie} {Complex}
1 L 1
Mathematical Experimental Field
Solution Results Results
3
Comparison

Figure 2: Generalized Research Approach, Modified to Incorporate Concepts of Roberts and Koseff
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second idea in the Roberts and Koseff paper that deserves more attention and expansion is the
alationship between the microscopic and macroscopic. Engineers are concemed with macroscopic systems;
ihin our purview, these systems are natural water bodies or treatment processes and systems. Nevertheless,
hiave reached the end of the road, in my opinion,'in trying to make progress by only studying phenomena on
he macroscopic level. The age of TOC, BOD, or solids concentration is over; now we must stidy individual
unds or groups of compounds or particle size distributions to progress. While we must be more
erned with the microscopic phenomena, studying at the microscopic level alone is equally insufficiens. The
6nship between the microscopic and macroscopic, between the research and application, between the
nce and technology, must always be kept in mind if our research results are to be useful. Examples are

Y below,

hysical Processes--Water

Roberts and Koseff have properly pointed out that many environmental simaﬁons do not confine
._lhemselves 1o the limitations of a single element in the conference matrix, but several phenomena or processes
u_zl.'\'vatcr are primarily physical in nature. Chief among these are transport and sepdrations. The issues of
transport were nicely summarized by Roberts and Koseff; in short, these issues need a lot of research, especially

1 those situations where the relevant scales of transport span several orders of magnitude. Just recenﬂy, a
'student concerned with dispersive transport and reactions in estuaries asked me if it would be possible to model
'bdlh processes simultaneously with a random walk approach. It did not take long to realize that, while transport

d reactions can each be studied with this approach, the length scales are so different that it is at least

impractical to put both together in the same problem.

Separations are primarily physical processes, and are important both in natural and engineered

environmental systems; major examples include sedimentation, sorption, gas transfer processes, and membrane

Sedimentation presents an interesting illustration of the role of research in physical processes. First, it is
‘of critical importance in both natural waters (where it determines the fate of many constituents, not just the
particles themselves) and engincered treatment systems (where it is by far the most common separation
. process). Second, as a process with a long history, we think we know a lot about it, and yet several questions
- remain unanswered. The state of our knowledge can be illustrated with the diagram in Figure 3, with the three
- axes showing the variables which influence sedimentation behavior: particle concentration, flocculent
characteristics, and hetcrogeneity. The simplest case (point A in the diagram) is that of the single particle;
Stokes solved this problem over 100 years ago. The amazing fact is that Point A is the only point on the
diagram which we can claim to understand fully, although we routinely design engineered systems for the
opposite pole. Point B represents the case of thickening of suspensions which are concentrated, heterodisperse,
and flocculent, i.e., all sludges of interest in our treatment plants and probably the top layers of sediment in
natural waters. We design sludge thickening facilities that work, but they are costly and cause operational
headaches. Point C represents the (locculent suspensions such as those in settling tanks in treatment plants or
the particles in lakcs. We cannot yet claim to be able to predict the behavior of such suspensions, even if we
know fully the chemistry, size distribution, and flow patterns of the situation. To improve the design of
engineered systems for ecither type of suspension, we need to know more about the microscopic behavior of
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particles. Progress is being made on understanding two particle interactions (e.g., Jeffrey and Onishi, 1984) and
on behavior of suspensions (Russel, 1987); my view is that such progress with the microscopic approach is the
most promising (and only?) approach leading to better understanding and ultimately better designs for the
macroscopic cases of interest.

c B ”

Heterogeneous

Heterogeneity

-
S

e locculent
A e Cohesiveness

st
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Dilute Concantrated \on-Flocoulent

Concentration

Figure 3: Three dimensional sedimentation paragenesis diagram.

Roberts and Koseff noted the significant progress made in recent years in understanding multi-component
systems, sorption in particular. Progress in understanding gas transfer processes, their relevance and
applicability to environmental systems has also been great. Roberts and several co-workers (Roberts and Levy,
198S; Roberts et al., 1985; and Munz and Roberts, 1987) have been key players in this regard. Here the
progress has stemmed from learning what was known in other fields (in this case, chemical engineering) and
applying it to environmental situations; the differences were primarily issues of concentration (much lower in
most environmental engineering applications than in chemical engineering applications) and mixtures {often
more heterogeneous in environmental engineering applications). To be sure, more can yet be learned for both
these types of separations, but the mathematical models show excellent agreement with both laboratory scale
experiments and field scale measurements.

“ An area with a large future but little history in the field of environmental separations is that of membrane

processes. The field is developing rapidly, with increasing applications in several industries and the creation of
new and better membranes monthly. The applications in the water ir;dustry are also growing; membrane
processes are routinely used in making high purity water for manufacturing processes such as for circuit boards
and for the food industry. Membrane processes have potentially wide use in drinking water treatment in the
near term and perhaps ultimately in wastewaler treatment. This area represents a challenge to environmental
engineering rescarch; we are, as a prolession, behind the times and need to learn and expand the knowledge in

this area to make it a more viable and common process.




Conclusions

These are interesting times to be involved in research on physical processes in water; we are, it seems,
both knowledgeable and ignorant. Questiods abound, and need answering. Progress in answering these
questions lies in two interrelated approaches. First, our research, on physical processes in water (at least),
should combine mathematical modeling, laboratory investigations, and field investigations. Second, we must
study microscopic (ime and space) phenomena and, simultaneously, their relationship to macroscopic

phenomena to increase our understanding and improve technology at the macroscopic level.
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Summary Discussion - Physical Processes
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It was noted in the discussion period that the subject of process technoldgy in air pollution emissions
control had not becn addressed in the two air papers. A discussion of the adequacy of atmospheric emissions
inventories ensued. It was noted that the historical perception has been that mobile source inventories,
especially for hydrocarbons, are considerably more accurate than those for stationary sources. Recent data
indicating that evaporative hydrocarbon emissions from motor vehicles may be substantially greater than
previously thought have called into question our perception of the accuracy of mobile versus stationary source
emissions inventories. The lack of a national program of ambient hydrocarbon monitoring has made it very
difficult to assess if hydrocarbon emissions reductions have, in fact, occurred as estimated. Rather, urban ozone
levels have been used as a surrogale to assess the success of hydrocarbon controls rather than direct
hydrocarbon measurements, and the fact that ozone levels have not decreased as much as expected suggests that
hydrocarbon emissions may have been underestimated. Such underestimates will lead to underprediction of
ozone and associated pollutants in air pollution models.

The subject of indoor air pollution was also not addressed in the two presentations. It was noted that the
calculation of indoor exposure pPOscs a substantial problem. Physical processcs unique to the indoor
cnvironment include deposition of pollutants on indoor surfaces. These processes are poorly understood at
present.

The. physical processes-land papers focused on problems of multiphase flow in porous media. As in the
air arca, the importance of mathematical models firmly grounded in fundamentals was stressed. Porous media
models are characterized by extreme disparities in physical scale, from that of an individual pore to the entire
region, and properly accounting for these scales is a challenge in model development. In both air and land
discussions, the importance of tests of models in actual field situations was pointed out, while in the discussion
of the physical processes-waler papers the importance of formulating mathematical models to aid in effectively
planning ficld experiments was noted.
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Chemical Processes - Introduction

Philip C, Singer
Department of Environmental Science and Engineering
University of North Carolina
Chapel Hill, NC 27599-7400

We live in a world of chemicals. Since World War I1, we have experienced a virtual chemical revolution
on this planct. Industry has generated hundreds of thousands of new chemicals to satisfy the apparent needs of
society.

Waste is an inhcrent by-product of this revolution. Despite classical methods of waste treatment, we are
finding that our water, air, and land is becoming contaminated with chemical wastes. Many of these chemicals
result in severc adverse impacts on human health, on ecosystems, and even on our climate. Society has become
familiar with the likes of PCBs, dioxins, chlorofluorocarbons, trihalomethanes, and vinyl chloride.

The responsibility of the environmental engincering profession has changed in recent times. There is an
increasing necd for us 10 interact with other scientists and engineers to become better versed and more familiar
with the thermodynamic and kinctic principles governing the speciation, partitioning, transformations, transport
and fate of contaminants in the environment, and processes for their control,

The subject of environmental chemistry and chemical processes is a very broad one. In order to address
the subject of chemical processcs in the air, land, and water environments in a more focused fashion, each of the
speakers sclected for this scssion was asked not 10 present a catalog of research needs in the subject area of his
talk, but rather to focus on the specific rescarch that he would like to conduct in the next 5 to 10 years. In this
manner, it was hoped that more focused 1deas would emanate from the talks, and that more focused discussions
would be gencrated,

Dr. Michacl Holfmann of the California Institute of Technology was asked to lead the discussion of
‘Chemical Processes - Air’ because of his active rescarch program in atmospheric chemical kinetics and the
central role such kinetics play in local and global environmental and climatological phenomena. Dr. William
Glaze, formerly of UCLA and currently at the University of North Carclina at Chapel Hill, was asked to make
the presentation on ‘Chemical Processes - Land’ because of the growing problems in contamination of the
subsurface environment and his resecarch involving advanced oxidation processes for the treatment of
groundwaler. Dr. Charles O'Mclia of Johns Hopkins University was invited to lead the discussion of ‘Chemical
Processes - Water” because of his aclive rescarch in aquatic surface chemistry and the central role that such
surfaces play in the transformation, transport, and fate of chemicals in the aquatic environment.




Atmospheric Chemistry

Michael R. Hoffmann
Environmental Engineering Science
California Institute of Technology
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Some research problems in the area of atmospheric chemistry are of contemporary concern and have
significant societal impacts such as acidic deposition and its associated ecological and materials effects,
depletion of the ozone layer and formation of the Antarctic ozone hole, global climate change due to CO, and
CH, increases in the atmosphere, the incineration of hazardous wastes, and urban and regional-scale
photochemical smog. Photochemical smog was once thought to be exclusively a problem for Southern
California. However, "LA smog" has become a world-wide problem associated with large-scale urbanization.
Increased combustion of fossil fuels over the last century has resulted in a steady rise in the global atmospheric
CO, concentration, The increase in CO, and other "greenhouse gases” such as CH,, N,O, and the
chlorofluorocarbons is predicted to result in a global warming trend, which may have severe consequences for
society. Likewise, the increase in the chlorofluorocarbons in the upper atmosphere has been associated with the
measured decrease in our protective ozone layer and in the formation of the Antarctic ozone hole. Incineration
of hazardous wastes may become essential since alternatives such as land disposal are proving to be untenable.

Atmospheric chemistry can be broken down into phenomena that occur on a local, regional, or global
scale in either the gas, aqucous, or particulate phase. The alieration of the chemical composition of some
components of the atmosphere has resulted in significant problems. Some of the problems are regional or local
in extent such as acidic deposition and urban photochemical smog while other problems or phenomena are
global in nature. ‘They include the depletion of stratospheric ozone, climate modification dug to CO, release,
alterations in the oxidative capacity of the global troposphere, and alteration of (he glabal biogeochemical
cycles of sulfur, nitrogen, phosphorus, and carbon.

General subject arcas for rescarch in atmospheric chemistry include:
1. The development of large-scale mathematical models of the atmosphere that include sources and
sinks of atmospheric species, chemical transformations, radiative interactions, and transport.

2. Gas-phase chemical kinetics, photochemistry, and spectroscopy of important chemical
components in the atmosphere (e.g. H,0, O5, NO, NO,, H,S, CI0, ClO,, 0OCIO, CH,, RSH,
RSSR, CS,, hydrocarbons, PAN, CO, N,().

3. Multiphasic chemistry and pholochemistry: clouds, rain drops, haze aerosol, dry aerosol, ice,
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supercooled water, soot, and gas clusters.

4. The chemistry and biochemistry of sources and sinks for atmospheric species (e.g2. N,, NHj,
(CH,),S, H,8, SO, C0S,CO,, CHY. 7

5. Measurement of atmospheric species (e.g. OH, HO,, RO, RO,, NO,, HNO,, HNO,, N5 Os, PAN,
ClO, HCl, ROOH, NH;, RCOOH, ROOH, H,0,, H,50,, RH).

1. Reactions of Aldehydes with SO, in Clouds

Aldehydes (RCHO) and SO, react in the aqueous phase to form stable o-hydroxyalkylsulfonic acids
(RCH(OH)SO;H). The three major consequences of this reaction which is known to occur in tropospheric
droplets such as fog, clouds and rain are, a) an increase in proton acidity brought on by dissociation of the
strong sulfonic acid; b) an increase in the total dissolved [S(IV)] within the droplet, i.e. an increase in the sum
of H,0'50, + HSO4 + 5032' + RCH(OH)SO4™; and ¢) the stabilization of the S(IV) oxidation state even in the
presence of oxidants, with a concommitant delay in the oxidation to S(VI) (11,50,). Thus this apparently
simple addition reaction has significant environmental implications and may ha%e an impact on the fate and
transport of 3O, on a global scale. Carbonyls and SO, may both have natural as well as anthropogenic sources.

The oxidation of naturally-occurring CHy by ‘OH leads 10 background levels of 0.5 to 2 ppb of
formaldehyde., Observations of HCHO at remote sites are generaily consistent with predictions of background
concentrations supported by oxidation of natural CH, emissions. Biogenic hydrocarbons, for example the
natural emissions of wet tropical forests, are thought to lead to the formation of other aldehydes. The terpenes,
isoprene and o.-pinenc, aré rapidly oxidized by “OH and O, to yield carbonyl species such as formaldehyde,
acrolein (CH2=C(CH3)CHO), methylglyoxal (CH3COCHO), and methylvinylketone (CH2=CHCOCH3) as weli
as other more complex aldchydes and ketones. There is also the possibility that continental and marine biogenic
emissions of gascous reduced sulfur compounds such as H,8 and (CH5),S may be a source of SO, (by
tropospheric oxidation} and thus in remote clouds the formation of a-hydroxyalkylsulfonic acids is a distinct
possibility.

The mechanism for the formation S(I1V)-aldehyde adducts appears to proceed via the nucleophilic attack
of either sulfite or bisulfite ions on the carbonyl carbon of an aldehyde. Due to the greater reactivity of 5032‘,
the addition reaction procceds more rapidiy at high pH where 5032‘ is the predominant form of S(1V). Insome
cases, however, reaction rates may be limited by dehydration of the aldehyde gem-diol, or be subject to specific
acid catalysis. Hydroxyalkylsulfonates are thermodynamically stable between pH 2 and 8 with formation
constants typically in the range of 103 to 10° M. Classes of aldehyde thought 1o be important in the
aimosphere include aliphatic and aromatic monocarbonyls, hydroxycarbonyls, dicarbonyls, ketones, and
a-ketoacids.

While the gencral mechanism for adduct formation is fairly well understood, few experimental
determinations of rate constants for stability constants for other SAV) adducts with the above classes of
aldehydes, ketones, and ketoacids are currently unavailable.




45

TABLE 1. Important Species in Atmospheric Chemistry.

=

A. Global Climate Change (spectroscopic properties & distributions) £
1. Greenhouse Gases: CO,, O, CH,, N,O, CFClL;, CF,Cl,, H,0

2. Acrosol & Cloud: SO,, RCHO, RCOOH, (CH,),8, H,S0,, HNO,, SO,%, RSO,7, NH,*,
CH,SO;H
B. Biogeochemical Cycles (sources, sinks, & chemical transformations)
1. Carbon: CO, CO,, CH,, CH0, , CH,0, C,H,, CsHyg, C; H
2. Nitrogen: N,(O, NO, NOZ, NOS, NzOs, HNOs, HNOZ, CH3C002NO2
3. Sulfur: H,S, (CH,),S, (CHy),S,, CH;SH, CS,, OCS, SO,, CH,SO;H, HOCH,SOH

4. Ammonia: NH;, NH,, NH,NO,, NH,HSO,

{

5. Oxidants: HO,, H,0,, OH, O,

C. Stratospheric Ozone Depletion (photochemistry, sources & distribution)
1. Oxygen: O4, OCP), O,('D), O,(Ag)

2. Hydrogen: HZO, H, OH, HO,, H,0,
3. Nirogen: N,0O, NQ, NO,, NO,, N,Oq, HNO,, HO,NO,
4. Carbon: CH,, CH,, CH,0, CH;00, CH;00H, CH,0, CHO, CO, CO,

5. Halogen: CH,Cl, CE,Cl,, CECly, CCl,, Cl, HCI, CIO, OCIO, CIOO, HOCL, CIONO,,
Cl,0,, CH,Br, Br, BrO, HBr, BrONO,

6. Sulfur: OCS, SO,, HSO,, H,S0,

D. Atmospheric Oxidants
1. Oxygen: O,, OCP), O('D), 0,('Ag), H,0,

2. Radicals:, HO, HO,, Cl, Ci0, RO,, RCO4, NO4, 10,

E. Classcs of Chemicals of Interest
1. Carbon Oxides: COZ, CQO, H2C03

2. Methane Derivatives: CH4, CH,4, CH,0, RCHO, CH,0, CH,00H, CH302N02

3. Complex Hydrocarbons: CsHg, C;yH,4, R(CH,), COOH, OHC(CH,),CHO, ROH, CKHy
4. Reactive Oxygen: O, OCP), 0(D), OCD), 0¥ Ag), H,0,, 02(12 £.0,

5. Hydrogen/Hydrogen Radicals: H,0, H, OH, HO,, H,0,, H,

6. Nitrogen Oxides: N,O, NO, NO,, NO;, N,OQ5, HNO,, HNO,, HO,NO,
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- Sulfur Compounds: S, (CHyS, (CHyyS, CHySH, €Sy OCS, $0,, H,SO0s,
CH,COCH(OH)SO,H, CH;3H, CH;SO;H, CH;SO5H, HOCH,SO,H, SO, HSO,

2. Chlorofluorocarbons: CH,CL, CB,Cly, CFCly, CCly, CL, HCL, €10, OCI0, 100, HOCL,
CIONO,, CLO, »

9. Bromine Species: CH;Br, Br, BrO, HBr, BrONG,
10. Jodine Species: HL, 10, IONO,
11. Metals Compounds: Na, NaO,, NaOH, NaCl

12. Aqueous Species: HCO57, CO5%, 50,2, NOy, RCOy, HSO5, NH,, €T, OH-, OH, HO,,
HCHO, RCHO, (CHO),, Oy, Fe(IiL), Mn{Il), Na™, Ca?*, Mg?*, HSO,

13. Radionuclides:**Ra, 85Be, 9Be, 2D, 3T, 21%Pb, 137Cg

14. Tsolopes: 14C, 180, 13C, %S
#

Table 1 provides an overview of important chemical species in the atmosphere. Some important rescarch
topics related to these are described below.
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J.W. Munger, C. Tiller, and M.R. Hoffmann, Science, 231, 247-249 (1986).
T.M. Olson and M.R. Holfmann, J. Phys. Chem., 92, 533-540, A246-4253 (1988).
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2. Chemistry of Stratospheric Ozone Depletion

The depletion of ozone in the Antarctic stratosphere has been observed in the spring over the last 6 years. A
number of theories have been proposed to expiain the apparent loss of ozone. They include physical
explanations such as the dynamical uplifting of the lower stratosphere and chemical mechanisms involving
catalytic free-radical cycles with halogen radicals as chain carriers. The halogen free radical initiators are
prodﬁced by the photolysis of anthropogenic chlorofluorocarbons. One possible cycle is

CE,Cly (hw)-—--> CE,Cl+ Ct

HOCI (hv)--—--> OH + CF

Cl, () > 2 Cl

where M is a third-body molccule and hv is a photon, lo give a overall net reaction of
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The homogeneous theories réquire large amounts of active chlorine to be liberated from reservoir species
such as HCI or chlorine nitrate, CIONQ,. I addition low levels of NO, are required to prevent scavenging of
the chain carrier, CIO, as inactive CIONQ,, o

ClO + NO, ----- > CIONO,

These conditions can be obtained if the following heterogeneous reactions occur on the surfaces of polar
stratospheric clouds, which are thought to consist mainly of ice and nitric acid, HNO,.

CIONO, + HCI (ice)-----> CL, + HNO,

CIONO, + H,0 (ice)----—-> HOC1 + HNO,

Recent research has shown that the reaction rate between HCI and CIONO, is greatly enhanced in the
presence of ice particles, Chlorine, Cl,, is released into the gas phase on a time scale of several milliseconds,
while HNO, remains in the ice. These reactions are able to release photolytically active chlorine from its most
abundant reservoir species and promote the formation of HNQ;,, which removes NO, from the gas phase. Thus
the conditions for the efficient catalytic destruction of ozone by halogenated frée radicals are provided by the
polar stratospheric clouds.

Farther research should be focused on the rate of formation of Cl,0, and more detailed investigation of the
heterogeneous and physical processes involving ice crystals and CIONO, and N,O.. Experimental approaches
involve use of flash photolysis resonance fluorescence, later magnetic resonance, high pressure turbulent flow
reactors, FI'IR, and mass spectrometry to obtain elementary reaction rate constants and to detect and measure
unstable species such as HQ,NO,, HOCI, and CIONO,.
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3. The Atmospheric Chemistry of Organic-sulfur Compounds

The gas phase chemistry of organo-sulfur compounds plays an important role in the global sulfur cycle, the
formation®of sulfur acrosol in marine air, the atmospheric fate of biogenic organo-sulfur emissions, and the
acidity of precipitation in remote areas. The oxidation of organo-sulfur compounds produces SO,, alkane
sulfonic acids (RSQ,0H) and H,50,. Organo-sulfur compounds such as thicalkanes (RSH), alkyl sulfides
(RSR}), and alkyl disulfides (RSSR) react rapidly with OH. The mechanism of the initial OH attack is not
firmly understood. The reaction may procced via addition, abstraction, or intermediate adduct formation. For
cxample, OH oxidation of dimethyl sulfide may occur by abstraction. '

CH,SHCH, + OH -——> CH,SCH, + H,0

or by addition
CH,SHCH, + OH ----- > CH,S(OH)YCH,; ----- > CH, + CH,S0H

followed by reactions of thiyl radical, CH,S
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CH3S + 02 """ > CH3502 """ > CH3 + SOz
CH,S$ + NO -—--> CH3SNO

CH; + NO, —--> CH,4SNO,
*
Oxidation of sulfenic acid, CH,SOH leads to form the corresponding alkane sulfonic acid.
CH,SOH + Oy --—--> CH,S50,0H

The alkyl radical CH,SCH, is expected to yield CH; and HCHO.

The critical uncertainties in these reaction pathways that need to be explored include: 1) the nature of the
initial OH attack (i.c. addition vs abstraction), 2) the competition among the various reactions listed above for
the radical intermediates and consequently the relative yield of SO,/SO -, 3) the relative importance of RSOH
+ Op—----> and other pathways leading to the formation of alkane sulfonic acids, 4) the distribution of alkane
sulfonic acids between the gaseous and condensed phases, 5) the dependence of RSOzH saturation
concentrations on humidity, and 6) the relative importance of reaction with OH vs. other removal processes
such as direct photolysis or by reaction with NO,. ‘ &

References to 3
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4. Kinetics and Mechanisms of Free Radical Reactions Important in the Troposphere and Stratosphere

The importance of free radical chemistry in the atmosphere was first recognized more than 50 years ago.
In recent years, atmospheric chemical rescarch has been focused on reactions of HO_, NO,, Clx, Br, and SOx
species. Model calculations have demanstrated clearly that our understanding of the complicated chemistry of
the troposphere and stratosphere is far from complcte. For example, significant discrepancies remain between
observations and predictions of absolute Oq concentrations and the short term variability in ClO concentration
profiles in the stratosphere. Often model calculations invoke reactions for which littie kinetic data are available.
Furthermore, disagreements among investigators about the results of experimental kinetic studies are common.
More rcsegrch is needed to measure absolute rate constants, product yields, and absorption cross sections by
dircet and unambiguous methods for reactions of importance in atmospheric chemistry. Reactions of interest
are listed in Table 2. Experimental techniques to study these reactions include: flash photolysis/fUV absorption,
discharge flow/FTIR and diode array IR, discharge-flow resonance fluorescence, GC, GC/MS, flowing
afterglow-chemiluminescence, laser induced fluorescence (NA-YAG pumped dye laser), and discharge-flow
mass spectrometry/resonance fluorescence.

5. Determination of the Chemical Reaction Pathways for Alteration of the Atmospheric Organic Aerosol

Mecasurements made of the chemical composition of the airbome particulate matter in the aimosphere
typically show that about one-third of the atmospheric particle burden is contributed by organic compounds.
These airborne particles lead 10 visibility reduction, and many of the organics found on aerosols are known
carcinogens and mutagens. Source emissions of organics to the atmosphere necd 10 be measured in a consistent
fashion across a wide variety of the source types that eventually lead Lo organic particles. Dilution source
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Table 2. Radical Reactions of Importance in Stratospheric and
Tropospheric Chemistry

Lig

Stratospheric and Tropospheric Reactions

HO, + Oy ----- >0H+20,
CI10 + CiO ----- > Cl + OCIO
Cl0 + CIO ----- >Cl+0,
ClO + CIO --—-- > Cl + Ci00O
ClO+ClIO+M -—-- > (ClO), + M
ClO+BrQ —-- >Br+Cl+0,
ClO + BrQ ----- > Br + OCIO
ClO + OH -——> HO, + Cl
ClO + OH -—--- >HCl+ 0O,
H+ HO, ----- > 0QH + OH
H+ HO, ----- >0+ H,0
H +HO, ----- >H, + 0, ¢
H + H,0, ----- >OH + H,0
H+ H,0, —->H, + HO,

HO, +HO, -—->H,0,+ 0,
Cl+ HO, ---->HCI+ O,

Tropospheric Reactions

CH,0, + HO, - > CH;00H + O,
HCHO + HO, ----- > products
CH,CO4 + NO ----- > CH,CO, + NO,
CH,CO; + NO, - > CH,;CO,NO,
OH + CS, <-----> HOCS,

HS + Oq ----- >HSO+ 0,

HSO + Oy -n-- >HS + 20,
HS0+ 0y —--- > products

HSO + NO, ----- > products
HSO + HSO -----> products
OH + CyHy - > products
OH + CjH - > products
OH + C4Hg -=mn- > products
& : NO; + CyHy - > products
NO, + C3Hg ----- > products
NO, + C4Hg —---- > products

samplers can be used to collect samples that are representative of the acrosol organics as they exist after the
cmissions of hot exhaust gases have coolcd by mixing with the free atmosphere. Microchemical methods can
quantify both bulk parameters of the atmospheric acrosol {e.g. organic acids content) and that can also identify
key compounds that are characieristic of diffcrent source types. The source sampies and ambient samples differ
chemically in many ways. For cxample, the ambicnt samples are depleted in some unsaturated organic
compounds in the summer months. This suggests that atmospheric chemical reactions are acting to transform
the organic aerosol during its transport through the atmosphere, possibly by ozone-olefin reactions. The
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objective of this type of research is to assess the reaction pathways and mechanisms for the heterogeneous
gas-particle chemical reactions that act to transform directly emitied organic aerosols in the atmosphere.

-
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6. Mathematical Modeling of Atmospheric Chemical Processes

Atmospheric chemical reactions produce not only the regulated and often studied pollutants such as ozone
and NO,, but also a variety of unregulated and seldom studied species including the adchydes, organic acids
and hydrogen peroxide. Comprehensive mathematical models for chemical reaction and transport of
atmospheric pollutants recently have been employed by research groups to study the formation and transport of
nitric acid and aerosol nitrates. These models can be further extended 19 investigate the formation, transport
and chemical Teactions with the earth’s surface that are crucial to determining the atmospheric abundance and
fate of the aldehydes, organic acids and hydrogen peroxide. Key questions that can be investigated include 1)
the extent to which the aldehydes are directly emitted from combustion sources vs. formed in the atmosphere by
chemical reaction, and 2) the circumstances under which organic acids formation is competitive with inorganic
acids (¢.g. HNO;) formation as a source of aumospheric acidity. As future emission controls for reactive
hydrocarbons (RCH) and oxides of nitrogen (NO,) are planned as part of the nation’s ozone control efforts, the
effect of altercd levels of RHC and NO, on the production of organic acids, aldehydes and H,0, in the
atmosphere will be studied.
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7. Photochemical Formation of Hydrogen Peroxide and Organic Peroxides in Colloidal and
Particulate Suspensions

Hydrogen peroxide, H,0,, has been found in virtually all aguatic environments at significant concentrations.
Recent measurements of H,0, in polar ice samples clearly show that H,0, was abundant in the atmosphere for
more than a thousand ycars. Hydrogen peroxide can be generated in the gas phase due to the combination of
hydroperoxyl radicals, HO,, at the air-water interface due to photoinduced redox processes, and in the aqueous
phase via photo-catalyzed reactions with humic/fulvic acid and green algae as mediators. Furthermore, HO,
radicals, which are produced in the gas phase, can be scavenged by the water droplets where they
disproportionate to form HyO,. fn situ generation of hydrogen peroxide together with the H,0, scavenged
from the gas phase is thought to be the main source for the HyOp accumulated in cloudwater droplets.
Hydrogen peroxide appears to be the principal oxidant of SO, in acidic clouds.

In addition to these pathways for H,0, formation, other mechanisms are possibie. For cxample many metal
oxides, some of which arc abundant in the environment, have been shown 10 act as photocatalysts for a wide
variety of reactions such as the photo-assisted reduction of N, to NH,4 and the reduction of O, to H,0,.
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Organic peroxides constitute another important group of potential environmental oxidants. They have been
detected in surface waters, on pine needles, and in rain- and cloudwater. While their formation in the
atmosphere has been established, there are few reports in the literature of their formation in the aqueous phase.
The mechanistic and quantitative aspects of the appropriate photochemical processes cccurring in natural waters
are not clearly understood. -
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8. Combustion and Incineration Chemistry

Pollutant emissions from combustion systems have been substantially reduged in recent years through the
development and application of new combustion technologies. High efﬁciencif combustion systems offer the
possibility of complete detoxification of hazardous materials by conversion to carbon dioxide, water, and
contaminants such as hydrochloric acid vapor that can be removed from the exhaust gases. Incineration can, in
principle, be applied to virtually any organic waslec material, making the development of incineration
technologies highly desirable for the vast numbers of specialty chemical products and industries. Destruction
removal efficiencies in excess of 99.9999% have been reported in tesis of a number of prototype systems. High
conversion efficiency and applicability to a broad range of materials make incineration attractive as a solution to
hazardous waste disposal.

Factors that influence the destruction efficiency include: local temperatures and gas composition, residence
time, extent of atomization of liquid wastes and dispersion of solid wastes, fluctuations in the waste stream
composition and heating value, combustion acrodynamics, and turbulent mixing rates. Morcover, the waste
materials to be incincrated are considerably more variable than are typical fossil fuels. The composition and
even the heating valuc of the fucl entering an incinerator can vary dramatically and rapidly. Liguid wastes may
contain both water and combustible organics. Imperfect mixing of such feedstocks can seriously impair
combustion and, therefore, destruction efficiencics. The physical form of the waste material may also influcnce
its conversion. For example, dioxin may survive intact through incineration up to 1150°C if it is bound to
particulate matter. '

The development of environmentally-acceptable incincration technologics for the disposal of hazardous
wastes is dependent upon an understanding of: (7) atomization or method of infroduction of the waste materials,
{if) evaporation and condensed phase reactions of the wastle droplets in the incinerator environment, (iif)
turbulent mixing in the incinerator, (iv) the kinetics of the thermal degradation and oxidation, (v) heat transfer in
the incineralor, (vi) melal partitioning between vapor and particles and its dependence on inlet metal speciation,
fuel composition, additive composition and combustion conditions, and (vif) the extent to which the fate of trace
and hcavy metals can be predicted by current equilibrium, kinetic, and acrosol dynamic models.

Experimental systems that can be used for the study of the evaporation and reaction of liquid and solid wastes
and of the capture of toxic byproducts include bench scale studies and studies in larger laboratory combustion
facilitics. The evolution of a single particle can be studicd using the electrodynamic balance, a device in which
a single charged particle can be levitated for extended periods of time in a controlled environment and without




contact with any foreign surfaces, FTIR and Raman spectroscopy can be used to follow reactions of single
levitated particles. By studying single particles, the uncertainties introduced into studies of sprays by particle-
to-particle variations in size or composition are minimized.

The influence of the reaction atmosphere, beat flux, and droplet propertics need to be explgred in order o
gain a fundamental understanding of the chemical and physical processes that take place in the incineration
environment,
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Discussion: Atmospheric Chemistry

Harvey E. Jeffries
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Chapel Hili, NC, 27599

“

Hoffmann outlined an impressive array of fundamental research extending in scale from reactions
occurring at the surface of a single particle to reactions occurring over thousands of square kilometers in the
Antarctic, and including reactions among gas, liquid, and solid phases. He described research involving

measurements, process elucidation, and mathematical modeling. 1 will emphasize how some of these topics

relate to national environmental policy.

To influence national environmental policy in the next five years, the atmospheric chemistry community
needs to exhibit signiﬁcant advancement in a few specific arcas. First, to maintain a solid scientific basis for
the nation’s air quality control policy for secondary pollutants such as ozone and other oxidants, the
atmospheric kinetics community necds to make significant progress in understanding and describing the

atmospheric oxidation of aromatic compounds. Sccond, to understand the implications of alternatives in control
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strategies for urban and tropospheric ozone and oxidant levels, the biological, atmospheric kinetics, and
‘mathematical modeling communitics need to quantify the roles of biogenic hydrocarbons verses that of
‘anthropogenic hydrocarbons and oxides of nitrogen in producing and maintaining boundary layer and
tropospheric oxidants. Third, to determine appropriate and effective control measures for acid deposition
‘effects, the atmospheric sciences community needs to increase its understanding of the role of céud dynamics
and cloud chemistry in ventilating the boundary layer and in transforming emissions into secondary pollutants,
and then to incorporate this improved understanding into control models. Fourth, the extent to which, and the
mechanisms whereby, man’s emissions and other actions are modifying the giobal chemistry of the troposphere
need quantifying. Finally, much more efficient methods for incorporating complex chemistries into a whole
range of simulation models covering the spatial and temporal scales from urban to global chemical tracer
: models are necded to allow for the scientific exploration of policy options for delaying or slowing global
climate change. Significant progress in any one of these five arcas could have a major influence on
environmental policy or on the selection and implementation of control strategies. ‘

Based upon EPA analysis of more than 800 samples in 46 U.S. cities over three years, toluene is the most
ubiquitous compound in the urban atmosphere, occurring between 1% and 20% in concéntration in every sample,
- The atmospheric sink for toluene is its reactions with hydroxyl (HO) radicals. Knowledge of subsequent
reactions after HO- attack, however, is very poor and has been the subject of a number of investigations which
have not succeeded in producing an acceptable mechanism, in part, because the product carbon balance has
been poor (between 60-80% in the best studies). The representation of this chemistry in models for air quality
prediction remains ad hoc, whereas extensive progress has been made in understanding and representing the
urban atmospheric chemistries of alkancs, alkencs, and carbonyls. Difficulties in representing aromatic
chemistries weaken the credibility of control model predictions and sometimes have lead policy makers 1o wish
for a simpler tool.

The relative roles of biogenic and anthropogenic hydrocarbons and oxides of nitrogen in producing
rcgional ozone remains uncertain.  Some groups of researchers continue 1o suggest that, because of the
supposedly large natural sources of hydrocarbons, the government’s commitment to volatile organic compound
control strategies as opposed to oxides of nitrogen conirol strategies is doomed to failure. This discussion has
occurred for more than 20 years, but increased interest in regional and global tropospheric ozone changes is
raising the policy question again.

o .
The influence of the regional moisture {icld on atmospheric chemical transformations and the role clouds

may play in rapidly transporting boundary layer chemicals 10 the free troposphere-are believed to be major

factors in the ability to predict the consequences of various expensive decisions to abate acid deposition. These

processes may be so imporiant that incorrect representations may lead o ineffective policy decisions,

Atmospheric measurements of trace gas concentrations offer the most compelling evidence that man is
changing the global composition of the atmosphere. That these changes are significant and may result in
unexpected feedback is more dilficuit to establish. The correct assessment of these elfects will require

acceptable treatment of coupled atmospheric chemical transformations on a range of temporal and spatial scales

never tried before, encompassing time scales from days to a century and spatial scales from rain drops 1o the

globe. The next five years may sce the ground work {or such an cffort put into place by Congress.
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Our purpose in this Conference is to identify approaches for managing and controliing environmental
problems. This paper will relatc to problems in the area of Chemical Processes that occur in the "land”
environment.

Of such processes, several appear 1o be relevant to this conference. They are:
1. Chemical processes that occur in soils during and after precipitation events (especially acidic
precipitation). :
2. Chemical processes that occur when agricultural chemicals are placed on and into the land.

3. Chemical processes that occur in the soil as a result of the disposal of chemicals, either
intentionally or by error.

4. Chemical processes that may be used to treat soil so as to TemoOve excessive chemical
contaminants. :

Given the time allowed for my presentation, and the scope of my expertise, I will focus only on the latter
issue.

Introduction

The handling and treatment of contaminated soils, as well as sludges and other semi-solids from waste
ircatment facilities, has taken on differcnt dimensions during the past two decades with the passage of new
legistation. The regulations that are being promulgated require that these materials be non-"toxic", otherwise
they must be disposed of according to strict rules. The associated liability and costs are forcing U.S. industry 0
minimize the generation of hazardous wastes and to remedy any sources of cofitamination that already exist.
Superfund legislation has authorized the EPA to proceed with assessment and clean-up of abandoned sites, and
if possible to charge responsible parties for the associated costs.

There are important rescarch questions that remain in the area of chemical processes in soils that have
immediate relevance to the management of hazardous wastes. Two of these are:

A. Questions associated with "How Clean ig Clean?"; that is, when is a soil, sludge, etc. clean enough
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to be considered safe for the intended purpose {transport, disposal, reuse}? This is in part a political question,
but there are also scientific issues that are involved.

B. What technologies are available for treatment of these materials in order to remove hazardous
maierials below regulatory limits?
*»
To illustrate some aspects of these problems that will drive future research, we will focus on organic
contaminanis in soils, sludges and other similar materials. Inorganic and radiological contaminants are also

important from a regulatory point of view and raise similar research questions.

"How Clean is Clean?"

Among the most interesting research questions associaled with How Clean is Clean is the identification and
monitoring of substances in soils, sludges, etc. so that a true assessment can be made of the risk associated with
the material. Current approaches usually involve several approximations. One of these is the use of analytical
protocols and risk assessment procedures that focus on a limited number of compounds while ncg!cc'ﬁng others
that might be equally hazardous. This is due in part to difficulties in the analysis of some classes of compounds.
Compounds that have resisted protocol development include polar compounds, compounds that resist typical
preconcentration methods (e.g. strong acids or bases), and compounds that do not perform well in gas
chromatography systems. As an example of the magnitude of this problem, one hundred and fifty chemicals
were dropped from the RCRA Appendix 8 list in the formation of Appendix 9. A major factor in the decision to
do so was the lack of certified analytical methods for many of these compounds, probably a majority.

Research in this area must focus on methods that will extend our capability to characterize hazardous
malerials more compleiely. Methods which seem to offer the most promise are HPLC, HPLC/MS, MS/MS,
FTIR/MS and other hyphenated methods. In addition, more research is needed on the application of these and
other methods to complex matrices.

Treatment Methods for Decontamination of Soils, Sludges, etc.

Treatment methods for handling soils are primitive at best. An examination of the literature reveals few
published works in which careful studies have been carried out to evaluate treatment options. Most of the
treatment technologics which are currently being used have come from the private sector and have not been
thoroughly evaluated by objective parties, nor are their mechanisms very well understood.

Chemical treatment options for removal of organic matcrials from soils, sludges, etc., can be classified as
one of the following: (1) solvent extraction processes, (2) oxidation processes, and (3) reduction processes.
Solvent extraction processes have not received very much autention since they involve the prospect of using
environmentally damaging solvents in large quantities, except in the casc of stgam stripping.

Reduction processcs are relatively few in number, although one process, the use of potassium in
combination with polyglycols, seems to be uscful for the dechlorination of halogenated organics. To our
knowledge, this process has not been thoroughly investigated in terms of its mechanism.

Oxidation processes involve several possibilitics, including combustion, high-temperature/pressure wet
air oxidation, and Advanced Oxidation Processcs. Of these, combustion seems to be the most popular process
at the present time, but it is costly, especially in dealing with large quantities of soil, sludges, etc.

We are involved in the swdy of Advanced Oxidation Processcs, redox processes that appear to hold
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promise for the treatment of soils, sludges, etc., as well as aqueous solutions. Our present work is of a more
basic nature, dealing primarily with agueous systems, but industrial users seem to be applying these processes 10
a variety of materials of increasing complexity.

The Chemistry of Advanced Oxidation Processes i

We define advanced oxidation processes as those which involve the generation of highly reactive
oxyspecies, namely the hydroxyl radical. Hydroxyl radicals have exceptionally large rate constants with
organic compounds of many different types, generally in the range of 109-10 M-1s-1, Hydroxy! radicals also
react with many anions in electron transfer processes and the radicals that are produced, such as the carbonate
radical, the sulfate radical, the nitrate radical, etc., are themselves fairly reactive reagents.

There are several engineering approaches to the generation of hydroxyl radicals. These include processes
which involve combinations of ozone (and therefore dioxygen), hydrogen peroxide and uitraviolet radiation:
04/H,0,., O5/UV, 0,/UV, B,0,/UV. The prospects for application of methods that use UV do not appear very
good; however, the 0,/UYV process has been successfully used for treatment of several complex wast¢ streams,
including pesticide waste slurries. Processes that involve 0zone and hydrogen vpcroxide are more promising.
Also, hydrogen peroxide may serve as a precursor for hydroxyl radicals by an entirely different mechanism,
namely metal catalysis. The best example of this is the well-known Fenton reaction, involving Iron (1) and
hydrogen peroxide. Although this reaction has becn known for many years, it has not been used in hazardous
waste clean-up. Several firms and academic researchers are investigating these and similar processes and some
demonstration projects are underway.

Combinations of Chemical and Biological Oxidation

Chemical and biological oxidation can very often be used in a complementary fashion in the treatment of
materials which are highly resistant to biological treatment. Advanced oxidation processes such as those
discussed above can render waste more biodegradable by partial oxidation. Ozone/UV followed by hiological
oxidation was investigated by Somich et al. for the treatment of pesticide wastes and by Jones et al. on o1l shale
retort waters. Organic compounds that are partially oxidized become more biodegradable and are more
susceptible to direct treatment or benign treatment in soil matrices.

Research Goals

The, goals of our present research program are:
1. to model selected Advanced Oxidation Processes, using fundamental chemical kinetic, mass
transfer and photochemical principals.

3. to test these models in order 10 determine the range of applicability of the processes for the
oxidation of different organic pollutants in different environmental matrices. The role of natural
OH radical promoters and scavengers is critical.

3.0 examine by-products of oxidation processes for sclected organic pollutants and natural
oxidation substances.

4. 1o examine processes that involve UV for treatment of wastes and waters.

5. (0 conduct exploratory studies on peroxidation processes.
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Discussion: Chemical Processes - Land

Rene P. Schwarzenbach
Swiss Federal Institute for Water Resources and
Water Pollution Control (EAWAG)
3600 Dubendorf
Switzerland

¢
Among the various aspects of human impact on the environmental compartment "land”, chemical

pollution of soils and aquifers is undoubtedly one of the key issnes 10 be addressed, regardless of whether one
likes to look apon soil as being a pivotal part of a terrestrial ecosystem or just as a welcome compartment for
waste disposal. In his paper, Dr. William Glaze has chosen 10 confine himself to discussing approaches for
(chemical) decontamination of soils and aquifers that are polluted with hazardous organic chemicals. Given the
guidelines by the conference chairman, it is, of course, quite logical that Dr. Glaze focuses primarily on

research that he would like to conduct within the next five years or so. However, since in the U.S., a significant

part of the environmental research is carried out by environmental engineers, I would have liked to sce a

somewhat broader discussion of the issue "Chemical Processes: Land", at least on a general introductory level.

I feel that, although research directed to develop strategies and methods for clean-up of contaminated soils,
aquifers, and waste disposal sites is important and is requested by the public, we need to put cur major research
efforts in this field in further improving our understanding of the basic processes that lead o long-term

alterations of the quality of soils and aquifers. Today, our ability to assess long-term risks connected to inpuls

of anthropogenic chemicals to soils and aquifers from, for example, atmospheric depositions, agricultural
activities or from waste disposal is still rather poor. With respect to chemical processes (which are, of course,
very often interrelated with physical and biological processes), particular emphasis should be given to reactions

occurring at solid/water interfaces. Such processes include ion exchange, complexation, dissolution and

precipitation reactions, as well as transformation reactions of natural and xenobiotic erganic chemicals. Only a

profound understanding of these processes and of their impact on a given soil or aquifer will enable us to take

appropriate measures for future protection and/or remediation of such systems.

In his paper, Dr. Glaze proposes mainly two arcas of research:
1. The development of analytical methods for determination of polar organic compounds including
products from chemical oxidation of contaminated soils and aquifers, and

2. The application of advanced oxidation processes, in particular, the use of hydroxy! radicals for

oxidation of organic pollutants in soils and aquifers.
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I fully agree with Dr. Glaze’s suggestions that analytical chemists should be encouraged (and supported)
to continue in the development of methods for the qualitative and guantitative determination of polar organic
compounds in environmental samples. Such methods are not only important in the coniext of the research
proposed in his paper, but they are generally needed in the field of environmental sciencqaand engineering.

With respect to the application of advanced oxidation processes for the clean-up of contaminated soils
and aquifers, 1 would like to raise a few questions. Since 1 am not an expert in this field, I wonder on what scale
the application of such oxidation methods for soil and aquifer treatment is technically feasible. Furthermore, is
it not a waste of resources to use a very non-selective and rather expensivé oxidant to try to transform specific
organic pollutants in a complex matrix such as soil? What fraction of the hydroxyl radicals produced will
actually react with the pollutants, and not be scavenged by the matrix? Also, isn’t there a good chance that
non-selective oxidations of complex mixtures of chemicals will yield hazardous transformation products that
are even more difficult 1o analyze, thus rendering the question "how clean is clean?" almost unanswerable?
Would it not be more appropriate o use selective chemical oxidation methods, and apply such methods only to
well defined problems? I would like to point out that the aim of these questigns is to stimulate discussion.

In summary, I think that the paper presented by Dr. William Glaze raises interesting questions concerning
the applicability of oxidation methods that, so far, have been primarily used in water treatment to the
decontamination of soils (and possibly aquifers) that arc polluted with organic chemicals. Of particular interest
seems to be the perspective of using chemical oxidation methods followed by biological treatment of the
oxidized material. However, when addressing future research issues covered by thé topic "Chemical Processes:
Land", we should be aware that treatment of contaminated soils and aquifers represents only one among many

other important research directions in environmental engineering.
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Chemical Processes - Water

Macromolecules at the Solid-Water Interface:

Conformations and Consequences

Charles R. O’Melia
Department of Geography and Environmental Engiﬁeering
The Johns Hopkins University
Baltimore, Maryland 21218

Goal and Objectives

The goal of the author’s research is to understand interfacial processes and to use this knowledge in
studies of the functioning and the protection of the environment, The scientific focus of this research is the
interfacial region that surrounds phases (solids, liquids, and gases) in aquatic, atmospheric, and terrestrial
environments. The size of this region is characterized by the surface area of the phases in a system and by a
thickness extending upward from a few angstroms. Knowledge of the stoichiometry, speciation, structure, and
streamlines in this region is necessary for understanding many and perhaps most of the important processes in

natural systems and in treatment technologies.

Study of the properties of environmental surfaces was begun at least a century ago as exemplified by the
formulation of quantitative adsorption isotherms for polder soils in The Netherlands. The field has taken on
new vigor and intensity in recent years for fundamental and practical reasons. The development of the field of
environmental cl{émislry in the 196()'s, new analytical techniques for the measurement of pollutants at trace
concentrations, advances in computational techniques and hardware, recognition of the particle-reactive
behavior of many organic and inorganic pollutants, and the introduction of new treatment technologies have
indicated the critical role that interfacial phenomena play in the environment and in the technologies used to
protect it.  Advances in low Reynolds number hydrodynamics, new techniques for experimental surface
analysis, the development of fractal mathematics, and the introduction of new and sensitive methods for

" mcasuring interparticle forces exemplify developments in colloid and surface chemistry that have present or
potential application in the study of environmental interfaces.

Organic macromolecules are ubiquitous in aquatic systems.  Research directions toward the
conformations of these macromolecules within the interfacial region at the solid-liquid interface and the
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corresponding effects of these substances on a variety of reactions comprise the theme of this paper. Some
examples of such reactions are: (i) natural coagulation and sedimentation in surface water, (ii) particle transport
and deposition in ground waters, (iii) the fouling of microfiltration, ultrafiltration, and reverse OSMOSis
membranes, (iv) microbial attachment, (v) oil-water separation, (vi) the effects of humic substances on the
capacity and kinetics of activated carbon systems, and {vii) microflocculation by ozone. *
This paper is written with four specific objectives:
1. to examine the structure of solid-liquid interfaces in aquatic sysiems, incorporating in this
assessment the ubiquitous presence of organic macromolecules at these interfaces;

. to identify some present difficulties in understanding and characterizing solid-water interfaces in

environmental processes;

_to outline a framework for modeling these interfacial regions with emphasis placed on colloidal
stability, particle-particle interactions, coagulation, and deposition; and

4., to speculate about the sensitivity of selected environmental systems 10 inlcg_faciai propertics.

The Solid-Liquid Interface in Natural Systems

There is extensive evidence from fresh waters, estuaries, and the oceans that the surface properties and
the colloidal stability of particles in natural waters are affected by naturally occurring organic substances
dissolved in these waters. These effects of natural organic matter (NOM) in establishing colloidal stability are
also expected to occur in subsurface environments and to affect the passage/retention of pollutants in ground
water aquifers.

The predominant fraction of NOM in natural watcrs is comprised of humic substances. These are anionic
polyelectrolytes of low to moderate molecular weight; they have both aromatic and aliphatic components and
can be surface active: they are refractive and some can persist for centuries or longer; they are produced by
biological processes and are present Lo S0mMe extent in alt natural waters. They adsorb on most surfaces and
impart stability to particles in aquatic systems. Some investigators have observed that major divalent metal ions
in natural waters (in particular, Ca?*) can exert destabilizing ef! fects on natural and synthetic particles at low t0
moderate metal ion concentrations. A consequence of thesc observations is that particles and associated
particlc-rgactive pbllu!anls may be expected 1o remain stable in soft waters that are high in NOM; in such
waters they will Temain in suspension in lakes and travel long distances in aquifers. When particles are present
in hard waters that are low in NOM, they may be expected Lo be unstable and 16 be deposited in lake sediments
and aquifers, retaining particle-reactive  pollutants in bottom sediments and clogging aquifers. The
consequences of colloidal stability on environmental quality can be diverse and substantial.

The effects of humic substances and divalent metal ions on the colloidal stability of natwral particies are
common observations without clear origins. Early studies showed that particles carry a negative charge in the
presence of natural organic matter, regardless of the composition of the solid phase. This was taken as indlirect
evidence that humic substances stabilize particles electrostatically; calcium ions, in turn, might contribute
electrostatically to particle destabilization. More recently, there has been speculation that nonelectrostatic
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(steric) effecis are involved in the stabilization of particles by humic malterials and that specific chemical
interactions (complex formation) are involved in colloid destabilization by divalent metal ions. There is,
however, no conclusive evidence, and a consistent theory to support these hypotheses has not yet been

dcvelopéd. Some speculations follow,
-

A consideration of the interaction between two suspended particles (e.g., in a lake) or between a
suspended particle and a stationary collector (e.g., in a ground water aquifer) can begin with a determination of
the structure of a single solid-solution interface. With this established, the interaction between two solid bodies
(as characterized by force, free energy, or disjoining pressure) can be addressed.

The magnitudes of the interaction forces that determine stability in particle-particle interactions depend
on the properties of each solid-solution interface. Electrostatic forces are almost universal in water since few
particles are uncharged in aquatic environments, at least over a substantial pH range. Electrolytes and pH
strongly affect the magnitude of these clectrostatic forces. Specific chemical interactions between solutes and
surfaces can be decisive in establishing surface properties and structure. Steric effects are potentially most
significant in systems cbntaining uncharged particles with adsorbed nonionic macrorfiolecules. In this case, the
amount of adsorbed polymer and solvent quality are important factors. The relative importance of electrostatic
and steric effects is not clear in systems containing charged surfaces and adsorbed macromolecules, especially if
the macromolecules are ionizable.

The Solid-Solution Interface and Colloidal Stability

There are two potential contributions to the structure of a solid/solution interface: (1) an clectric double
layer (termed EDL) and (2) a macromolecular adsorbed layer (denoted here as MAL). Separately these two
structures are understood fairly well, at least in simplified cases. However, less is known about the effects of
charge in the EDL on the conformation of adsorbed macromolecules in the MAL and, reciprocally, about the
effects of charged and uncharged macromolecules on EDL properties. A schematic representation of such an
interface is presented in Figure 1 (adapted [rom Lyklema, 1976) and discussed subsequently in this paper.

These two distinct contributions result in (wo distinct mechanisms for colloidal stability termed
electrostatic and steric stabilization. Electrostatic stabilization results from energetically unfavorable overlap of
the diffuse ion atmospheres surrounding all charged particles in water. The well known Derjaguin-Landau-
Verwey-Overbeck (DﬁVO) theory (Verwey and Overbeck, 1948) of the electrical double layer and colloidal
stability providcs a model for evaluation of the combined effects of elecirostatic repulsion and van der Walls
attraction between surfaces in the absence of adsorbed macromolecules and when all chemicals can be treated
as point charges. When electroslatic repulsion dominates over van der Waals atiraction, the results arc termed
"slow” coagulation and "unfavorable" deposition and filration. A good didactic summary has been given by
Lyklema (1978).

Steric stabilization can result from the adsorption of polymers at solid-water interfaces. Large polymers
can form adsorbed segments on a solid surface with loops and tails extending into solution (Figure 1 and
Lyklema, 1978). Steric stabilization results from encrgetically unfavorable intermolecular interactions and
entropically unfavorable compression in overlapping macromolecular adsorbed layers. Steric effects are likely
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Figure 1. Schematic picture of a macromolecular adsorbed layer
(MAL) and the electric double layer (EDL), after Lyklema (1976).

to be important when the thickness of the macromolecular adsorbed layer is about the same or larger than the
diffuse layer thickness. In the absence of charge effects, the energy of interaction between the adsorbed layers
on two particles can be calculated by summing the various contributions to the free energy of the sysiem as a
function of the distance separating the surfaces. Under conditions of unfavorable intermolecular interactions, a
repulsive interaction energy develops when the particles are close enough so that dangling tails (Figure 1) of
adsorbed macromolecules interact. On close approach, conformational.eniropy losses can give rise to strong
repulsion: if desorption of the macromolecules does not occur. When surface coverage is incomplete so that
open sites remain available for adsorption, dangling tails can adsorb to the opposite surface, leading to
aggregation.

In considering the conformation of macromolecules at interfaces, a segment can be operationally defined
as a small portion of a macromolecule that can be considered as a single unit in terms of both functionality and
flexibility (e.g., a monomeric unit in a polymer). The most important structnral characteristics of the MAL are
the segment density distribution near the surface and the conformations of the adsorbed molecules. The
conformation of a flexible lincar molecule adsorbed at an interface is described in terms of adsorbed trains,
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extended loops, and up to two extended tails. The equilibrium adsorbed state is determined by a balance of
conformational . entropy losses, intermolecular interactions, and surface-solute interactions. The
surface/solvent/macromolecule interacﬂon§ may be specific, hydrophobic, or electrostatic in origin (Westall,
1987). Specific interactions include van der Waals forces, hydrogen bond formation, and chemical reactions

W
such as complexation and ligand exchange.

Polymer adsorption has been the subject of extensive experimental and theoretical investigations. The
first stochastic model of polymer adsorption was developed in 1953 (Simha et al., 1953). Currenty, several
advanced models of polymer and polyelectrolyte adsorption are based on the work of Scheutjens and Fleer
(1979, 1980; termed here the SF theory). Recent reviews of polymer adsorption include publications by
Vincent and Whittington (1982) and Fleer and Lyklema (1983); the adsorption of polyelectrolytes is discussed
by Hesselink (1983).

SF theory is a statistical thermodynamic model in which chain conformations are formulated as step-
weighted random walks on a lattice. The simplified problem involves the adsorption of flexible linear
homodisperse polymers comprised of identical uncharged scgments at a unifbrm planar surface. Interactions
among surface, adsorbate, and solvent are quantified using adjustable composite parameters; mechanistic details
are neglected. The equilibrium MAL is determined by minimizing the total free energy of the system. That is,
the canonical partition function is maximized with respect 1o the number of chains in each possible
configuration, allowing specification of the distribution of chains, loops, and tails in the interfacial region.

In general, SF theory predicts an exponential decay in the segment density distribution close 10 a surface.
At greater distances, tails dominate the segment density and the decay with distance is much less. For
moderately sized polymers, a typical root-mean-square adsorbed layer thickness is 5 to 10 nm. Tails may
extend as far as 20 nm, and may have a significant influence in particle-particle interactions. The extent of
adsorpticn increases with the molecular weight and concentration of the polymer, with surface affinity, and with
decreasing solvent quality.

The effects of polymer dispersivity were considered by Cohen Stuart et al. (1980). High molecular
weight polymers adsorb preferentially to smaller ones at equilibrium, due to their smaller conformational
entropy loss on adsorption and their greater opportunitics to form favorable contacts with the surface. However,
small polymers may adsorb preferentially compared with large ones at short times due to their faster rate of

molecular diffusion to the particle surface.

SF theory has been extended to polyelectrolytes (van der Schee and Lyklema, 1984; Papenhuijzen et al.,
1985; Evers et al., 1986). Because of intermolecular clectrostatic repulsion, polyelectrolytes adsorb in flat
conformations,  With increasing electrolyte concentration, polyelectrolytes behave more like uncharged
polymers and adsorption can increase with increasing ionic strength. Because polymer and surface charge are
usually dependent on pH, adsorption is a strong function of pH.

Uncharged macromolecules have signilicant elfccts on the propertics of the electric double layer. For
example, polcntiometric titration of a silver jodide - polyvinyl alcohol (PVA) system showed a decrease in the
slope of the curve of surface charge versus pAg with increasing amount of PVA adsorbed, as well as a shift in
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the point of zero charge (p.z.c.) to smaller pAg (Koopal and Lyklema, 1975). The reduction in slope indicated a
decrease in the differential capacitance; the shift in the p.z.c. indicated change in the surface potential. In
interpreting these observations, a useful approximation is to consider train segments of the polymer to be
located in the Stern layer, and loop and tail segmenté 10 be in the diffuse layer (Figure 1 and)};yklema, 1976).
‘The dimension of a polymer segment is of the order of 0.5 nm, and train segments displace specifically
adsorbing jons and water molecules. Loop and tail segments displace ions and water molecules in the diffuse
layer. Possible consequences include:
o Reduction of the differential capacitance in the Stern layer due to displacement of specifically
adsorbing ions or to a reduction in the dielectric constant.

o Change in the surface potential due to replacement of water dipoles by nonpolar polymer segments.
» Change in local activity coefficients.
o OQutward shift of the plane of electrokinetic shear.

» Expansion of the diffuse layer. ¢

o Binding of water molecules in the diffuse layer of hydrophilic polymer groups, reducing the local

dissolving power of water (Derjaguin et al., 1987).

Charged macromolecular species have even more complex cffects on EDL propertics than do uncharged
polymers. Tonized macromolecular segments contribute fixed charge in the diffuse layer as well as in the Stern
layer, so that the local distribution of mobile indifferent electrolytes is affected. The conformation of the
adsorbed polyelectrolytes (the distribution of charged segments in the EDL) is also dependent on the local
electrolyte concentration. Finally, specific interactions between small ions (e.g., Ca?*) and macromolecular
functional groups (e.g., carboxyl and phenolic groups in humic substances) may also alier the charge and
conformation of the macromolecular groups. '

London-van der Waals forces arise from random density variations in the electron clouds of atoms that
provide a fluctuating electromagnetic field, Hamaker (1937) developed an expression for the energy of
interaction between two macroscopic bodies by assuming pair-wise additivity of the van der Waals interaction
energies between constituent atoms oOf molecules. This approach is still commonly used despite the
development of a more detailed (and more cumbersome) treatment by Lifshitz and coworkers (Gregory, 1986).

The presence of dense macromolecular adsorbed layers can significantly affect the van der Waals .
interaction between two particles. Usually, the result is to increase the auéraction (Vincent, 1974). An
approximation can be made to correct the Hamaker expression by treating the particles as composites consisting
of the solid plus the adsorbed layer (Vold, 1961). Thus, the pair-wise addition of interaction energies can be
computed using two Hamaker constanis for each composite particle, one for the underlying solid and one for the

adsorbed layer.

Although MAL interactions are usually modeled using thermodynamic concepts, the dynamics of the
pasticle-particle encounter can be important in determining the outcome (Lykiema, 1985). As two particles
approach each other, the rising local polymer concentration between the particles becomes a driving force for
polymer desorption. If the rate of desorption and diffusion of the polymers is fast compared to the rate at which
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.~ the particles approach each other, full equilibrium is maintained and polymer desorption occurs. In the absence
of an clectrostatic energy barrier, full equilibrium would inevitably result in aggregation due to van der Waals
attraction; the intervening polymers would simply desorb and diffuse away. However, full equilibrium is
unlikely to occur in most systems since the kinetics of polymer desorption and polymer diffusion are typically
very slow. A more realistic assumption for most particle-particle interactions is restricted equiﬂbrium, where
the rate of polymer desorption is slow and the rate of conformation adjustment is fast. In this case, the total
amount of adsorbed polymer remains constant as particles approach and interact. An energy minimum may or
may not result at some intermediate separating distance, depending on whether intermolecular interactions are
favorable or unfavorable. The dynamics in actual particle-particle interactions are expected to lic between these
two extreme cases.

The energy of interaction between two adsorbed layers can be calculated by summing the various
contributions to the free energy of the system as a function of the distance separating two surfaces. An
advanced statistical model of interacting adsorbed polymer layers using a lattice configuration in the interfacial
region has been developed by Scheutjens and Fleer (1985). This model is based on SF theory for polymer
adsorption at a single interface, modified by the addition of a second boundary. ?\t any given separation
distance, the complete equilibrium segment density distribution and the contributions of trains, loops, tails, and
bridges can be computed. The assumption of either full or restricted equilibrium during a particle-particle

encounter is included as a boundary condition.

Using the SF model and assuming resiricted equilibrium, no bridging, and unfavorable intermolecuiar
interactions, there is no effect on the particles until they approach close enough for the dangling tails of
adsorbed molecules to begin to interact. A small repulsive energy is developed which increases slowly as the
particles approach more closely. When the local macromolecular concentration is high enough that molecular
conformations are significantly restricted, the repulsive interaction increases very rapidly as the separating
distance narrows. In the absence of bridging or a DLVO type of energy minimum, aggregation is prevented.
The particles are sterically stable.

Research to apply these concepts to natural aquatic systems could have three components: (1) model
development of the interfacial region for a system comprised of charged particles, adsorbed anionic
macromolecules (MAL), and inorganic ions (EDL), (2) experiments involving model and natural colloidat
particles, model and natural aguatic organic substances, and inorganic solutions with compositions
representative o;' fresh waters including a range of pH and divalent metal ion concentration, and (3} applications
to environmental problems in surface waters, ground water aquifers, and treatment systems. A possible
modeling framework follows.

Modeling Framework

Chemical modeling of aquatic systems can be done in a variety of ways. In this paper, chemicals are
classified into three types to provide a framework for thought, discussion, experimentation, and modeling.
These types are (i) mathematical chemicals, (i) model chemicals, and (iii) aquatic chemicals.



Mathematical Chemicals

A variety of chemicals used in modeling aquatic systems do not exist in physical form. Examples include the
point charges in the Debye-Huckel theary for activity coefficients of ions in solution, the Gouy-Chapman model
for the electrical double layer, the DLVO theory for particle-particle interactions and )golloidal stability, and the
linear, flexible macromolecules used by Scheutjens and Fleer in describing the conformations of
macromolecules at interfaces and the interactions between two MALSs in colloidal stability. Such chemicals are
termed mathematical or imaginary in this paper.

These mathematical chemicals have been used with great vigor and substantial success in- describing and
understanding several phenomena in aquatic systems, but they have some severe limitations. They are
chemicals without a chemistry, i.e., they do not represent the specific chemical reactivity of real atoms, ions, or
molecules. They exist only in the mind of the chemist who uses them in modeling. The DLVO model, for
example, has described the effects of charge on the concentration of simple solutes required to coagulate many
suspensions (the Schulze-Hardy rule), but it has been unsuccessful in describing the effects of particle or
solution properties on coagulation kinctics. This severely restricts its se in natural or engincered systems
where rate processes are often the principal interest. It is likely that substantial new understandings about
interfacial phenomena will not result from further mathematical development of the mathematical chemicals in

the DLVO theory; it is more likely that this approach will be used in some applications as one component of

models which incorporate other reactions, often chemical in origin.

As indicated previously in this paper, mathematical chemicals are being -widely used at present in
describing the properties of macromolecules at interfaces (the MAL}) and in modeling the interactions between
two soiid-wawr interfaces with MALs (e.g., SF theory). Considerable further work in this area is warranted.
The conformation of polymers and polyelectrolytes at charged interfaces, the effects of the EDL on an MAL
and the accompanying effccts of an MAL on the EDL (e.g., Figure 1), and the interactions between two such
interfacial regions are questions for which answers can be provided at least partly, albeit not completely, by
mathematical modeling with appropriate mathematical chemicals. The results can have use in such processes as
membrane fouling, carbon adsorption, coagulation with synthetic organic polyelectrolytes and polymers, and
solid-water separation processes in natural and engincered systems.

Model Chemicals

Mddel chefhica]s are authentic chemicals, but they arc models of natural systems, not replicas of them. They
have been used to test some theories and to devclop others; their usc,@in modeling natural systems has been
extensive and valuable. As considered here, model chemicals can be used in well-defined laboratory
experiments and also in mathematical models but are often not significant themselves in natural or engineered
systems. Examples include silver halide sols in studics of colloidal stability, mercury drops in polarographic
experiments, octanol as used to characterize solid-water partitioning of hydrophobic organic compounds, and
diverse organic and inorganic complexing agents used in experimental and mathematical studies of metal

speciation.

These model chemicals exist and have individual and specific chemical properties. They are selected to
represent significant characteristics of aquatic sysiems and (o add important chemical properties and reactions to
models that may also include mathematical chemicals.  They may be used, for example, in complex
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mathematical models such as MINEQL. and others to characierize speciation in aquatic systems at equilibrium.
They may be assigned mathematical properties such as charge or segment length, but each is distinguished from
all others by specific chemical properties. '

Experiments using model chemicals in laboratory studies are essential for understanding and modeling
chemical phenomena in aquatic systems. They have been used with great success but, as with mathematicat
- chemicals, they have significant limitations, Their selection and appropriate use forms much of the art of
research in aguatic chemistry. This is especially true in kinetic studies. Extensive laboratory research is
presently being conducted using model chemicals to study the kinetics and mechanics of such interfacial
processes as chemical weathering, iron cycling in lakes, and abiotic redox reactions involving synthetic organic
pollutants.

Appropriate model chemicals for studying the kinetics of colloidal stability of natural particles in aquatic
systems are difficult to determine. The classic silver halide sols do not have chemical properties that are
pertinent to aquatic systems. Latex particles, often used because of their physical properties (size and density),
require careful attention to their surface chemistry. For example, many of tht surfactant-free lattices exhibit
hydrophobic characteristics at low ionic strengths. The ubiquitous presence of natural organic substances in
aquatic systems, as stated previously, exerts substantial effects on colloidal stability and may dominate
membrane fouling, but the model chemicals appropriate for studies of the effects of NOM on these phenomena
remain to be established.

It is probable that a variety of model chemicals will be needed in laboratory studies and in models to
characterize the interfacial region and its effects on particle-particle interactions in natural aguatic systems.
Suitable solid surfaces could include metal oxides such as Si02,7A1203, MnO,, TiO,, and Fe,04, latex particles
with a variety of functional groups and hydrophobicity, hydrophobic solids, and perhaps bacteria with defined
and reproducible surface characteristics, Modcl chemicals for the inorganic solutes in natural waters are more
easily selected; pH, major divalent cations such as Ca®*, and ionic strength are easily identified. Problems arise
with chemical models for natural organic matter. Simple monomeric solutes such as salicylic acid can simulate
the interaction of the functional groups on macromolecules with solid surfaces, but they cannot serve as
surrogates for the conformation of macromolecules in and beyond the diffuse layer or for many interactive
effects between an MAL and the EDL. Linear, flexible polymers and polyelectrolytes such as polyethylene
oxide, pglystyrene sulfonic acid, and polyacrylic acid are more suitable; they should have defined molecular
weights with narrow distributions. Mode! proteins may be needed to represent those proteins that actually gain
entropy on adsorption due 10 an increase in conformational entropy as intramolecuifar bonds in helical structures
are broken. This latter process may be important in the slow fouling of ultrafiltration membranes as high
molecular weight substances preferentially accumulate at membrane surfaces from very low concentrations over
extended time periods.

Aquatic Chemicals

As considered here, aquatic chemicals are those that exist in natural and engineered aguatic systems. Some,
such as Nat, are characterizable with some rigor; others such as iron species are not. While these chemicals
exist in the real world outside of the mind of the chemist, many of them may not be identifiable chemically. For
example, iron in a lake may be particulate or dissolved (a distinction that has operational properties and may
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itself not be definitive); it may be oxidized or reduced [Fe(I11)] or [Fe(I)], present as hydroxo or other inorganic
complexes, be monomeric or in polymeric form, and be present in many organic complexes. Aquatic
chemicals, then, are often not defined or definable with rigor.

Evaluating colleidal stability and its effccts in natural systems requires measurementssin natural systems.
Inpats are required for water quality models and they are generally lacking in studies of particulate processes in
aquatic systems. Allochthonous inputs are rarely known in surface waters and are essentially unknown in
ground water aquifers. The biotic and abiotic processes leading to the formation and destruction of particles in
aquatic systems are not described in form or with sufficient quantitative rigor to provide accurate information of
these input and loss reactions. Some information about the responses of aquatic systems is being developed,
both in surface and subsurface environments. Particle deposition in sediment traps in lakes, particle
concentrations and size distributions in surface waters, and particle characteristics in ground watcrs are being
reported to a limited but increasing extent. Models 10 relate inputs and outputs, or causes and effects, are being
developed. They are limited, in the judgment of the writer, primarily by a lack of chemical information about
the solids, the solutions, and the interfacial regions in these systems, coupled with uncerainty about system
inputs. ¢

Finally, effective modeling of the chemistry of particle-particle interactions in natural aquatic systems
requires the use of all of these types of chemicals: mathematical, model, and aquatic; with the appropriate mix
probably depending on the problem to be addressed.

Some Environmental Systems

Some speculations about the role of interfacial regions in three environmental systems follow. The three
arcas, selected to be illustrative but not comprehcnsive, are (i) the transport of particles in ground water
aquifers, (i) the coagulation and sedimentation of particles in lakes, and (iii) the effects of ozone as a

microcoagulant in water treatment.

Particle Passage/Retention in Ground Waters

When colloidal particles are stable, i.c., when they do not aggregate readily or adhere to surfaces, they may be
expected to travel long distances in ground water systems and to carry particle-reactive pollutants with them.
When they are unstable, i.c., when they aggregate rapidly or attach to solid surfaces, they can be expected to
deposit e;ctensivcly in porons media and 1o reduce aquifer permeability. Both types of behavior have been
observed. It is proposed here that one important key in this problem is the.chemistry of the solid-solution
interface and, in turn, that the chemistry of the interfacial region is often controlled by the composition of the

aqueous phase in natural systems and at hazardous wasle sites.

As stated previously, natural organic compounds have a dramatic impact on colloidal stability. Dissolved
natural organic matter stabilizes particles and retards aggregation, deposition, and filtration processes. The
metabolic activity of microbes markedly influcnces the composition and concentration of organic matter in
aquatic environments. Consequently, microbial exudaics are a source of stabilizing macromolecules that can
coat particles and affect particle dynamics. Characterization of this material and its impact on particle-particle

interactions is important (o predicting the transport and fate of particles in natural environments and in solid-
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liquid separation technologies.

Microorganisms behave as particles in response to external forces and, if they do not aggregate or adhere
to surfaces, they may be expected to travel long distances in ground water systems. Movement of pathogenic
bacleria, protozoa, and virus is of particular concern because their presence in ground water usgd for drinking
poses a polential health hazard. Two major factors control fate: survival and migration. The longer a pathogen
persists, the greater the chance that it will be capable of causing infection after transport. Improved knowledge
of particle-particle interactions provides a base for addressing the issue of microbial transport. Chemical
aspects play a strong role in the stability of particles and microorganisms. When chemical effects can be
neglected and the interaction between pathogens and surfaces is favorable, present physical transport models
(e.g., Tobiason and O’Melia, in press) are likely to predict the kinetics of deposition. When chemical effects
are imporiant, all experimental results indicate that the chemical aspects of particle-particle interactions are very
poorly understood {c.g., O’Melia, 1987). Observed rates of coagulation, deposition, and filiration .are
substantially less than in favorable cases, but are many orders of magnitude greater than any theoretical
predictions. These results suggest that pathogens could remain in suspension in ground waters that are high in
dissolved organic carbon {(DOC) and low in hardness. Greater deposition is iikclyi:to occur in hard ground
waters with low DOC. Improvements in theory and measurements of particle-particle interactions under
subsurface conditions are needed for better quantitative predictions. This information is potentially useful for
placement and development of attached bacteria in the subsurface to maximize interaction with organic
contaminanis during in situ biorestoration. Deposition of biomass can also alter the permeability of an aquifer.

Research into the characteristics of microbial interfaces and of the reactions occurring at the microbe-
solution interface will have impact on our understanding of biogeochemical processes, on our ability to protect
the public health, on implementation of developments in biotechnology, on the development of processes for
the biodegradation of synthetic organic pollutants, on our ability to forecast the fate of most pollutants in the

environment, and on many other environmental problems.

Coagulation in Lakes

Coagulation occurs in all natural waters, although its significance can vary widely. Weilenmann (1986) has
applied coagulation modeling to Swiss hardwater lakes. One effect of coagulation in lakes is to increase settling

velocities of particles by aggregation, thereby reducing their residence time in the water column and increasing
the flux of pa:tﬁicies and particle-reactive substances to the sediments. A second process in hardwater lakes is
mutual coagulation of dense CaCO, with algae, Icading to an increase in the sedimentation rates of organic
biomass in aggregates with a bulk density greater than that of the free microorganisms.

It is customary and convenient to describe the colloidal stability of particles in an aqueous suspension by

a sticking or stability factor, ¢, defined as follows:

_ interparticle attachment rate
" interparticle collision rate

The sticking or stability factor is thus the ratio of the collision rate producing aggregates to the total rate at
which collisions occur by such physical processes as Brownian motion, fluid shear, and differential
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sedimentation {e.g., O’Melia, 1987). For a perfectly stable suspension, all physical collisions are unsuccessful
and & = 0. For a completely destabilized or sticky suspension, all collisions produce aggregation and o= 1.

Experimentally measured particle stability coefficients (o) for fresh surface waters range over two orders
of magnitude, from about 0.001 to more than 0.1, and support the view that solution chemistry can control the
colloidal stability of natural particles in aquatic systems. Major divalent cations such as Ca?* destabilize
particles (increase ¢t} and dissolved NOM stabilizes them (decreases o). Since solution chemistry varies widely
among lakes, it is expected and observed that stability or sticking factors vary accordingly. In tumn, the
importance of coagulation as a process in lacustrine systems is expected to depend on solution chemistry, with
low aggregation rates in soft colored waters and rapid coagulation occurring in hard waters that are low in
NOM. Field observations of Lakes Zurich and Sempach support this view (Weilenmann, 1986).

Research into the origins of the stability of particles in natural waters and the mechanisms by which
particle stability is affected by solution chemistry in natural systems will yield new knowledge about the
speciation and conformation of solid-solution interfaces in natural waters, provide understanding of the forces
involved in particle-particle interactions in natural systems, and enhance prédictive capability for the transport
and fate of particle and particle-reactive pollutants in both surface waters and subsurface environments.

Ozone and Microcoagulation

Ozone has many uses in water treatment, including disinfection, oxidation, color removal, taste and odor
control, and enhancement of biological activity in activated carbon systems. It has also been found under some
but not all circumstances to destabilize natural particles and act as a coagulant. This latter effect is observable
but not predictable. Some reaction of ozone with NOM is usually suggested, although proposals range from the
polymerization of low molecular weight humic substances o form high molecular weight materials that act as
bridges between particles to the oxidation of adsorbed humic substances to form smaller compounds that desorb
and Ihereby leave the particles more sticky or unstable.

Some definitive experiments have been conducted by Dowbiggen (1986). The kinetics of the coagulation
of suspensions of Al,O; were determined in solutions containing varying concentrations of aquatic fulvic acid
and Ca?t; some suspensions were treated with varying doses of ozone. The results indicated that low
concentrations of fulvic acid (less than 1 mg/L) retarded the aggregation rate of Al,O5 and that relatively low
concentrations of Ca®* reduced or eliminated this effect. Such observations are consistent with previous

studies. When ozone was applicd to suspensions containing Al,O, and fulvic acid but no Ca**, the kinetics of

coagulation remained unchanged. The particles were stabilized by fulvicracid and this stability was not aliered
by the addition of ozone. In contrast, when ozone was applied to suspensions containing ALO,, fulvic acid,
and Ca?*, coagulation kinelics increased substantially (o increased) to a considerably greater extent than
observed for Ca?* without ozone addition. While these results provide a framework for testing the potential
effectiveness of ozone as a coagulant (it might be useful for inorganic particles in hard waters but not in soft
ones), the effect lacks a mechanistic interpretation. A preliminary, simplistic, and speculative hypothesis
follows, presented here to illustrate the complexity of the solid-water interface in natural sysiems.

Consideration of the mode of action of ozone as a coagulant can begin with a consideration of the origins
of the stability of particles in natural sysiems. The ionic strength of fresh walers may vary from about 10 to
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102, with corresponding diffuse layer thicknesses (Figure 1) ranging from 30 to 3 nm. Aquatic humic
substances range in molecular weight from about 500 to perhaps 50,000 daitons, so that the dimensions of the
EDL and the MAL can be comparable in many natural systems. This indicates that the colloidal stability of
particles in fresh water environments can be affected by the chemistry of both small, primarily inorganic solutes
and larger natural macromolecules, and that the interactions between these groups of spec?es can be important
in determining stability in natural systems. At low ionic strength and in the absence of Ca?*, the charge on
anionic humic substances could stretch these molecules and cause them to adsorb in a flat configuration,
limiting both the amount of organic matter adsorbed and the distance to which it exiends from the surface into
and through the diffuse layer (which would be about 30 nm in thickness). Under these circumsiances the
thicker EDL could dominate particle stability. At higher ionic strength in a fresh water (ca. 10™), humic
substances could coil partially, adsorb more extensively, and also extend into the diffuse layer which would
have a thickness of about 10 nm. These fixed charges in the diffuse layer would contribute to electrostatic
stabilization, but not in a manner described by conventional EDL mathematics. Some steric effects rilight also
occur. At higher ionic strength (ca. 10°2), the thickness of the EDL (ca. 3 nm) could be less than the MAL, so
that the charge and configuration of the adsorbed organic macromolecules gould control particle stability.
Divalent metal ions such as CaZ* can react specifically with functional groups on humic substances, altering
macromolecular conformations in the MAL, increasing adsorption, and probably also reducing both the charge
and the thickness of the MAL. Both effects would reduce colloidal stability (increase o) and lead to enhanced

rates of coagulation and deposition.

Ozonation might perturb this picture, probably by reacting with natural organic matter as proposed by
others. It may not be necessary, however, either to polymerize (he humic substances or to fractionate them mto
smatter molecules that desorb. Reactions that produce functional groups on the humic molecule that can then
complex with Ca2* could destabilize particulate materials by increasing calcium effects on the conformation

and net charge of the organic molecules in the MAL.

It is important to note here that this treatment of ozone as a microcoagulant is completely speculative and

needs extensive additional theoretical and experimental examination,

Concluding Remarks

Until the 1950s, rescarch and applications in environmental protection were directed at microbial
pathogens and at managing oxygen resources in natural waters by oxidizing degradable organic matter in
biological treatment plants. In the 1960s, attention was dirceted at soluble nutrients such as phosphorus and
nitrogen and their impact on cultural eatrophication. The present focus in protecting the environment is on
substances that, in general, attempt to leave the aqucous phase by partitioning into the atmosphere or to solid
phases. PCBs in the Great Lakes are volatile, partition into the tissues of fish, and deposit in lake sediments.
Carbon dioxide is injected into the atmosphere by [ossil fuel combustion and must eventuaily be transported to
ocean sediments as particulate CaCO,. Solvents buried in hazardous waste sites are prevented from volatilizing
to the atmosphere and so will partition there into organic particles or be transported in reluctant solution in
ground water aquifers. The herbicides and pesticides released to the Rhine River by the Sandoz accident in
Basel, Switzerland were particle-rcaclive, accumulated in sediments of the Rhine, and had their greatest impact
on benthic organisms. Radionuclides released by the Chernoble accident were transported atmospherically,
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collected by rainfall and fog, and accumulated as dry deposition on plant surfaces. This event as well as any
other exemplifies the coupling of the atmospheric, aquatic, and terrestrial conveyor belts that exists in the global
environment, and the significance of particles and interfaces in environmental processes.

"One of the greatest future tasks of environmental engineers and scientists 1 1o understand the
nature of interfaces and the processes that occur at the surfaces. Significant progress is possible both
in technological processes, e.g., in water and wasiewater treatment, as well as in quantifying transfer
and cycling processes. Evidenily, environmental changes involve complex interactions between the
inorganic physical processes and the biological processes that occur at the microlevel at interfaces, and
they influence the macrosystems.” (Stumm, 1988)
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Discussion: Chemical Processes - Water
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Chemical Interactions with Natural Aquatic Particles )

A fundamental paradigm driving our studies and understanding of trace metals (including radionuclides)
and organic contaminants in marine and lacustrine environments is that chemical interactions at natural particle
surfaces control their transport, fate and availability. That is, the production, interaction, settling,
decomposition, and recycling of aquatic particles controls the residence time of particle-reactive chemical
species in natural waters, Likewise in ground waters, interactions of chemical species with aquifer solid phases
exerts substantial control on chemical transport and availability. Aquatic solute-particle interactions may be
described by processes affecting particle-particle interactions (including nature of particle phase), sorbate-
sorbent interactions, and sorbate-solvent-natural organic matter (NOM) interactions. Professor O’Melia in his
lead paper has discussed the importance of particle-particle interactions, especially as affected by
macromolecular interactions with aquatic particles. This paper will address the research needed to elucidate the
speciation and physicochemical state contrelling tate and biotic availability.

Particle-Particle Interactions

Natural water particles may be characterized as aggregates composed of inorganic and organic matier,
negatively charged, porous, unstable, and largely covered by NOM (microbial populations and partially-
degpradcd OVM). To properly elucidate particle-particle intcractions, the following research is needed: a) rates of
particle aggregation and disaggregation as alfected by solution and surface chemistry, and mixing; b) particle
size and surface area distributions, especially in the cofloidal (<1 pm) range; c) number, strength and identity of
surface binding sites; d) aggregate porosily and pore sizes; e) fractional surface coverage with OM; f) source,
settling and decomposition characteristics; g) colloid formation and transport in sediment porewaters and

groundwaters.

Sorbate - Sorbent Interactions

The last two decades have scen the evolution of the surface complexation model in elucidating the interactions
of trace metals and anions with well-characterized metal oxide phases. There is a significant need to further

extend the surface complexation model o solute intcractions with natural or pseundo-natural particles. In
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contrast, interactions of organic contaminants with aquatic particles has been largely based on empirical
correlations of chemical removal from solution to agueous solubility or octanol-water partition coefficient. In
this context, the soprtion of organic chemicals to particles needs to be studied using well-characterized solids of
synthetic and natural origin, and an understanding developed of their physical chemistry in )éiilute solution. The
active paradigm describing trace metal and organic chemical uptake is the reversible sorptive reaction with the
surface followed by diffusion into the NOM matrix at the surface and/or the slow diffusion into pore spaces of
the particle aggregate as affected by sorption to internal surfaces. Slow kinetics of desorption (trace metals,
radionuclides, organics) may result from the rate-limiting particle disaggregation step. Rescarch needs in this
arca are: a) NOM binding to aquatic surfaces; b) surface coverage of natural particles by OM; c) bacterial
contribution to surface chemistry of natural particles; d) effect of particle aggregation on the kinetics and
equilibrivm of surface complex formation and organic chemical partitioning; €) organic chemical partitioning
1o, or release from, naturai particles undergoing decomposition; f) equilibrium vs. kinetic approach to organic
chemical partitioning; g) particle-catalyzed and particle-inhibited surface chemistry; h) overall role of biota in
scavenging trace metals and organic chemicals from water; and 1) mixed solvent and NOM effects on the
aqueous activity of organic chemicals. ' ¢

%

Solute - Solvent - Natural Organic Matter Inferactions

Trace metals form soluble complexes with dissolved ligands (inorganic and organic) in natural waters. This
may either enhance or inhibit formation of surface complexes. Hydrophobic organic compounds are thought to
associate with DOM and colloidal matter alfecting their affinity to particles. Evidence suggests that organic
chemical association with NOM and organic colloids inhibits sorption to aquatic particles and makes the HOC
unavailable for biotic uptake. Colloid aggregation acts to form larger particles. There are few studies of the
thermodynamics of HOC association with NOM, colloids and solvents under conditions typical of natural or

contaminated systems. Possible mechanisms of association include partitioning hydrophobic interactions,
kinetics of diffusion in internal pore spaces, and a change in the aqueous activity coefficiens. Mixed solvent

effects on both metal and HOC sorption need to be studied. Rescarch needs in this area include: a) competition
of solution and natural particle binding sites for trace melals; b) DOM - metal binding in marine and freshwater
systems; ¢} speciation of metals at low concentrations in presence of NOM and other ligands; d) mixed solvent

effects (groundwater) on the speciation and activity of organic contaminants; ¢) development of methodology 1o
speciate metals and organic compounds at low concentrations in natural waters; ) availability of dissolved and
"compiexed” metals for biotic upiake; and g) availability of dissolved and "complexed” organic chemicals in
surface w;ters, sedimcnl porewaters, and groundwaters. ’
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Summary Discussion - Chemical Processes
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Chemical Processes - Air

Hoffmann presented a comprehensive overview of issues and corrent research needs in atmospheric
chemistry. The issues he discussed emanated from a recent NSF-sponsored workshop organized by the
Chemistry Division which he participated in as a member of the sub-section dealing with atmospheric
chemistry. The principal theme of his comments was the need for fundamental studies of chemical kinetics and
the measurement of atmospheric species. In addition to the items presented as part of his written comments,
Hoffmann also pointed to the need for fundamental research into chemical methods of control technology for
atmospheric emissions, He closed with a discussion of the chemistry of stratospheric ozone depletion, as
presented in Example 2 of his writien comments, and noted that the recent field work in Antarctica has verified
the results generated from fundamentat kinetic studies, underscoring the value of such fundamental studies.

In his discussion, Jeffries selected several items from among the list of atmospheric chemistry research
needs to relate to current environmental policy issues. The problems listed in his written comments range from
the urban/regional scale 1o the global scale. He noted that in the air quality field, models have more than an
integrative and scientific value; they are aclually used by regulators to make decisions and to establish emission
controls. As a result, sificc much of the chemical information needed in these models is unknown, the resultant
uncertainty weakens the credibility of our air quality control predictions, thereby making the policy-makers
nervous. He closed by noting that any progress we make in this area in the next five years will have a
significant impact on environmentat policy.

In the discussion from the floor, Hoffmann was asked if NSF was responsive to the research needs
developed by the workshop. He answered that the goal of the workshop was to prepare a document for NSF
that their upper management could use to appeal 1o Congress for a greater appropriation of research funds. This
document was complcted this past summer (1989) and we will have to wait and see how successful NSF is in

oblaining their appropriation request.

A second question had 1o do with the degree of uncertainty in the chemisiry area versus that present in
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meteorology. Demerjian indicated that while there is significant uncertainty in the meteorological models,
meteorologists have an opportunity to Lest their models on a daily basis. Hoffmann noted that there are very
few comprehensive data sets that can be used to test models that include transport and chemistry, noting that we
are data-poor in this area. In general, the meteorological models and studies tend towbc more integrative of
principles and observations, while the chemical studies tend to be more isolated and tend to depend more on
first principles.

There was some discussion also of the biogenic emissions of hydrocarbons ahd the role of methane in the
upper atmosphere. Hoffmann noted that the important question is where does the methane come from? Jeffries
pointed out that some scientists believe that biogenic emissions may play an overwhelming role in the
atmospheric emissions of hydrocarbons. Even if we were 1o control all urban emissions of hydrocarbons,
biogenic emissions would still cause some southern cities 1o exceed the national ambient air quality standards
for ozone.

Chemical Processes - Land ¢

Glaze prefaced his remarks by noting that the principal problem we face as environmental scientists and
engineers is not what approach we need to take to solve these important problems, but that we simply do not

have enough money 1o address these issues. It is incumbent upon us to CONvINCe the policy-makers of this
over-riding limitation,

He noted that many of the processes used for the treatment of soil are often based on very little data.
From a national perspective, soil treatment is 2 multimillion dollar business based on very little science. It 1s
very empirical, with litile chemistry known about these processes. For example, we know very little about what
happens when hydrogen peroxide is injected into the subsurface to stimulate biological activity. We don’t
know the by-products of this combined chemical and biological activity because of limitations in our analytical
chemistry capabilities. Hence we are unable to perform meaningful risk assessments.

Such analytical limitations also prevent us from fully being able to characterize groundwater
contamination at hazardous waste sites. Many chemicals can go undetected and unidentified. It is frightening
to think that many hazardous materials are beiﬁg overlooked because of our limited analytical capabilities.
Sooner or later, we will see the significance of these unidentified contaminants when we do risk assessments
and biological scicntisis make use of tools that don't discriminaie via a list of individual compounds prepared
by a regulatory agency. -

Schwarzenbach, in his discussion, noted that in the United States, most of the research in this area is
geared to assessment and control of contaminants based on their impact on human beings. In Europe, a higher
priority is placed on the protection of ccosysiems than is in the US.

He also pointed out, with regard to the oxidative trealment processes discussed by Glaze, that we don’t
know what kinds of changes might take place as a result of using advanced oxidation processes. Wwill things get
better or worse? This same point was echoed 0 the floor discussion which followed, supporting Glaze's earlier
contention that too litle is known about the scicnce underlying many of the proposed soil treatment schemes. It
was noted that the by-product issue will be with us for as long as we employ chemical and biological oxidation
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Processes.

Paul Roberts (Stanford) added a significant point, f.e., that the time scale in groundwater transport is
important with regard to chemical processes. Because of the slow nature of transport processes characteristic of
groundwater systems, chemical processes may be very important even though some of themr may be very slow.

Chemical Processes - Water

Rather than discussing the full range of chemical research needs in aquatic environments, O’Melia
focused his presentation on his own interests in interfacial chemistry and the role played by organic
macromolecules in controlling particle behavior in aquatic systems. His comments included deposition and
aggregation kinetics, and colloidal transport in aquifers. He noted that, in his opinion, despite many years of
research by many scientists and engineers on the nature of particle surfaces, the electrical double layer, and
particle-particle interactions, the kinetics of unfavorable particle deposition and aggregation reactions have not
been modeled with any confidence by any person at any place or time. There is a definite need to model
particle-particle interactions and the behavior of particle-associated contaminarits, but this effort is confounded

by macromolecules and their configuration at particle surfaces.

Eisenreich, in his discussion, catalogued several important research nceds associated with particles and
organic-solute interactions in natural aquatic systems. He pointed to the importance of particle dynamics in
understanding chemical transfer in natural waters, and to the significant role played by sediments in being the
repository of contaminants previously introduced into water and their role as a source and sink of such

contaminants.

In view of the focused nature of the formal presentations, the discussion from the floor was also focused
on interfacial phenomena. It was noted that ionic strength and the nature of functional groups associated with
organic molecules play a central role in the degree to which various anionic and cationic contaminants associate
with particles and with sorbed organic macromolecules. O'Melia indicated that the interaction of these
macromolecales with contaminants is influenced by the presence of solid phases. Macromolecules do not
occupy a very large portion of the available surface arca, i.e. there are still plenty of surface sites available even
in the presence of natural organic material. It was pointed out by another discussant that bacterial adhesion to
surfaces usually occurs on less than 0.2% of the available surface area, via colonization in the form of micro-

colonies.”
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Biological Processes - Introduction

C.P. Leslie Grady, Jr.
Department of Environmental Systems Engineering

Clemson University
Clemson, SC

A major change has occurred in environmental engineering since the last workshop on research needs. It
is the realization of the interrelatedness of all of the processes occurring in the environment and in our treatment
systems. Whereas we previously tended to focus on biclogical processes as if they were unaffected by physical
and chemical events, that is no longer the case. Our increased interest in hazardous and toxic materials has
made it very clear that factors such as solubility, volatilization, susceptibility to hydrolysis or photoylsis, and
adsorption onto solids all have major impacts on the biodegradability of organic compounds in the environment.
As a result, we have gained a much more integrated approach to the solution of environmentat problems, and
that approach has been apparent in the presentations preceding this session.

The presentations in this session also emphasize the interrelatcdness of environmental processes. In
particular, Alexander Zehnder will address biological processes in the soil, where interactions with solid
surfaces are extremely important. For most of us, working in the soil matrix is a new experience and adds a
level of complexity to which we are unaccustomed, in spite of our recognition of the importance of
physical/chemical interactions. Even when we rciurn to our traditional water matrix, however, as Sandra
Woods will point out, we can no longer treat biological events as if they were isolated.

Although the other scssions all address cvents occurring in the air, it is difficult to envision biological
processes impacting on it dircctly (although they certainly have indirect impacts). Consequently, we have not

considered it here, but rather, have used the time to address an important discipling that is having an increasing
impact on environmental decision-- risk assessment. It is an area with which we should all become more
familiar, and to introduce it to us we have asked Michael Gough to address its use with respect to toxic

materials.
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Biological Processes - Risk/Toxicology

Michael Gough
Center for Risk Management
Resources for the Future
1616 P Street, NW
‘Washington, DC 20036

LN

Les Grady called me in April and invited me to come here to speak abdut what research is needed in
environmental toxicology during the next ten years. He also asked me to discuss how that research might
impact on environmental policy and how engincers and researchers might interact to increase the probability of
progress. Well, that was April, and November seemed a long way off, and I agreed. As November came closer,
Les called to remind me that I owed him a paper, and I wondered what I could say in 15 minutes to cover the
three topics he’d mentioned. That problem became somewhat simpler when I remembered that policy and
research in risk assessment are often so intertwined as to make their separation almost impossible.

I will begin my discussion about research and policy by talking about risk assessment for carcinogens.
Almost all signs indicate that we arc in a transition period. Three years ago, the Office of Science and
Technology Policy in the White House published a long paper in the Federal Register that reviewed what was
known about chemical carcinogens and described how Federal agencies evaluated those substances {OSTP,
1985). A year later, the Environmental Protection Agency (EPA) published a Federal Register notice titled
"Guidelings for Carcinogenic Risk Assessment” (EPA, 1985).

Both documents state that Federal agencies will routinely assume that carcinogens present a risk of cancer
at any exposure level and that extrapolation models can be used to estimate how risk varies with dose. I think it
worthwhile to emphasize the word "assume” in that scnience.

We, of course, do not know whcther or not risk exists at very low doses. Since we don’t know, there are
good policy reasons for behaving as if it docs. One upshol of that policy decision is a standard, I can even say,
a cookbook, approach to risk assessments for carcinogens, All suspect chemicals are tested under a standard
protocel that requires cxposure of groups of rats and mice to two d.oses of a suspect chemical. The results of
that test are then fed inte a slandard linearized multistage model that predicts the frequency of cancer in humans
exposed to 1 milligram of the chemical per kilogram of body weight per day for their lifetimes. From that
number it is a simplc excrcisc o calculate the daily dose that is associated with a 107 lifetime risk of cancer.

Those steps and calculations are made regardiess of whether or not the carcinogen interacts with DNA
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and regardless of what is known about the biological activity of the chemical, Furthermore, whether the data
are weak or strong, or whether they make or don’t make sense from a biological standpoint, the risk numbers
are published in the same list, suggesting that all are equally valid.

To their credit, both the OSTP and EPA documents acknowledge that greal uncertwinties accompany
assessing risks for carcinogens, and they say that other methods might be appropriate under some
circumstances. On the face of it, mentioning other methods suggests that the agencies are flexible about which
method might be used for a particular chemical. That, however, is not the case. The guidelines are rigid
because they give no guidance about when the use of other methods might be appropriate. Without that
guidance, in my opinion, risk assessments will almost always follow the standard procedures. Certainly, any
deviation from the standard procedures requircs a great deal of justification and the hurdles are so high that few
will be attempted.

Despite that rigidity, a lot has changed. Within the last year, EPA has lowered its estimates for the cancer

risks associated with dioxin, arsenic, methylene chloride, and hormones and hormone-like substances that cause
thyroid cancers. In ail those cascs, the agency deviated from its own guidelin@s. {Subsequently, the EPA’s
Science Advisory Board dccided that the dioxin revision was not justified, and the old estimate has been
enshrined.)

The document that describes EPA’s 17-fold reduction in its estimate of the carcinogenicity of dioxin
contains a figure that displays estimates of the carcinogenic potency of dioxin as determined by regulatory
agencies in different countries (EPA, 1938). Several countries use a threshold model to estimate dioxin’s
potency, and those models predict no human risk at exposures up to more than 1000-times higher than the
exposure that EPA associates with a 106 lifetime risk of cancer. EPA did not embrace the use of a threshold
model, but it did consider results from it alongside results from the linearized multistage model. In my opinion,
that consideration accords threshold models a degree of regulatory respectability that was formerly lacking.

More directly to the question of thresholds, EPA has stated fiat out that there are safe exposure levels--
thresholds--for hormones that cause thyroid tumors (EPA, 1988a). None of the information that EPA relied
upon to conclude that the hormones have carcinogenic thresholds was obtained or is obtainable from standard
tests for carcinogenicity. Instead those data come from experiments in research areas such as biochemistry or
molecular biology: '

I think the recvaluated carcinogenic potencies are harbingers of the reintegration of toxicology into the
experimental biological sciences. Although some toxicologists have always done research that you and I would
call biochemistry, immunology, molecular biology, or some other basic biology discipline, Congressional and
public emphasis on testing has largely pushed the non-routine, investigative aspects of toxicology into the
background. Despite rclative inattention Lo basic rcsearch because of the focus on testing, insights and
conclusions from such rescarch are so persuasive that they have forced modification of potencies estimated

from standard carcinogenic risk assessments.

In turn, the reevaluations of carcinogenic potency, which depend on basic biology, are affecting policy.
EPA (1988b) announced in August that it is rcopening discussion of its guidelines for carcinogenic risk
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assessment.  That reconsideration will provide an opportunity to incorporate provisions for the use of new
information in risk assessments.

My conclusion from all this is that the next fow years will see more importance being given to basic
research findings in the evaluation of carcinogens. The standard approaches will still be with ug¥ and for some
substances they may suffice. But when a chemical represents a class of compounds for which better
understanding of biological impacts is important or when a chemical is economically important, T expect to see
much greater consideration given to facts and inferences from basic science.

I also expect many objections to consideration of information that is not obtained by the standard
methods. The objections will probably center on contentions that the standard ways are "good science,” and
that the new information is obtained from "unproven techniques." Those objections will have great currency
because 10 or 15 years ago we knew so little that we had to depend on assumptions. In the intervening years,
those standard techniques, because of repeated nse and regulatory dependence on them, have become accepted
as the way to do things. Nevertheless, they were not firmly based on science. And even had they been, it is a
hallmark of science that opinions and conclusions change as methods of invcstigaﬁgn and the resulting data
change. It is neither scientific nor good policy to reject insights from science that couldn’t be done years ago
and to depend on assumplions that were necessary years ago because the science wasn’t mature enough.

One problem that was with us a long time ago remains with us today. How do we, or how should we,
extrapolate from results of animal studics to make predictions of human risks? EPA has, for almost a decade,
relied upon the lincarized multistage model, and its main competitors have been models that appealed to the
minds and hearts of statisticians rathcr than being based on biology. During that same period of time,
Moolgavkar and Knudson and their colleagues have championed a different model that is based on one of the
best understood human cancers.

About half of the 1,000 cases of retinoblastoma, a cancer of the retina, develops in children under 3 years
of age. Most babics are born with two functional copies of the RB gene, but those who are 10 develop
retinoblastoma during infancy inherit one damaged and one normal gene. Some event subsequent to birth
inactivates the normal genc and when both arc inactive, cells in the retina grow out of control and become
cancerous. The active RB gene, then, can be considered {0 be an antioncogene.

Moolgavkar bascs his extrapolation model on these findings and argues that there are two critical
mutation events in carcinogenesis (Moolgavkar, 1986; Thorslund et al. 1987). Although the retinoblastoma
‘story has been important for Moolgavkar’s model for extrapolation, it seemed that the role of the RB gene itself
- was limited to a rare cancer. That is no longer the case.

Lee ct al. (1988) and Harbour ct al. (1988) reported this summer that some breast and lung cancer cell
lines fail to make RB protein. Those {indings, by themsclves, do not say anything about causality. It could be
.that deranged growth of tumor cell lines Icads to the disappearance of the RB proteins, but the frequency of RB-

ells among primary breast cancers, small cell lung cancers, and pulmonary carcinoid is about the same as

‘found in retinoblastomas (Marx, 1988). Their presence in primary tumors supports the idea that there is a
_causative role for the RB- genotype (or phenotype).  Furthermore, two unrelated transforming viruses,
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adenovirus (Whyte et al. 1988; Weinberg, 1988) and SV40, produce proteins that interact with and inactivate
the RB protein, This finding also supports the conclusion that the RB protein is involved in carcinogenesis. It
is very attractive to think that the RB protein normally restrains cell growth, but when the RB gene ceases 0
make the protein or when the protein itself is inactivated by cancer virus activities, the restraint on cell growth is

b
lost. In steps that are not yet clear, the loss of that restraing eventaally progresses to a tumor.

The RB gene and protein are not involved in all cancers. For instance, there is no evidence for
inactivated RB gene in types of lung cancer cells other than small cell and pulmonary carcinoid fumors. Of
course, it is immediately apparent that some other gene may play the antioncogene role in other cell types.

Laboratory biology is not the only likely source of new information for use in regulatory decisionmaking.
Epidemiology, especially around waste disposal sites, may become a major contributor of information. Many
academic epidemiologists have shied away from such studies because of the difficulties of estimating, much
less measuring exposures, and because of what appear 10 be low exposures. Only very rarely does the prospect
of doing a study that is likely to tarn out negatively excite anyone as much as doing one that is likely to be
positive. In addition, it is more difficult to obtain funding for likcly-to—bg negative studies. To some extent,
inattention to those studics is ending. Public concern about exposures from wasle sites has prompted Congress
to provide money for them.

I share the biases of academic epidemiologists. [ think that very few health effects will be demonstrated
around waste sites. At the same time, I think those studies can provide information that is unavailable from
other sources. In particular, ncgative studics will provide information about what exposure levels are not
associated with health effects.

The usefulness of those studics will very much depend on the accuracy of estimation or measurement of
exposures. I am not familiar cnough with exposure measurement techniques to have specific suggestions for
research, but I am convinced that the value of the government-supported epidemiology will be directly related
1o how well exposures can be estimated. Onc subset of that problem especiaily intrigues me.

What sorts of conversions do chemicals undergo in the environment over time? In turn that leads 10
another question. Do we estimate or measure exposures to the parent chemical or to conversion and
degradation;products? Thosc questions and all the related problems of fate and transport could usefully involve

(]

collaboration between engincers and biologists.

That’s my first mention of collaboration, and I will close my talk with a little discussion of (hat subject. T
think of engineers as practical, pragmatic people. Paul Deisler, a chemical engineer and former vice president
of Shell, has talked for ycars about the impossibility of extrapolating over three or four or five or six orders of
magnitude. He’s almost certainly right. 1 think that that pragmatic position, which is certainly shared by many
others, has kept the problem of sclecting a model or models for extrapolation from being shoved into a neat
cubby labeled “solved.” Only by keeping a problem as a problem rather than declaring it to be solved can we

expect any progress.

Engineers are also going o be involved in solving or moving to solution of the exposurce estimation
problems. Not only because of their interest in hardware, but also, I think, because those problems either have
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solutions or they don’t. 'We look to systematic, pragmatic people to assess problems like that.

Risk assessmem. is, finally, breaking out of rigid assumptions that have constrained it. Once the
assumptions are left behind, some practical questions become interesting from a regulatory as well as the
scientific viewpoint. What cellular genes are involved in cancer? How are they affected by chemicals? By
viruses? What do the angwers to those questions tell us about extrapolation from animal results to estimates of
human risk? What are background exposures? What are exposures near waste sites and other risky arcas?
How do we find out? Which chemicals do we assess? Which do we worry about?

There’s plenty of room for collaboration. And plenty for questioning what our colleagues in other
disciplines are doing,
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Discussion: Biological Processes - Risk/Toxicology

Joseph V. Rodericks
ENVIRON Corporation
Washington, D.C. 20007

Michael Gough has caplured the central problem in risk assessment and, in calling for an increasingly
prominent role for basic biology in identifying and measuring risks, he has picked the right solution to it. There
is surely no likelihood of progress in either toxicology or risk assessment as long as we continug to rely solely
upon standardized (typically whole animal) test systems for the coliection of the information that is used to infer
human risks. Elucidation of underlying biological processes appears o be essential if we are truly to understand
how animal data are to be extrapolated to humans, across exposure routes, and from high-to-low dose exposures
(i.e., to those that typically are encountered in the environment). Until these processes are understood, we shall
probably continue to treat these forms of extrapolation generically--i.¢., the same extrapolation models will
continue 10 be applied to all substances in a rclatively rote manner, in an attempt (o achieve apparent
consistency. I suggest, however, that we shall sec only very slow movement away from standardized
procedures in toxicology and risk assessment. My pessimism is based on prior experience in and with
regulatory agencies. These agencies are reluctant to rely upon non-standard methodologies that need to be
tailored to individual substances. From the point of view of the regulatory agencies, the only practical means 0
manage the hundreds, if not thousands, of individual agents subject 10 regulation is to standardize testing and
assessment methods. It is unlikely that we shall move away from "black box™ approaches until these agencies
are convinced of the generic applicability of new methods that can be relatively well standardized. On the other
hand, the rescarch community can do much to push regulatory agencies in the right directions, and the types of
developments in basic biology Dr. Gough has so well summarized are beginning to be felt.

Biological uncertainties arc important, but equally important are the uncenainties regarding the nature
and magpitude of human cxposure 10 cnvironmentat agents. 1t is in the latier area that the opportunities for
engineers to contribute 10 needed improvements in risk assessment arc most apparent. The risk assessor cannot
travel far without understanding the relationship between releases of chemicals to the environment and the
amount, frequency and duration of human intake of them and their degradaﬁon products. Reliable data and
models for exposure asscssment arc as important to risk assessment as are data and models for hazard and
dose-response assessment.  Issucs of particular concern in exposure asscssment are: representativeness of
analytical measurerents of environmental samples; reliability of transport and fate models; nature and
quantities of degradation products; pattern and distribution of exposures in affected populations; frequency and
magnitude of human cxposurc 10 contaminated media; and rates of contaminant uptake and absorption by
hurmans.

The quantitative cffect of yarious remedial or exposure reduction measures is another critical piece of
information for the risk assessor and decision-maker and my expericnce suggests that this is another area of
much-needed research.
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Biological Processes - Land

Alexander J.B. Zehnder
Department of Microbiology
Agricultural University
6703 CT Wageningen
The Netherlands

Introduction

Soils and sediments have been and still are the ultimate dumping place of all wastes from our society. Air
pollutants, which do not escape to the stratosphere or are not eliminated in the atmosphere by chemical or
photochemical reactions "disappear” in the soil. Polluted river water which infiltrates into the groundwater,
leaves behind parts of the pollatants adsorbed onto soil particles, Pollutants in lakes, estoaries and oceans are
cventually buried in the sediments. In addition, soil is the only place o dispose solid wastes. Unlike in the
atmosphere and in aquatic systems, the dispersal of poHutants in soil is very slow and the mean residence time
is extremely long. This slow dispersal has, for a long time, restricted the poltution problems to a local level, and
since the negative effects of pollutants were not evident at the soil surface, the soil was believed 10 possess a
high "buffer capacity”. The slow dispersal and the restriction to a local level were the main reasons for the
almost entire absence of a public concern about soil pollution until very recently.

The increasing negative impact of polluted soils on the groundwater quality and incidences like Love
Canal have made soil protection a political issuc. As a result, engineers and scientists began to investigate the
possibilities for the clean-up of polluted soils and groundwater. Among others, question was raised about the
potential of microorganisms to remove pollutants. It was and still is surprising how little is known about
microbial processes in soil and in a complex soil matrix. In contrast to aquatic systems, the soil is highly
heterogenic with respect (o the spatial distribution of substrates, nutrients and microorganisms (1) but also with
respect to various phases and interfaces. Therefore T would like to investigate in the next five years as a first

topic:
The influence of solid surfaces and interfaces on microbial activities in soil.

The final fate of a pollutant depends on whether it is degraded or not.  Consequently, it is important to
know if microorganisms present in the soil are able to degrade a given compound or have the capacity to
eventually "learn” 10 degrade such a chemical. To obtain a satisfactory answer to these questions, information
is nceded about the influcnce of environmental conditions (pH, redox, surfaces, presence of other organisms,
etc.) on specific microbially mediated reactions. Hence, the second research topic T would like to deal with is:




The potential of soil microorganisms to adapt to new conditions which are the result of
changes in physical, chemical and/or biological parameters of the environment,

For quantitative predictions of the fate of pollutants it is necessary to possess kinetic data on the
breakdown of a given compound or class of compounds obtained under different conditions (temperature, pH,
redox, presence of other substrates and organisms, etc.). A kinetic parameter that has both environmental and
toxicological importance is the threshold. The threshold of a chemical is the concentration below which it is not
degraded anymore. Thus, the third topic which I feel should be investigated in more detail in the coming years
is:

Degradation kinetics in multi-organism and multi-substrate
systems, in particular factors influencing the extent of the thresholds.

In the following these three topics will be discussed in the light of (i) their importance to obtain basic
information on the biclogical, in particular microbial, processes in soils, (i) what specific questions should be
asked and investigated, (iii) the spin-offs that might be expected for other research areas and disciplines, and
where applicable, (iv) the manner in which resulis from this research mayibe used to help formulate rational
environmental policies and/or more effective control sirategics.

Microbial activities at interfaces and solid surfaces

Soils and sediments consist largely of particles of variable sizes. These particles are responsible for the
presence of large areas of interfaces, in particular solid/water and in the case of terresirial soils also solid/air and
water/air. It has been shown that over 99% of the microbial activity in soil was found in connection with solid
surfaces (2). It is therefore not exaggerated 1o state that microbial processes in soil take place almost
exclusively on the surface of soil particles. In microbiology it is common practice to study microbial processes
in homogencous, aqucous systems. Solid surfaces are excluded whenever possible. During quantitative
investigations, e.g. in a chemostat, all precautions are taken to prevent surface growth. As a consequence most
mathematical models in microbiology can only be applied to homogeneously dispersed systems. Only very
recently models for non-homogencous and non-dispersed systems have been developed (3, 4).

For a thorough understanding of soil microbiology, the effect of the presence of a solid surface on the
behaviour and metabolism of microbes must be systematically elucidated. The most basic questions which have
first to be answered are: How do bacteria adhere to surfaces? How do bacteria attach to surfaces? Once these
questions have been answered satisfactorily, the main topic can be tackled, which is the physiological,
biochemical and genctic mechanisms triggering adhesion and attachment. With the results from this research it
should be possible to answer the questions about the manner in which interfaces and solid surfaces influence
microbial activities.

Much research has been done on microbial adhesion. A clearcut unifying theory is lacking yet but it
becomes increasingly cvident that the DLVO-theory can adequately describe the physical-chemical process of
microbial adhesion to soil particles (5). Once microorganisms adhere, they may actively anchor to the surface

using various sorts of polymeric extrusions (c.g. polysaccharides) or appendages (e.g. pili and fibrils). The
medica! literature contains a considerable amount of information about the mechanism of. attachment of
pathogenic and non-pathogenic microorganisms 0 tissues, tecth, implants, etc. (6). Studies on biofilm
formation present additional insights into the way bacteria attach to al! kind of materials and other bacteria (7).
While much is known about how microorganisms attach, our knowledge about the mechanisms triggering
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adhesion and attachment is almost absent. Data are needed about the effect of environmental parameters on
physiological processes in microorganisms and the subsequent expression of specific surface structures such as
polysaccharides, etc. These surface structures may also influence the surface propertics such as hydrophobicity
or electrical charge. Only when adequate information about these regulations ar¢ available, can we begin to
understand why soil microorganisms, in particular bacteria, adhere and attach to soil particles and what
physiological effect (if any) might be induced by the presence of surfaces and interfaces.

Bacterial adhesion and attachment is not only of importance in soil microbiology, but also in (i)
biotechnology and wastewater treatment where immobilization or coagulation of biomass is wanted, in (i)
biofouling, caries formation, and surgery where attachment must be prevented, and in (éif) plant-microorganism
interactions where, depending on the organism, attachment or detachment is desirable. The complexity of the
problems related to microbial activities at interfaces and surfaces is a research area where a close collaboration
between basic sciences and engineering disciplines can be extremely profitable.

Microbial adaptation

Soil is an ever changing environment, temperatures can vary from minus 50° to over 50° C, and there is a
continuum of water activities and redox conditions., Depending on the state of the environment these conditions
can change drastically, e.g. during day-night cycles, rainfalls, droughts, etc. In flooded soils redox conditions
may even vary diurnally, All these are typical for surface soils, and continuous changes demand a tremendous
adaptive capacity of the microorganism living there. About 50 years ago, man started to vary an additional
factor by bringing into the soil alien compounds (mincral oil, xenobiotics, etc.) to which soil microorganisms
have never been previously exposed. It became quickly apparent that microorganisms can adapt to a large
number of such compounds and are even able to transform or mineralize them. Compounds thought to be
recalcitrant some fifteen years ago, suddenly are found to be biodegradable. One might hypothesize that either
researchers learncd to create the right conditions for the microorganisms, which is probably true for some cases,
or some microbes “learned” to degrade specific compounds. Biologists have found some evidence for this
"learning” of microbes. Three mechanisms have been described. The first is the activation of genetic
information alrcady present in the organism (8). The second involves an alteration in the substrate specificity of
an enzyme as a result of a gene mutation induced by mutagenic agents (9). In this case the altered enzyme can
now also attack structurally related molecules. The last mechanism consists of a recombination of pieces of
pathways from different microorganisms encoded on specific DNA fragments into one microorganism, This
recombination allows the final recipient to carry out biochemical reactions which it could absolutely not do
before (9). All three mechanisms may occur in nature concomitantly or in any combination,

Al the momient we are very far from understanding these processes, especially the natural recombination.
A thorough understanding of the adaptation reactions would supply us with information about the ultimate
metabolic potential of a given microbial community and would allow us to assess the chance for a soil to
undergo self-purification. Based on this knowledge, environmental engineers could decide whether a specific
pollution should be treated biologically or not. Therefore I would like to concentrate my future research in this
area on the following points: 7 The molecular mechanism of adaptation to new substances, and i The conditions
at which this adaptation best takes place.

Results from these investigations are useful for the evaluation of the vulnerability of a given soil to a specific
pollutant and its chance 1o deal with it without help from the outside (self-purification). However, if treatment
18 necessary the data obtained will indicate the most promising approach, Information from the research done
under this topic is also essential for asscssing the rcal risk in cases where laboratory derived, genetically
modified microorganisms are to be used in the cnvironment. One of the major concerns in such an application
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is that genes from the genetically modified microorganisms may find their way into the autochthonous
microbial population - just as happens in natural systems without addition of organisms from outside - leading
so0 to undesired effects.

*

[nformation from microbial adaptation research is necessary for a realistic formulation_of environmental
legislation because (i) these data offer the fundamental insights not only into the prospects, but also the limits of
microorganisms to remove pollutants from the soil and groundwater environment, and (i) as a result of this
knowledge, the sensitiveness of a given soil to anthropogenic influence (physical treatment, chemicals, input of
alien microorganisms, cic.) and the chances of recovery by adequate treatment or protection measures can be
assessed.

The threshold concentration

Once we are aware that a compound is biodegradable it is important for the environmental engineer 10 know
the velocity of this process, and the minimum concentration which can be attained by the action of
microorganisms. My research in this field will therefore concentrate on: Quantitative and qualitative effects of
environmental parameters (physical, chemical and biological) on the biodegmqgation kinetics, formation of
metabolites, and the threshold concentration. ’

The most important physical parameters are: temperature, water activity, presence of surfaces and the
concentration of compounds at the interfaces (see topic 1), mass transport limitation, degree of inhomogeneity,
etc. The chemical environment is composed of other chemicals and their stimulatory or inhibitory (toxic)
effects, specific nutrients, pH, availability of certain electron acceptors (redox), etc. Other organisms and their
mutualistic, synergistic or antagonistic effects are the biological factors (see topic 2). During the process of
biodegradation of organic chemicals, intermediary products may be formed which resist further microbial
attack. These metabolitcs may even be more toxic than the mother compound. In almost all cases, the
metabolites are much more soluble and thus also more mobile in soil and aquifers because of their lower
hydrophobicity. The change in hydrophobicity is the result of the elimination of non-polar groups or the
addition of some polar functions to the molecule. By changing some environmental parameters the releasc of
certain metabolites can be prevented (10).

A solid amount of information is available for a selected amount of compounds with regard to their
biodegradation kinetics in the soil environment. We are also learning more and more about the quantitative
influence of environmental parameters on these kinetics (11}, However, concerning the threshold, our
information is quite limited. Selected publications deal with specific aspects of this phenomenon but the
biological*rational’\' behind the threshold is in most cases not known (12). Therefore, qualitative and quantitative
information about the factors affecting it is lacking; e.g. how does the presence of a surface affect the
threshold?, what is the influence of a secondary substrate or the adsorption of the substrate itself?, can the
presence of certain organisms lower the threshold? etc. It is also important to know whether a threshold for
adaptation exists, or in other words, is there a concentration limit below which organisms will no longer adapt
to new chemicals? Answers to these kind of questions are essential if polluted soils are to be cleaned-up, or if
the harmful effccts of contamination must be assessed for soil and groundwater.

Conclusions

In my opinion, future environmental engineering research on biological processes in terrestrial and aquatic
soils and in sediments has to be directed to the understanding of some key phenomena on a molecular level. To
be successful, the knowledge of the various disciplines concerned should be combined. The integration of the
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different engineering, scientific, and eventually economic aspects should be done with the appropriate
mathematical instruments, viz. modelling. Ounly with such an approach can the empirical problems of chemical
handling and management be overcome and replaced by the rational solution of some of the most urgent
problems of the terrestrial environment. .
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Discussion: Biological Processes - Land

James M. Tiedje
Department of Crop and Seil Science
Michigan State University, East Lansing, M1

Remediation of soils and sediments contaminated with hazardous chemicals is one of the most
challenging problems faced by contemporary society. To be successful will require skills of many scientific
and engineering disciplines working in a coordinaled manner. One of the least cosily remediation mechanisms
is biodegradation, if and where it can be made to work. Thus, I believe the major research questions are
centered on issues needed to assess the feasibility of bioremediation. Professor Zehnder’s three thrust areas
address some of these needs, however, | offer a slightly different erphasis.

The key questions that I think nced to be addressed are given below in sequential order.

1. Do microorganisms exist with suitable catabolitic potential, and if they exist are they native to the
contaminated arca? While this is an old topic, what is lacking is new innovation to demonstrate
the presence of, or the ability to recover {isolate) useful organisms that may be fastidious, have
unusual requirements, or express their activity only at low levels. Considerably more metabolic
diversity exists in nature than has so far been isolated. The bloom in reporis on new anaerobes is
evidence of some of this diversity being uncovered.

2. Will the organism with the desired capacity grow in the contaminated soil or sediment system?

Professor Zehnder alludes to a number of physicochemical parameters of the soil environment in

“  his section on adaptation. 1 think one of the most important areas in which progress is usually
possible is to select {or even engincer) biodegrading organisms that are more tolerant to toxic
components of the wasic mixturcs. Resistances to metals are; well known and tolerance to
solvents and other chemicals arc often obscrved but not well understood.  Other biological

phenomena important to successful colonization by biological agents are protozoan grazing, phage
infection, and the presence of sufficicnt sclective pressure to result in growth. The latter is a
particular problem if there is not enough encrgy released 1o the organism, such as is often the case
for co-metabolism (because the conversions may only be a few steps), and if the substrate yields
too little energy, such as is the casc for highly chlorinated compounds (e.g. PCP). Rescarch that
can lead to beticr management of these phenomena has been meager,

3. If the organism can live in the contaminated environment, what then becomes the rate limiting
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parameter? In a porous matrix the transport that altows the chemical and organism to readily meet
is often rate limiting. There are two aspects of this question that are important, One is that our
understanding of the rate of release of chemicals that have been aged in the soil matrix is
inadequate. For example, a half-equilibration time for EDB in soil was found to be 2 to 3
decades, while freshly added EDB was degraded within one month (1). We have Xiso found that
Aroclor 1242 freshly added to sediment is readily dechlorinated while the aged Aroclor in
sediment appears to be more slowly degraded (2). Thus the "bioavailability” of the bound
materials to the microbial population may be a severe limitation to bioremediation. If so, ihis
requires additional means to solve this limitation. Possibilities are the production of surfactants
by the microbial degrader or cost effective physical or chemical schemes to facilitate release. The
second aspect is how to foster remediation when the chemical is dispersed over a large area. In
this case I believe the focus should be on which is easicr to move in the soil matrix: the chemical
to be treated, the biodegrading organisms, or perhaps other requirements of the organism such as
an electron acceptor. Recent work by Costerton’s group (3) has shown that starved microbes can
be converted 10 UMB forms (ultra-micro bacteria), which move much more readily in porous
media and provide more hope for improved distribution of bacteria. If it is an electron acceptor
 that is to be added, then there is more potential for adding nitrale because of its low cost, high
solubility and the fact that it is already common in the environment. To do this successfully,
however, requircs more work on denitrifying bacteria to better identify, understand and improve
their biodegradation capacitics,
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Biochemical Processes - Water

. Sandra L. Woods
Department of Civil Engineering
Oregon State University
Corvallis, OR 97331-2302

It is important that environmental enginecrs develop a fundamental understanding of the biodegradation
process to properly select and design water or wastewater treatment facilities and to understand the fate of
compounds in agueous environments. An immense number of compounds are chemically synthesized or
unintentionally produced throngh industrial processes. However, it is impossible to characterize the
biodegradation of each of these compounds under every combination of environmental conditions and by every
consortia of microorganisms. If we also consider the ability of microorganisms to acquire the competence 1o
biodegrade compounds with acclimation or the loss of competence due to changes in the microbial population
or their environment, biodegradation becomes an increasingly difficult process 10 understand or predict.
Therefore, environmental enginecers and scientists must develop a sufficient research base to allow us 0
understand the fate of a compound as 2 function of its molecular structure and the environmental conditions
present.  Only by developing generalizations based on fundamental research can we hope to predict the
biodegradability of the many new compounds released to the environment each year.

There are two primary components we must systematically study: we must understand (1) how the
compound itself and (2} how the environment to which the compound 18 introduced affect biodegradation. The
important variables include but are not limited to:

The Compound
1. The target compound’s molccular structure,

2. The target compound’s concentralion,

The Environment
3. The microorganisms present and their nﬁmbcr,
4. Their degree of acclimation and their history,
5. Interactions between microorganisims such as the exchange of metabolic products,
6. The presence of competing electron donors Of acceptors and their concentrations,

7. The presence of toxicants, and
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8. Other phases which affect the distribution of the target compound, toxicants or other substrates.

Although this list is incomplete, it provides a basis for the factors which need to be understood and
provides an indication of the problem’s complexity. These factors are important in understanding the

biodegradation process not only in aqueous systems, but in all environments, %

Environmental pollutants may be degraded as the primary or secondary substrate in a reductive or
oxidative process. At a minimum, it is important to understand the manner in which the compound is degraded
and how other compounds serve to complete the redox couple. By approaching degradation studies in this
manner and by attempting to provide adequate information in research publications to answer these questions,
the research base will become much more useful to other researchers as well as consulting engineers or

regulatory agency administrators.

The environmental enginecring and science community needs information concerning biodcgradélion
pathways and degradation rates to understand the fate of compounds in the environment and to better select
processes for the treatment of industrial, municipal or hazardous wastes. Without an adequate understanding of
the variables described previously, unit processes may be adequately designed, but 1hcy may not be properly
selected. Toxic intermediatcs may accumulate; or biodegradation may not occur at sufficient rates. Although a
quantitative description of the degradation process is desirable, unless the factors allowing the achievement of
degradation rates in the laboratory are undersicod, quantitative information is useless and inappropriately

applied.

In this paper, three studies are described which attempt to provide some fundamental information

concerning biedegradation in agqueous systems. These studics address aspects of variables 1, 6 and 8, above.

Effects of Molecular Structure on the Anaerobic Degradation of Halearomatic Compounds

Since it is impossible to characterize the biodegradation of every haloaromatic compound and its
chemical or biochemical degradation products, environmental engineers and scientists must develop a more
basic understanding of the factors affecting biodegradation. The following addresses the effects of the
compound’s molecular structure, variable 1, on its anacrobic biodegradation.

The anaerobic bjodegradation of tracc aromatic compounds such as chiorophenols or chlorobenzoates
proceeds by eruclivc dechlorination reactions. The anaerobic biodégradation of chlorophenols occurs by
preferential dechlorination of ortho chlorines; and the biodegradation of chlercbenzoates proceeds by
preferential dechlorination of meta chlorines. The objective of this activity is to develep a more generat
understanding  of the anacrobic biodegradation of the class of halogenated aromatic compounds by
understanding the effects of the position and the degree of halogenation on its degradation pathway and rate.

Hypotheses:

1. The degradation pathway for reductive dehalogenation reactions can be predicted based on the
position of the halogen with respect to the other [unctional groups on the ring. Although the
processes of biodegradation and chemical synthesis are fundamentally different, reductive

dechalogenation reactions arc often observed 10 occur at the same positions that halogens arc
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substituted in chemical synthesis reactions. For example, hydroxyl groups are ortho/para directors
and chlorophenols are preferentially dechlorinated at the ortho position. Carboxyl groups are
meta directors, and chlorobenzoates are preferentially dechlorinated at the meta position.

2. For reductive dehalogenation at a given position (for example, chlorines adjacgnt to the primary
functional group), the rate of the reductive dehalogenation reaction increases with the degree of
halogenation.

Benefits: If the order and the relative rate of reductive dehalogenation reactions can be predicted, we
may be better able to determine which compounds are most difficult to biodegrade in an anaerobi¢ environment
based on the compound’s molecular structure. We may be able to predict whether intermediates will
accumulate. We may also be better able to design appropriate wastewaier trealment processes; and we may
provide a basis to better regulate the release of haloaromatic compounds to the agueous environment by
industries or municipalitics. "

Biodegradation in Multiphase Systems ¢

Unit processes are often designed based upon laboratory research which shows successful, complete
biodegradation of a target group of compounds. Yet, complete conversion may not be achieved in the full scale
process due to differences in the laboratory environment and in the field. These differences may include the
presence of alternate substrates or toxicants. If these compounds are not present, the presence of a
nonbiodegradable, nontoxic compound may also affect observed overall degradation rates by creating an
additional phase. This additional solid, liquid or gas phase may affect the degradation rate by lowering the
effective concentration of the target compound available to the microorganisms in the system. The
biodegradation of sorbed trace organic compounds and the kinetics of redistribution of trace toxicants is not
well understood and is an important area of study. This activity addresses variable 8, and the objective of this
project is to characterize the biodegradation of a trace organic compound in the presence of other phases.

Hypotheses: Biodegradation in a complex system of several phases can be described by creating a mass
balance expression and by measuring appropriate constants which describe biodegradation and the kinetics of
mass transfer between solid, liquid or gas phases and the aqueous phase.

. Benefits: A more thorough understanding of the interactions between mass transfer and biodegradation
reactions would improve our ability to predict the fate of organic compounds in the environment and would
improve treatment by providing a basis 10 select and design treatment processes including both
physical/chemical operations and biological proccsses.

Effects of Alternate Electron Acceptors and Donors on Reductive Dechlorination Reactions

Interactions between substrates is one of the most important questions that environmental engineers and
scientists must address in developing a fundamental understanding of biodegradation in aqueous systems. This
subject addresses variable 6 above. Since compounds released to the environment may be exposed 1O systems
containing several elcctron donors and acceplors, or may be exposed to these environments sequentially, it is

important to develop a research base which will allow us to understand the following:
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Case 1. A Simple Case - One Electror Donor, One Electron Acceptor. If an organic compound acts as an

electron donor, then we must understand whether it can be degraded in the presence of oxygen, nitrate, or
sulfate. Knowledge can be extended to soils, lakes, streams or marine environments, We must develop a
general, fundamental understanding of the “effects of the concentration of the electron donor and eleciron
acceptor on the degradation rate, toxicity and nutrition. Similarly, if the compound sefves as the electron
acceptor, we must understand the effect of the structure and concentration of the electron donor on
biodegradation.

Case 2. A More Complex Case - One Electron Acceptor, Several Electron Donors. If the target
compound serves as an electron donor, we must develop an understanding of the effects of competition by other

electron donors on the degradation of the target compound. These effects may simply include inhibition or may
change the basic degradation mechanism - allowing the target compound to serve as a secondary substrate.

Case 3. A Realistic Case - Multiple Electron Donors and Elcctron Acceptors. To understand degradation

in aqueous systems, we must understand the complexities of changes in species distribution due to the presence
of several substrates, the exchange of substrates between organisms, sequential degradation, toxicity, synergism
and many other factors. It is impossible to address this question completely in a single research project or by a
single researcher. The complex question presented in Case 3 should be addressed by a group of researchers
including environmental engincers, microbiologists and chemisis.

Summary

The rescarch -"producer" community can assist the research "user" by better defining the important
characteristics affecting biodegradation in the laboralory environment. Ideally, the research "producer” should
address each of the eight variables described previously. However, this is nearly impossible in many cases.
Therefore, the burden of extrapolating laboratory results to the field has often rested on the research "user”. The
research "producer” community can assist the rescarch "user” through the careful development of research

projects on two levels:

1. fundamental studies with simple systems which yield information concerning degradation that can
be generalized 1o other systems {e.g., Case 1), and

2. studies with complex (real) systems which allow the research "producer” and "user" to determine
the important environmental factors which affect degradation (e.g., Cases 2 and 3).

e
Unfortunaicly, most rescarch projects address Case 1 problems, The research "user” needs the
information provided by studies of morc complex (real) sysiems in order to apply research results to

environmental sysiems.

There are many important topics which need (0 be better understood to facilitate design of reatment
processes and to beuter understand the factors affecting biodegradation in aqueous environments or in soils.
Some have been described in this paper.  Only through cooperation between environmental engineers,
microbiologists, biochcmists, and chemists can we hope to understand the processes of acclimation, loss in the
ability to biodegrade compounds, inhibition, the survival of genctically engineered organisms, and the very

complex problems associaled with understanding the differences in field and laboratory studies.
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Discussion: Biochemical Processes - Water

Bruce E. Rittmann
Department of Civil Engineering
University of Illinois at Urbana-Champaign
Urbana, Illinois 61801

] begin my discussion by summarizing the four main ideas that I bk away from Dr. Woods’
presentation, My discussion is contained, in part, in the items that I choose 1o emphasize as her main ideas. In
addition, these four main ideas serve as a springboard for me to add some observations that compiement Dr.
Woods® presentation.

The first idea is that a fundamental understanding is needed. Hence, research must address mechanisms

encompassed by microbiology, ecology. chemistry, and kinetics. Black box approaches no Jonger suffice.

Second, generalized relationships must be obtained, because there are (oo many combinations of

compounds, conceniralions, Microorganisms, and environments to study all of them. Research must be directed

towards finding the patterns.

“Third, the quantitative, mass-balance approach is essential to design and analysis of research, especially

when competing reactions, such as phase transfers, are occurring simultaneously with biodegradation.

Fourth, research comprising the first three elements must be multidisciplinary., Various disciplines of
engineering and science must be melded together.

i

My first observation is that biological-process researchers must and will apply the tools of modern

molecular biology, chemistry, microbial ecology, and toxicology. We need to be daring enough to explore new

techniques (o us) and to forge cross-disciplinary tcams. The first key step is that we need to educate oursclves
about the tools and how they might be used. Once we know enough 1o judge a tool’s potential value, we can
communicate with the experts and work towards a common research approach. This education is hard work and

risky; nevertheless, we must devote lime and encrgy to exploring new disciplines.

My second obscrvation is a caution: in our excitement about new research tools from other disciplines,
we must not try to become a member of the other discipline. I have noted, especially in younger researchers, a

desire to do work that is purely microbiological, chemical, or ecological. Such a iemptation, though luring, will
not lead 1o the greatest impact by the environmental rescarcher. The shortcomings of such an approach ar¢ that
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the environmental rescarcher: (1) will not be fully accepted by the other discipline, thereby losing scientific
impact, funding opportunities, and personal achievement; (2) may sidestep environmenial questions, thereby
diminishing the practical benefits to our field; and (3) may forego the powerful tools we use, such as mass
balances, mathematical modeling, and dimensionleéss analysis. We must ask how multidisciplinary tools can be
brought to bear on our unique issues of environmental biotechnology; becoming something else ishot the goal.

My third observation concerns how we reach the "users” of our research: the practicing designers and
operators. As our research necessarily becomes more scientific, we run a serious risk of pulling farther away
from those who bear the burden of implementing the fruits of our research, In my opinion, we need to devote
more time and resources to the translation of research results into practice-oriented information. Researchers
and research funders must allot time and money for the task of research translation to practice.
Communications 1o practitioners must take its position alongside of communications to research peers.

Finally, researchers and research funders must continue to investigate fundamental aspects of biological

treatment when the trcatment is not oriented towards hazardous materials. Dr. Woods’ presentation gave three

examples, all of which concerned chlorinated organic pollutants. However, there aretnumerous real problems
and scientific questions that involve more conventional pollutants. Some key examples include: _
» reliable operation of activated sludge processes, especially concerning suspended-solids separation
and bulking control.

o stability and reliability of biofilm processcs, especially those used to obiain very high volumetric
loadings.

* capture and biodegradation of colloidal organic matter, which usnally comprises the majority of

wastewater BOD.

= kinetics of the biodegradation of low concentrations of natural organic polymers, which constitule
most of the organic [raction of biological-process effluents, natural waters, and drinking water

supplies.

In conclusion, biological-process researchers and their funders need to be open to apply new tools for
fundamental rescarch about environmental biotechnology, need 10 make research translation a goal, and need to
work on conventional issues, as well as the new issucs of hazardous potlutants.

&




102

Summary Discussion - Biological Processes

C.P. Leslie Grady, Jr.
Department of Environmental Systems Engineering
Clemson University
Clemson, South Carclina

Risk Assessment £

The floor discussion following Michael Gough’s paper was both spirited and broad ranging, indicating
that environmental engineers are very concerned about how to make assessments about the effects of pollutants
on both man and other species in the environment. The discussion made it clear that this concern stems froma
desire to make rational and balanced decisions about the level of chemicals that can be released to the
environment without adverse eflects.

Among the interesting points to arise from the discussion were the following. Society does not have a
balanced approach to accepting risk. Although familiar risks (e.g., the automobile) are readily accepted, others,
such as potential carcinogens, are less readily accepted. Nevertheless, there is evidence that regulators
recognize the impossibility of achieving zero risk for environmental contaminants and are moving toward
rational ways for accepting small finite risks. One possible cause for the dichotomy in the public acceptance of

risk is failure on the part of the scicntific community to effectively communicate with the public concermning
risk. In order to reverse that trend, there is currently a large interest on the part of NSF and EPA on the subject.
of risk communication. A shortcoming of current risk assessment thinking is its anthropocentricity, but there is
also evidence that this is changing and that a greater concern is being expressed about life forms other than
humans. In spite of that anthropocentricily, however, much of the data that has been collected about the
mechanisms of human cancer, etc. is now being applied to understand tumors in other species, such as fish.
One approach that was once thought to hold great hope for assessing the risk associated with chemicals was to
deduce their carcinogenicity from mutagenicity data. As more data have been collected, however, that
correlation has turned out to be weak and thus of limited usefulness. A problem associated with most toxicity
and carcinogenicity data is that they are for singie compounds. Unfortunately, at this time we have very little
information about the impacts of mixtures of chemicals. This is a major factor limiting the development of risk
assessment for environmental contaminants, which almost never exist as single compounds. An alternative
approach to the study of environmental exposure is 10 use cpidemiological studies, but epidemiology can’t
evaluate risk at the level that regulators would like to limit exposure. In spite of all of these limits and

problems, however, it is clear that risk assessment is becoming a more and more important tool in
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environmental science and engineering, and one that the members of AEEP should become more expert in.

Land

I

One of the fundamental changes that has occurred in environmental engineering pragtice and research in
the past few years is the focus on contaminated soils and aquifers. Unfortunately, the microbiological exposure
of most environmental enginecrs has been limited to aquatic microbiology and thus they are not fully aware of
the subtle, but important differences associated with the soil environment. In order to accelerate understanding
of soil microbiology and the important questions associated with biodegradation in soil systems, soil
microbiologists working in the area of biodegradation were invited as both speaker and discussant, .

As one might expect, the majority of the discussion focused on surfaces and their impact upon
biodegradation, particularly of compounds of low solubility-ﬁvhich would tend to adsorb to those surfaces. For
example, it is not uncommon for biodegradation rates in soils aﬁd aquifers to be limited by rates of désorption.
Consequently, the nced was recognized for greater intcrchange of information between those who traditionally
work in the areas of sorption and surface chemistry and those who focus on biodegradation. Surfaces probably
also play an important role in the interchange of genetic information, and therefore in the development of
degradative capability, by providing a stable platform on which plasmid exchange can occur. It was noted,
however, that attachment of orghnisms onto surfaces may also hinder such exchange when population densities
are low. Attachment of organisms onto surlaces also has a large effect on the spread of degradative capability
in an aquifer or contaminated soil site. For example, if organisms are strongly attached, how can they. be
mobilized to move within the zone of contamination? There are many unanswered questions about this topic
and thus we are not yet in a position to devise effective strategies to facilitate the spread of degradative
capability. Consequently, current idecas have focused on ways to deliver capable organisms to multiple sites.
Finally, we need to incorporate the patchiness of metabolic capability into our models of contaminant fate if we
want to accurately predict the ontcome of various remediation strategies.

Water

The discussion following the presentations on biological processes in water reflected well the current
state of research activities - torn between traditional problems and approaches and the new apportunities offered
by recent advances in microbiology and molecular biology. Although techniques such as gene probes offer
great profnise for:better understanding of biological processes, the danger exists that our research will becomé
50 esoteric that no one other than rescarchers will be able to understand it. At that point we could be accused of
ceasing to be engincers with a primary focus on problem solving. Consequently, there was considerable

discussion about the need for collaboration botween microbiologists and engineers so that the engineers can

benefit from the new technigues while retaining their problem-oriented focus. The point was also raised that we

still have many intercsting traditional problems 1o solve and that those problems can also benefit from

application of new biological techniques. Just because there is currently a large focus on biodegradation of

toxic/hazardous xenobiolic compounds, there should not be a cessation of effort on problems like liquid:solid

separation or colloidal subsirate biodegradation. Rather, environmental engineers should continue to attack the

broad range of environmental problems to which biological processes can be applied while working more

closely with those who can make our rescarch more effective by applying new tools.
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Multiphase Systems - Introduction

Perry L. McCarty
Department of Civil Engineering
Stanford University
Stanford, California 94305

The Earth is a multiphased system. This is true whether we consider the Rarth as a whole or view it ata
microscopic level. Even the smallest living systems, represented by bacteria, exist in a multiphased world.
Microorganisms in the natural environment are often attached to another solid phase and surrounded by a liquid.
Indeed, if they are not also in contact with a gascous phase, they may create one of their own. Methanogenic
bacteria when working at their most rapid rates can preduce a volume of methane gas equal to their own volume
every minute. The phase transfer and transformations of contaminants that occur at this level are important
when evaluating their overall movement, transformations, and effects in the environment. Also significant in
the fate of contaminants is the role played by solids, liquids, and gases in groundwaters, the soils above, and the
vadose zone between. Surface waters also cannot be characterized as single phase systems as they are bounded
by solid and gaseous phases, and contain particulate solids and gases within them. The same is obviously true
with the air.

On the largest scale of occans, continents, and atmosphere, contaminant movement, formation,

transformations, and cifects are obviously of major concern, and may have the most profound effects on the fate _

of the Earth itsclf and the ecosystems it supports. This is evident in the growing concern over stratospheric
ozone depletion and the greenhouse effect. Thus, knowledge of multiphased systems and the major role they
play in the fate and effccts of environmental contaminants is of major importance to environmental engineers
and scientists no matter what particular phase of the environment they may be concerned with at any given
moment, nor what may be the scale of that concern.

. :

Not only must multiple phascs be considered in determining the movement and fate of contaminants, but
also the range of physical, chemical, and biological processes that occur within of at the boundaries between the
phases. It became obvious through the presentations and discussions during the first three sessions of this
conference that it is difficult to adequalely discuss individual processes occurring within single phases without
consideration of the important interactions that occur between other phases and with other processes, Thus, the
importance of the morc general topics addressed in this last session has already been recognized. Even within
this last session, an atiempt has been made 1o compartmentalize the three major phases with individual
presentations on air, land, and water, Finally, a presentation and formal discussion on systems as a whole is
presented. A Iesson to be gained from this session, il it is not already obvious, is the great need for both
multidisciplinary and interdisciplinary efforts between engineers and scientists in order to address the greatly
complex and yet highly significant environmental problems before us.
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Atmospheric Intermedia Transport Processes

Yoram Cohen
Department of Chemical Engineering, and
National Center for Intermedia Transport Research
University of California, Los Angeles
Los Angeles, California 900624

Introduction

Pollutants released to the environment are distributed among the many environmental media such as air,
waler, soil, and vegetation, as the result of complex physical, chemical, and biological processes. The possible
environmental impact associated with chemical pollutants is related to their concentration levels and persistence
in the various environmental compartments. Therefore, information regarding the migration of pollutants
across environmental phase boundaries (e.g., air-water, soil-water) and their accumulation in the environment is
essential if we are to assess the potential environmental impact and the associated risks.

It is clear however, that the large number of current and future pollutants precludes detailed experimental
multimedia evaluation of the potential impact of cach chemical on the environment. Therefore, mathematical
models of pollutant fate and transport have become increasingly atiractive, because they offer a relatively rapid
and incxpensive assessment of potential hazards. Furthermore, such theoretical models are often the only
source of guidance for predicting complex environmental events. Although the multimedia approach to
analyzing environmental risk and pollution control strategies is attractive (Chem.Eng.Progress, June 4, 1984),
its implementation is hampered by major obslacles. First, the lack of specific multimedia data bases of
pollutant cencentrations prevents a clear demonstration of the maltimedia approach and the validation of
transport and exposure models used in multimedia analyses. Second, there is still a serious deficiency in our
understanding of various intermedia transport processes (chemical and biologicai). Consequently, many of the
existing multimedia approaches cmploy highly approximate treatment of intermedia transport processes.
Therefore, there are uncertaintics in the predictions of pollutant fate and transport models associated with the

various intcrmedia transport processes.

Despite the above difficultics, the multimedia approach is the logical approach for a comprehensive and
integrated environmental management (Cohen, 1986a, 1987; Draggan et al., 1987). At the research level the
multimedia approach is an important tool in guiding research efforts on intermedia transport. For example,
multimedia analysis can be used 1o determine pollutant transport pathways that are feast significant based on
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mass balance, exposure and risk assessment considerations. Also, multimedia analysis may establish which
intermedia transport parameters are known to a sufficient accuracy for environmental applications and which
parameters require further refinement. '

-

In this paper we focus only on the major intermedia transport processes that areassociated with the
atmospheric compartment of the environment. A brief overview of these interactions is provided and the
research needs in the various areas are highlighted. Furthermore., the research needs discussed in this review
pertain primarily to organic pollutants which comprise the majority of known man-made pollutants. The
conclusions drawn here and the suggestions for future research are drawn from the author’s research experience
on the multimedia and intermedia transport of pollutants.

The Atmospheric Environment: General Description and Intermedia Interactions

Many chemicals are introduced to the atmospheric environment by direct release (T aﬁic 1), by
evaporation from aquatic or terrestrial environments, from resuspension of dust and soil particles or through
aerosol formation from aguatic bodies, © Afier entering the aimosphere a pollutant is affected by various
meteorological phenomena such as wind and precipitation that transpott it to various regions of the atmosphere
and in some instances back to the aquatic and terrestrial environments (see Table 2 and Figure 1).

The atmosphere is a complex dynamic region of the environment. Air circulation, humidity, and
temperature vary constantly throughout the various regions of the atmosphere. There are numerous atmospheric
flow models that can be used to treat convection and dispersion processes throughout the atmospheric region
(Turner, 1970; Hanna, 1973; Stuart and Wendeli, 1974; Culkowski and Patterson, 1976; Niuwstadt and Van
Dop, 1982; Seinfeld, 1986; Bonzaountas and Fiksel, 1982; Pasquill and Smith, 1983). The subject of the
dynamics of the atmospherc and atmospheric dispersion is beyond the scope of this paper. Nonetheless, it is
worth noting that the knowledge base in this arca probably exceeds or meets the requirement of intermedia and
maltimedia modeling efforts at least for the next decade. In contrast, information on intermedia transport
processes, such as dry-deposition and precipitation scavenging are still in the development stage (Pruppacher et
al., 1983a, 1983b; Cohen, 1986a; Cohen and Ryan, 1986c).

TABLE 1
Reélease of Chemicals to the Atmosphere

1. Stack emissions during manufacturing processcs

it. Fugitive volatilization from various sources including leaks, storage tanks vents, waste disposal
and treatment sites,

iii. Losses during use and disposal operations.

The atmosphere may be divided into several regions based on temperature (Heicklen, 1976). The lower
region, called the troposphere, is of primary interest in multimedia transport modeling, since most compounds

enter the troposphere and are either degraded or transformed in that region. Few organics are likely to persist in
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tie higher stratosphere because of the high energy ultraviolet radiation present there (McEwan and Phillips,

75)-

TABLE 2
Interaction of the Atmosphere with the Aqueous
and Terrestrial Environments via Intermedia Transport

‘Transport from the atmosphere to land and water: N

- Dry deposition of particulates and gaseous pollutants
Precipitation scavenging of gases and acrosols
_- Adsorption onto particulate matter and subsequent wet and dry deposition

ransport from water to atmosphere:

- Volatilizaiion
- Aerosol formation at the air-water interface

Transport from soil to the atmosphere: ¢
- Adsorption onto soil particles and transport by wind erosion

- Volatilization from soil and vegetation
- Resuspension of contaminated soil particles by, wind

Y
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Figure 1: Pollutant Transport from the Atmosphere to Land and Water Compartments
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The movement of ¢chemical pollutants into different regions of the atmosphere occurs at different rates
(Singh, 1979; Derwent, 1982). The convective half-life associated with movement from the troposphere to the
stratosphere is of the order of several'decadcs {about 10-30 years). The convective half-life for transport
between the northern and southern troposphere is of the order of one year. The half-life associated with mixing
within the troposphere is about one month. Mixing time scales on a smaller gcogi‘aphical scale are much
shorter, of the order of a few hours 1o several days. '

The lifetime of pollutants in the atmosphere is strongly affected by their chemical reactivity in both the
gas and aerosol phases. Compounds in the atmosphere may react by at least three types of processes (McEwan
and Phillips, 1975; Lymann et al., 1982; Darnall et al., 1978; Finalyson and Pitts, 1976; Hampson and Garvin,
1977): 1) direct photolysis by sunlight, 2) electronic encrgy transfer, and 3) reaction with various species
normally present in the atmosphere. Very long reaction times will lead to stratospheric sinks with dry
deposition and wet deposition becoming important (Bjorseth and Lunde, 1979). At short residénce times, the
nature of any resulting rcaction products may become important in determining the resulting concentrations in

urban and industrial areas. o

The fate of organic chemicals in the atmosphere is particularly complex, since many organics are present
in both the gaseous and particulate forms (Cantreels and Canwenberghe, 1978). Furthermore, under some
conditions, photochemical and thermal rcaction can (ransform the parent compound into more or less (oxic
daughter compounds (Pitts, 1978). Additionally, significant reintroduction of organics from soil and water
bodies into the atmosphere, by volatilization of even low vapor pressure compounds, may occur (Glotfelty and
Caro, 1975; Cohen et al., 1978; Cohen, 1983; Cohen et al., 1988).

Due to the complexity of atmospheric interactions with the aquatic and terrestrial media, and the lack of
physicochemical information and a source data base for many organic contaminants of interest, atmospheric
mass balances are available for a limited number of organic compounds such as DDT (Woodwell et al., 1971;
Cramer, 1973; Harrison et al., 1970}, PCP (McClure, 1976), B(a)P (Abrott et al., 1978; Cohen and Ryan, 1986),
trichloroethylene (Cohen and Ryan, 1985), chloroform (Khalil et al., 1983; Abrouw et al, 1978), and
formaldehyde {Thompson, 1980).

Dry Deposition

“ The siudy of the transport of particles and gases from the atmosphere to solid or water surfaces via dry
deposition is fundamental to our ability to describe the dynamic partitioning of pollutants in the environment. If
the aerosol deposition velocity is known as a function of particle size, and the chemical composition of the
aerosol as a function of size is also known, the ratc of chemical deposition can be calculated. Although the
subject of dry deposition of ambient acrosols has received much attention in the literature, there are still severe
uncertainties in the prediclion of deposition velocilies as a function of particle size and surface characteristics
(Pruppacher et al., 1983a; Slin, 1983a; Sehmel, 19834; Fricdlander, 1987).

Our present knowledge of the mechanisms conuolling dry deposition is derived largely from careful
studies conducted in wind tunnels. Disagreements belween this knowledge base and field experience suggests

that dilferent mechanisms may operale in the field and in the laboratory. It is conceivable that closer attention
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shonld be paid to the characterization of the turbulent field and its refation to the mechanisms controlling dry

deposition.

Adequate predictions of chemical fluxes via dry deposition will require the development of accurate
methods of integrating the dry deposition behavior over individual surfaces present in a given terrain.  Although
there are numerous studies in the above area, uncertainties in both theoretical predictions and experimental
measurements are often significant. There is a need to improve our understanding of the relation between the
dry deposition velocity and surface properties, while minimizing the need for empirical factors. In this regard,
experimental studies with well defined surface elements under controlled conditions may help to elucidate the

role of various surface structural propertics.

There is also a need for accurate methods of determining the deposition velocity of different organics in
the field. The dual tracer technique developed at the NCITR (Friedlander, 1987) may be a particularly useful
method for predicting the deposition velocily using source/receptor data.

Finally, there is a need to improve current understanding of the physics of.resuspension so that airborne
concentrations at respiration heights can be predicted adequately. Current mu]Eimedia madels rarely include
resuspension in the model formulation, primarily due to the large uncertainties associated with current
prediction methods.

Wet Scavenging

The scavenging of gasecus pollutants by rain has been extensively studied. There are numercus models
that are capable of accounting for effects arising from altitudinal variations in pressure, the mixing ratio of the
scavenged species, relative humidity, and temperature (Pruppacher et al., 1983b; Walcek and Pruppacher,
1984a, 1984b; Topalian et al., 1984, Walcek, 1982). Theoretically, given the reaction kinetics in the aerosol
and gaseous phases, and the air/water partition cocfficient for a given pollutant, one can then predict the rate of
rain scavenging. The problem in predicting the rain scavenging rates of organics however, is that the above
information is often lacking for many of the organics that have been identified in rain water (Kawamura and
Kaplan, 1983, 1984; Steinberg et al., 1984). Moreover, the agueouns phase chemistry of the multicomponent
organic mixtures that develop in rainwater is poorly understood (Kaplan, 1987). For example, recent studies
have shown that hydrogen peroxide plays an important role in the oxidation of organic substances, NO, and O,
(Kaplan, 1987).

Precipitation scavenging of particles is an important process for the removal of particles from the
atmosphere (Engelmann et al., 1966). Unfortunately, existing theoretical models for the coliection efficiency
underpredict the collection efficiency of submicron particles by one to two orders of magnitude (Ryan and

Cohen, 1986; Radke et al., 1977, 1980). For example, recent theories have shown that the electrostatic charge
 associated with the falling rain drops can significantly affcct the value of the collection efficiency (Graedel et
al., 1983; Barlow and Latham, 1983; Pruppacher ct al., 1983a, 1983b). To date, ficld studies have not
succeeded in correlating precipitation scavenging data with accessible and measurable field parameters that
account for the effect of clectrostatic charge on the particle collection efficiency. Furthermore, in order for rain
scavenging field studics to be uscful they should report the simultancous concentrations of the pollutants being
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tracked in the rain and air phases, as well as the evolving particle size distribution and the chemical mass

distribution in the air phase. Such experiments are not trivial and will require much effort to implement.

Finally, tracking organics compounds’in rain water can be an important and useful way to trace the
sources of atmospheric pollutants. For example, studies in the Los Angeles area (Kapian, 987) have revealed
that during periods of heavy release, the rain contains benzoic acids, phenols, short chained carboxylic acids
and complex mixtures of uncombusted, but thermalty altered, hydrocarbons. When the pollutant contribution to
the atmosphere is low, the main constituents in the rain are long chain fatty acids and long chain simple
paraffinic hydrocarbons, which are derived from plant debris.

Another major roadblock to determining rates of wet and dry deposition of organics is the general
absence of accurate quantitative analytical methods for organics in the acrosol phase. The problem of acrosol
analysis is particularly difficult since composition must be determined as a function of particle size. Although
the analysis for organics in acrosol has been reported in the literature (Lamb, 1980; Simoneit, 1986) none of the
analytical methods provide enough information to identify and determine the concentration of each species in
the aerosol mixture. Past experience has shown that detailed speciation can acgount for only about 5% of the
organic component of aerosols. For structural characterization to be useful in organic deposition studies, it ts
essential that the characterization represent a larger fraction of the material. There is room and a need to
devclop the appropriate analytical tools for determining the chemical composition of organic aerosols and the
chemical mass distribution in the particulate phase. For example, recent analytical methods which are based on
FTIR analysis appear to be promising, but further refinement of such methods will be needed (Dangler et al.,
1987).

The Soil-Atmosphere Interface

Volatilization from soils is the predominant loss mechanism for many low solubility organic
contaminants (Hamaker, 1972; Jury ct al., 1984a, 1984b, 1984c; Cliath and Spencer, 1972). Volatilization
processes are governed by diffusive transport in the soil and by aerodynamic factors operating at the soilfair
interface (Farmer et al., 1972; Cohen ct al., 1988). The transport of pollutants to the almosphere may also occur
by the resuspension of particulatc matier (Pruppacher ct al., 1983a, 1983b; Travis, 1975). Pollutants may also
be transported 1o water bodies through runoff and subsequently back to the atmosphere via volatilization.

Thé rate at Lwhich pollutants volatilize from.lhe soil is determined by a number of factors which include
the retardation of the chemicals via adsorption and chemical transformations. While various correlations exist
{o estimate contaminant adsorption onto the soil solids (Karickhoft, 1981), the dependence of the adsorption
isotherms on temperature is known only but for a very limited number of pollutants {Cohen et al., 1988).
Additionally, information on the chemical and biotransformations of organic chemicals in the soil environment
is often lacking. Thus, it is difficult to accurately predict the migration of most contaminants across the

soilfatmosphere interface.

Theorctical soil transport models generally assume uniform temperature and moisture profiles in the soil
matrix. In addition (Bonazountas, 1983), most experimental studies have been confined o isothermal

conditions and at uniform moisture distribution throughout the soil columns that were employed. In the
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environment however, significant temperature and moisture gradients exist in the top scil (about the first top
...-cent,imeters). Thus, significant effects of temperature and moisture variations on contaminant diffusion can be
exﬁected. For example, recent studies have shown that the volatilization flux varies diurnally (Cohen et al.,
--1988). Thus, calculations of exposure associated with contaminated soils (i.e., hazardous waste sites) should

incorporate the above transport behavior. »

In order to employ (ransport models which properly account for moisture and temperature variations,
 there is a need to develop an appropriate theoretical framework that will allow the prediction of the dynamic
 temperature and moisture profiles in the soil environment (in the upper unsaturated soil zone). Current theories
are incapable of providing quantitative predictions of the diurnal variations of temperature and moisture in the

top soil zone,

The Air/Water Interface

Pollutants may enter the aqueous phase from the atmosphere via precipitation scavenging, dry deposition
of aerosols, and gas absorption as described in the previous sections (Slinn et ai{} 1978; Pruppacher et al.,
1983a, 1983b; Cohen et al., 1986b). Chemicals may leave the water phase to the atmosphere by volatilization
and by aercsol formation (Blanchard, 1982).

A variety of methods to predict the air/water mass transfer coefficient in natural water bodies are now
available {Cohen, 1983; Mackay and Yeun, 1983, Brutsaert and Jirka, 1984; Cohen arl Ryan, 1985). The
calculations of volatilization/absorption fluxes require data on the air/water partition coefficients in natural
waters. Such data are often lacking although the experimental methodology for determining these data are
available (Mackay et al., 1979). Also, the application of current methods such as UNIFAC to the prediction of
air/water partition equilibrium has received some attention and should be further pursued.

The available prediction methods, however, do not consider the effect of naturafly occurring soluble
surface active chemicals (Parker and Barsom, 1970). Also lacking is information on the effect of microbial and
chemical activity, in the sea surface layer, on the transport of pollutants, gaseous exchange and photolysis.
Additionally, the transport of pollutants from aquatic bodies to the atmosphere through the formation of
acrosols and via spray transfer (Maclntyre, 1974; Blanchard, 1982; Broecker and Siem, 1984; Newery and
Merlivat, 1984) is inadequatcly documented at this time.

&

The Plant/Atmosphere Interface

Plants are the basic food components in the food chain to humans, hence their role as mobilizers and

sinks of pollutants is particularly important, Plants may absorb and transport pollutants from the soil to the
atmosphere or absorb pollutants from the atmosphere (Nash, 1974; Wallace and Berry, 1981; Rundel, 1987,
1988; Hosker and Lindberg, 1982). Pollutants may also deposit on shoots of plants, and they may be taken up

through plant leaves. A schematic diagram of the interactions of the plant compartment with the atmosphere

and the soil environment is shown in Figure 2.

The zone beginning at the root surface and exiending far into the bulk of raw soil, with its biota (i.e.,

rhizosphere) is very active microbially. In this zone, transformations and mobilization of mineral nutrients and
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poltutants occur. Thus, poliutants may be chemically or biologically transformed before becoming available to
plants.

VOLATILIZATION »
SomsusTion | [pRY/WET DEPOSITION
SHOOT
FOOD VOLATILIZATION ~ WET/DRY
crAIn RESUSPENSION  DEPOSITION
LITTER
DRIP

THE SOIL MATRIX

ROOT RHIZOSPHERE S&IL
i \i/

LEACHING
L 5UB SOIL

Figuré 2 Exchangé Processes at the Plant/ Atmosphere and Plant/Soil Interfaces

A variety of studies have demonstrated that different plants ar¢ sensitive to gaseous and particulate
poliutants (Rundel, 1987, 1988; Bounpragob, 1987). For example, one of the ongoing studies at UCLA
(Rundel, 1987) is designed to investigate leaf chemical characteristics that regulate foliar exchange and sorption
of gases and particles. This particular study focuses on developing an understanding of the fluxes of
atmospheric inputs of selected pollutants into the natural desert ecosystem along the eastern margin of the main
pollutant plume from the Los Angeles basin, There 18 2 large number of studies that have shown that dry
deposition onto leaf surfaces is a strong function of the surface microstructure of the leaf. The above studies,
and other recent studies on the fundamentals of dry deposition onto rough surfaces suggest that there is also a
need to develop a fundamental understanding on the microsurface characteristics that affect dry deposition onto
leaf surfaces. Furthermore, since vegetation surface is ofien heterogeneous there is a need to understand how 10
describe dry deposition onto rough but spatially heterogeneous surfaces.

Summary of Research Needs

Although there are nuUmMerous unanswered questions regarding pollutant transport associated with the
atmospheric environment, the following summary of research needs addresses only those key issues which
affect the inclusion of the atmospheric compartment in an integrated multimedia scheme of describing pollutani

transport in the environment.
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1. The role of wet and dry deposition in the transport of organic pollutants is still subject to many
uncertainties and it warrants further research.

a. Experimental work on measurihg and correlating the chemical composition distribution for
various organic chemicals in the acrosol phase is needed. Such information % required in
order to develop a capability for predicting the rates of wet and dry deposition of organic
pollutants.

b. Fundamental work is needed on dry deposition of submicron particles onto rough surfaces.
‘What is needed are fundamental studies that are focused on relating the deposition procéss
to measurable microscopic surface properties.

¢. There is a need to develop and validate methods to integrate deposition velocities across
spatial inhomogeneities in rough terrains, and in vegetative covers.

d. The area of particle resuspension should receive more attention especially in view of the
importance of resuspension in aflecting particle concentrations in the respiration height.

2. Basic work is needed in order to assess the role of the water surface microlayer in intermedia
transport and the multimedia cycle of various chemicals in the environment.

3. Aerosol formation at the airfsca interface has o be carefully examined in order to quantify the
effect of this mode of transport on the overall muitimedia partitioning of pollutants.

4. Research effort should be devoted to revealing the mechanism controlling mass transfer at the
leaffatmosphere interface. While there have been numerous experimental studies on the subject
and various empirical correlations have been proposed, there is still room for basic research aimed
at providing a sound theoretical framework.

5. Further research is necded in order to build the knowledge base on the multiphase transport of
chemicals in the unsaturated soil zone under the effect of diumal moisture and temperature
variations. At the same time improved theorics of non-isothermal energy and moisture fransport
in porous media are needed in order to allow accurate predictions (or simulations) of diurnal

temperature and moisture variations in the soil matrix.

6. The evaluation of health risks, based on muliimedia exposure, is subject to numerous uncertainties
invglving the possibility of multiple exposure pathways, multiple pollutants, and the associated
toxicological response.  Scientific uncertaintics often plague many -of the assumptions of
quantitative risk assessment (QRA). Oficn, it is unclear how these uncertainties propagate
through the analysis of QRA. Thus, there is a need to develop acceptable methedologics of
quantifying and incorporaling modcling, parametric, and data nncertainties into the process of
inlermedia and multimedia risk assessment. Sound scientific methodologies will have to be
deveioped to track the propagation of uncertainties and {0 develop uncertainty measures that could

be used in risk management.
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Discussion: Atmospheric Intermedia Transport Processes

Ronald A. Hites
School of Public and Environmental Affairs
and Department of Chemistry
Indiana University
Bloemington, Indiana 47405

¢
The presence of toxic organic compounds in the atmosphere has recently received considerable public

attention, An article in the Washingion Post {1) uses the term "toxic cloud" to describe the atmospheric
movement of organic compounds to the Great Lakes. The Sierra Club has recently issued a report titled "Toxic
Air Pollution in the Great Lakes Basin: A Call for Action” (2). The Science Advisory Board of the
International Joint Commission {a governmental body of United States and Canadian officials) has addressed
this issue as well (3). It seems quite clear that the issue of toxic organic compounds in the atmosphere is and
will continue to be of considerable public importance.

There are two aspects to this problem. The first is the simple inhalation of toxic organic compounds by
people breathing the air; in general, this is not a major route of exposure. The other aspect is deposition of
compounds out of the atmosphere. This can result in high exposures to man. For example, fish in Lake
Superior have moderate PCB concentrations as a result of the atmospheric deposition of PCBs to Lake Superior.
In fact, 90% of the PCBs to Lake Superior come from atmospheric deposition (2, 3). Thus, it seems quite
obvious that a focus on the atmosphere as a media of environmental transport is warranted.

The paper prepared by Professor Cohen is excellent and lays out a research strategy which will move us
ahead. The research recommendations are good ones, and I endorse them. I have two specific remarks and one
more gencral comment. The specific remarks first:

&

It is very important to remember that there are sources of chemicals to the atmosphere other than those
listed in Cohen’s Table I. Combustion of fossil fuels, for example, releases very large amounts of polycyclic
aromatic hydrocarbons, some of which ar¢ known (0 be human carcinogens. Combustion of municipal wastes
releases chlorinated dioxins and dibenzoforans into the atmosphere, These compounds are also present in
aufomobile exhaust. 'We should definitely consider these combustion sources when carrying ont mass balances
of variocus materials. In some cases, combustion sources may be the dominant input.

I agree with Dr. Cohen’s suggestion that the chemical composition of atmospheric aerosols needs to be
studied in detail. There are effective methods for oblaining these data. Liquid chromatographic mass
spectrometry is a developing tool which should cnable us to gain considerable data on the entire range of
chemical species in atmospheric acrosols. The problem here is not the lack of analytical techniques but rather
the lack of analytical chemists working in the environmental sciences. Environmental engineers need to reach
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out to these people and draw them into the solution of important environmental problems. Too often,
environmental engineers treat analytical chemisis as gatherers of data as opposed to participants in the science.

I now turn to the more general point I wanted to make. The data on which one can base and with which
one can validate multimedia models is abysmal. The sophistication of many of these models far exceeds the
data with which they can be tested. In some cases, the data that are being used o gene)f’étc and validate models
are incomplete and badly out of date. This problem is frequently exacerbated by the engineering community
when they state that it is impossible to measure the necessary data in all of the environmental media for all of
the compounds of interest. Therefore, the only solution is to model the various intercompartmental processes.
While this statement is quite irue, it nevertheless leads to an excessive expenditure of effort on modeling and a
deficit of expenditure on data gathering. This view is frequently expressed by proposal reviewers who
denigrate proposals on ficld work with the comment "This is excessive and mindless data gathering.” What's
necded here is environmental data gathering bascd on a carefully developed plan. Data gathering is expensive;
modeling is cheap. Therefore, there is a tendency to do only the latter. We need to do both.

Let me give one example. The issuc of deposition velocity continues to be important. We all now
recognize that deposition velocities measured in wind tunnel experiments cannot match the real world. Field
data on dry deposition gathered with glycerol coated pans do not accura?ciy simulate the real world either.
Thus, more sophisticated ficld experiments from which one can back calculate the deposition velocities are very
important.

I suggest that an important research priority should be the gathering of field data on atmospheric
deposition (both wet and dry processes) to medium size lakes {4, 5). The compounds to be studied should be
selected carefully based on a variety of sources, perhaps one from a combustion source and one from an
industrial source. The field sites should be, perhaps, three in nomber and selected from representative climatic
regions of the United States. Only by carefully gathering data from the real world can we ever hope to improve
and judge the validity of the multimedia transport models that are generated.
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Introduction

The objective of this paper is to present an account of perceived research needs relating to the
environmental contamination of land, while recognizing that land is one important component of the multi-
media system of air, water, soil, sediments and biota which comprise our ecosystem, The ideas presented here
and the perceived relative importances attached to various projects are entirely the result of personal judgment.
Undoubtedly others would assign different priorities. It is hoped that this document will serve at least as a basis
for discussion.

The approach taken is to review briefly some of the incentives for undersianding how contaminants
behave in soil. This is followed by a brief description of the equilibrium, transport phenomena and
transformations which contaminants expericnce when present in soils of various types and under various
conditions. 1 will argue that it is essential that we understand how contaminants behave in soils if we are to
implement successful enginecring interventions or remedial actions in the hope of modifying behaviour and
thus mitigating adverse effects of chemicals, Examples are removing chemicals, hastening their degradation, or
rendering them immobile. From this I will draw up a list of research topics which I suggest might be addressed
in next five years. Finally are some thoughts on how this research may be used to formulate environmental
policies or gontrol strategies and how the research community can assist the user community.

The Incentive

The population densily of Canada is about 7 persons/mile?. In the US it is about 64 persons/mile?, In the
Netherlands it is about 907 persons/mile?. It is thercfore not surprising that those who live at such high
densities place much greater value on stewardship of their land resources. I concur with the sentiments of those
pereeplive people who view us as increasingly moving towards a system of social organization in which we
view oursclves as part of the ecosystem, not an exploiter of it. We must place more emphasis on maintaining
the viability of the soil environment and protecting it from abuse. As the Dutch ecologist and philosopher
Christiaan Huichelaar has said, "Als wij onze lucht verviulen kmot de wind ons wel te hulp. En vervuilen wij
ons waier dan wassen de rivieren het weer schoon. Maar vervuilen wij ons erfgoed, onze grond dan helpt niets
en niemand ons.” This can be translated roughly as: When we foul our air, the wind comes to our help, When
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we foul our water, the tiver will wash it clean. But when we foul our ground, our heritage, nothing and nobody
will help us.

Soil pollution is thus inherently a very different problem from that of air or water because of soil’s
inherent immobility. If we irreversibly contaminate large areas or volumes of soil, severe continuing problems
will result, incurring enormous inconvenience and cost. Some of the more obvious pl?gb!ems arc designing
satisfactory stores for hazardous materials in soil, for example, employing landfill systems, and remediating
soils which have already been contaminated by organic or melallic substances and thus present a danger 1o
humans or wildlife who live on them. There are legal problems associated with the transfer of ownership of
contaminated land from one party to another. The prudent purchaser of industrial land now wishes to be
assured that he or she is not adopting a liability for previous contamination. There are many severe
groundwater contamination problems which have arisen from inappropriate disposal of materials on land, or in
1and, from which contaminants flow slowly but steadily across property boundaries contaminating wells, and in
some cases causing the threat of explosive conditions.

In summary, there is ample incentive to manage our soils with care and sensitivity and devise engineering
procedures for treating contaminated situations.
¢

The Condition of a Contaminant in Soil

Partitioning

When a contaminant is present in the soil it may exist in one of several forms. It may be present as a pure
phase, for example, liquid gasoline or a metal oxide. It may be sorbed to mineral or organic matter in the soil.
As workers such as Chiou and Karickhoff have shown (2-4), organic matter is particularly important as a
sorbent for organic contaminants. The contaminant may also be dissolved in water or "dissolved” in air
contained in the interstices of the soil. It is essential to understand this distribution quantitatively. This is
essentially a problem in physical chemistry and is usually solved by invoking partition coefficients between
water and air, water and mineral surfaces, and water and organic phases. When the contaminant is present in
dilute conditions, it is not likely to be present as a pure phase, and is merely in solution in one of these four
media. For obvious rcasons the agricultural chemical community has undertaken extensive studies of how
pesticides and herbicides partition in soil systems. These are reviewed in books such as those edited by Grover
(6). This forms an invaluable data base for elucidating the behavior of other contaminants.

Of particular engineering interest and concem are the fractions of the chemical which exist in the mobile
air and waler phases. It appears if an amount in excess of 0.5% of the chemical is present in either or both of
these phases, the chemical may display considerable mobility. It may diffuse through the air space and enter the
atmospheric environment by evaporation or it may migrate in solution through the soif vertically or laterally,
move to the soil surface or to greater depths and possibly enter groundwater. There has been some success
developing mathematical models of this process notably the work by Jury, Spencer and Farmer at the University
of California, Riverside (11-14). Simpler, but very uscful evaluative models have been produced by McCall of
Dow Chemical Company (1). But thcre remains a necd to improve our ability to calculate these partition
coclficients especially under conditions in which the soil is fairly dry. Tt appears that mineral matter has quite
different absorptive properties when wet and when dry. The soil is also in a dynamic state of heating and
cooling with variable moisture content. Thus, piccing together the picture of the partitioning properties of
chemicals in this non-isothermal time and space dependent regime is very challenging. Examples are the
studies by Cohen, et al. (15}, and Freeman and Schroy (7-9).
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Transport

Transport within the soil can be by bulk flow of the liquid substance. Examples are the permeation of
gasoline or chlorinated hydrocarbons within the soil and into, onto, or through groundwater. A considerable
effort has gone into studying the behaviour of non-aqueous phase ligquids in soils, but we are still far from
having satisfactory simple models describing these phenomena. The driving forces are not only hydrodynamic,
gravitational and momentum, but they are also capillary or interfacial tension in nawre. This can give rise 10
very complicated flow regimes with hysteresis effects. Obviously there are striking differences in beha\rlor if
the liquid is denser or less dense than the groundwater,

The chemical can also diffuse through the air spaces of soils being subject to periodic "chromatographic™
trapping as it progresses. This process is very important as a determinant of fate of spills of petroleum products,
organic solvents and agricultural chemicals in soils. The chemicals may also flow in water, again being
subjected to retardation through association with mineral and organic matter in the soil. The rates and velocities
of these processes are difficult to measure and predict, especially when the chemical is present as only one
component in a complex mixture which affects the partitioning equilibrium. For example, how do the polar
substances which are inevitably present in a landfill leachate affect the sorption, par[itibning propertics and thus
the retardation factors which toxic organochlorine chemicals will experience as they migrate through soils?
Because of differences in retardation factors these chemicals can migrate at quite different rates, giving an
almost chromatographic effect. A good example is the behaviour of soluble methyl-tertiary-butyl-ether, which
is used as an octane booster in gasoline and which has the potential to migrate much faster than gasoline in
soils.

It is critically important that we measure, review and correlate the physical chemical properties of these
chemicals since these properties control partitioning, mobility and fate.

Transformation

Chemicals are also subject to transformation reactions. There may be hydrolysis influenced by pH and
catalyzed by metals and organic surfaces. There may be photolytic reactions close to the surface. Most
important is biodegradation in which the chemicals are subject to conversion by a complex community of
microorganisms (hat has become establishcd in the soil. Predicting and measuring aerobic and anacrobic
biodegradation rates in soils is a formidable task, especially when the chemical is subject to simultaneous
evaporation and dissolutjon.

=

Terrestrial Biota

It is striking that most environmental modcls and even asscssments of the biogeochemical fate of organic
contaminants ignore plants and animals that live on or in soils. This is a serious omission for four reasons.

These biota are critical determinants of the continuing stability of soils. They shape our landscape and strongly
influence our climate.

Second, the mass of plant material can be very substantial compared to the accessible mass of soil. The
quantity of .organic matter with sorbing capacity in a forest in the form of bark and waxy cuticles greatly
cxceeds that in the surface soil. Further, it is highly accessible to the atmosphere. There is a growing opinion
that the prevailing atmospheric concentration of substances such as PCBs is controlled or buffered by soil-plant-
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air interactions.

Third, vegetation is usually the primary vector for human exposure to toxic chemicals. The route from soil or
air to vegetation, to domestic animal, and to meat and dairy product to human is often the dominant route of
exposure. This is reflected in risk assessments.

e
Fourth, there are obvious engineering and economic implications of the growing evidence that atmospheric
contaminants contribute 1o the decline of forests as well as aquatic systems.

In total, the interest in terrestrial biota is increasing and just as a scientific "community” grew of those
concerned with water to fish bioconcentration, it appears that a similar "community” is growing in the area of
soil-air-vegetation transfer processes. Envirenmental engineers can contribute to this area, and at the very least
must maintain some appreciation of its changing status.

Remediation

If we can understand the fundamental behaviour of the contaminant in the soil, perhaps we can exploit
this in subtle ways 1o encourage the chemical to behave in a less disruptive or damaging manner. Perhaps we
can replace the bulldozer with the enzyme. For example, if the chemical is a faiﬂy volatile hydrocarbon subject
10 evaporation, we can enhance the rate the évaporation and thus protect precious groundwalter resources by
techniques such as soil venting in which the rate of evaporation is artificially enhanced by drawing air through
the soil. It is possible t0 modify the hydraulic regime in the soil by pumping liquids through the soil and in
some cases modify the partition coefficients by the use of solvents or surfactants. For obvious financial reasons
the petroleum industry has a very high level of competence in techniques for removing organic materials from
soil matrices. If they can recover oil from depths of many thousands of feet surely it should be possible to
develop a companion technology which will operate at depths of tens of feet. But, surprisingly little effort has
been devoted to such activities. Transformation reactions can also be enhanced by introducing microorganisms
which may have specific metabolic capabilities for the chemicals present, or enhancing the growth of these
microorganisms by provision of essential nutrients or oxygen.

The treatment of air and water effluent streams has reached a very high level of engineering
sophistication, Perhaps, a new and exciting arca is in situ treatment of soils in which we avoid the expense and
inconvenience of brute force excavation techniques but treat soils with subtlety and in place. There are several
highly successful and economic soil venting efforts which have removed plumes of gasoline in urban arcas,
which otherwise would have causcd severe disruption. An example is the work of Hoag (5). To success{ully
implement these engincered remedial interventions it is essential that we understand both the present or natural
conditions of the contaminant in the soil, how it will behave if we do not remediate, and the effectiveness of the
remediation measures. Perhaps the best approach is to seck out and carefully document case studies of
successful soil treatment, just as successful case studies of air and water effluent treatment have been
documented over the years. These can then be copied, modified and developed into design procedures by the
engineering community.

Some of the research priorities which I perceive as being particularly important in the next five years are
listed in Table 1 in no particular order. This list is undoubiedly incomplete.
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TABLE1 Perceived Research Needs

Partitioning:
Reliable physical chemical property data and estimation techniques. Partition coefficient data and
 correlations for wet and dry soil and mineral surfaces for metals and organics. Kinetics*of sorption in soils,
Partitioning from complex mixtures, especially the role of polar solutes and electrolytes in modifying
partitioning of non-polar organics. Temperature and humidity dependence of these properties.
Transport: :

Measurements in laboratory and field of chemical migration in soil, air and water vertically and laterally,
Retardation factors in mixtures and as a function of ionic status. Transport phenomena (i.e. phenomena,
rates and model equations) of denser and less dense than water non-aqueous phase liquids in partially and
fully saturated soils.

Transformations:

Laboratory and field data on chemical transformation rates in soils and correlation with other more
readily accessible kinetic data, such as BOD data. Estimation of “hailf lives". Transformations in
groundwatcr. Measurements of enhancement of biodegradation.

Models: : £

Development of suites of models describing chemical fate in soils under various conditions.
Improvements in the peer review system for models. Transport and partitioning models for air-plant-soil
systems. Improved biogeochemical models of atmospheric contaminant interaction with soils and their
biota.

Remedial Measures:

Exploration into novel soil remediation/decontamination technologies using air, solvents, biostimulation,
immobilization, reaction, etc. Documentation of successful remedial projects. Development of design
procedures for implementing remedial measures, e.g. soil venting.

Monitoring;

Improved methods, varying in cost and sophistication, for sampling, analysing and in situ "probing” or

"sensing” of soils and groundwater,
Socio-Economic Issues:

Compilation of cost data and estimates for various soil treatment processes. Contributions to the "how
clean is clean enough” issue. Development of procedures for auditing the contamination status of land for
legal purposes. Risk assessment of human exposure from contaminated soils. Development of educational
materials for the public, at the school and college levels.

Promoting and Apblying Research

Promoting

Some years ago Dr. DiGiano prepared an excellent document through the AEEP Legislative Analysis
Committee titled "Protecting our environment--the need for exploratory research”. Organizations such as the
AEEP and the NSF have to keep beating the drum that exploratory or fundamental research is critical for
providing a basis of knowledge for sound environmental management. [t may not appear that measuring
partition coefficients between organic carbon and water is going to contribute substantially to better soil
management or remediation. But it is from fundamental measurements, interpretation of data and identification
of the phenomena that come the design tools for engincering aclivities. Such research generates the skilled
manpower that can attack soil contamination problems, and from whom will come the innovative, exciting,




128

unforseen and thus unplanned-for breakthroughs in science and technology.

It is noteworthy that two recent NAS/NRC reviews emphasized the need for fundamental environmental
science. These are "Frontiers in Chemical Engineering: Rescarch needs and Opportunities” edited by N.R.
Amundson (1988) and "Opportunities in Chemistry” edited by G.C. Pimetal (1985). If these had been written a
decade ago 1 suspect that they would have contained much less (if any) environmental content. Clearly
environmental issues are growing on the scale of social and scientific concerns.

Applying

I believe environmental engineers must go beyond the mere description of soil contamination, and the
definition or design of remediation measures but must also address "softer” questions as how clean must a soil
be before it can be considered to be decontaminated. The answer to this question is profoundly affecied by the
mobility or availability and the persistence of the chemical within the soil.

There is an obligation to develop, validate and disseminate a set of mathematical models, design procedures
and assessment techniques. These are somewhat analogous to the Gaussian air gollution models which have
been so successfully used to control stack emissions to levels which result in acceptable concentrations at points
of impingement downwind. Another example is the classical oxygen sag calculations in rivers, We need 10
develop similar equations, calculation techniques and pictorial representations of the processes applicable to
chemical processes in soil. We are fortunate to now live in a world of considerable computer literacy in which
many of the difficultics associated with undertaking lengthy and complex calculations have vanished. We can
now undertake these calculations rapidly and cheaply and generate data which can be presented to the
"customer” in attractive pictorial form. This has Lo be done with considerable care, responsibility, and subtlety
because computers bring the potential 10 make and hide mistakes. We therefore need new peer review systems
for environmental models. I can envisage suites of soil related models which will address issues such as the
potential for migration into groundwater, evapofalion rates from various soil horizons, and rates of migration in
groundwatcr. '

Perhaps most effective as a vehicle for facilitating and improving engineering applications is the
documentation of successful case studies in which there is a forthright quantitative description of the nature of
the problem, how it was solved, what went right, what went wrong, and how much it cost,

Finally, I hope that the importance of soil processes and soil biota will be reflected in the undergraduate and
graduate environmental engineering curriculum. Tomorrow’s environmental engineer needs an appreciation of,
and a sensitivity for'the need for careful stewardship of our soif environment and an appreciation of its key role
in our multimedia ecosystem.
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Discussion: Multiphase Systems - Land Contamination

Philip M. Gschwend
Division of Water Resources and Environmental Engineering
. Department of Civil Engineering
Massachusetts Institute of Technology
Cambridge, MA 02139

The central goals of our fundamental rescarch in environmental engineering should be: (1) to learn how
individual environmental processes operale, (2) 1o compile these process descriptions so that we may consider
their simultaneous effects, and (3) to inquire how the environment would respond to various pertarbations or
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engineered alterations. Generally these activities involve development and use of mathematical models, and in
the case of land contamination, we must include gaseous, liquid, and solid phases in this modelling effort.
Successful assembly of such environmental simulators allows us to recognize which components of our
understanding are weakest and to test which factors make the biggest difference to model predictions, hence
identifying research needs. These models also enable us to respond to policy makers who are examining
guestions as to the likely effectiveness of various control strategies in light of the costs of such activilies,
Finally, multiphase models provide an efficient means to transfer the benefits of our research to the "user”
community, consultants and regulators. '

When we consider multiphase systems, especially land, we can quickly see several major areas of
ignorance which require further research:

(1) First, it is still uncertain what the appropriate physical picture is of the phases moving with respect o
one another? For example, are there preferred flow channels through which fluids carry pollutants quickly in
the vertical through soil, or do components of the solid phase (¢.g., colloids) move within the vertical water
flow? Such concerns are highlighted by our inability to explain the appearance of particle-reactive chemicals
like pesticides (e.g., Jury et al., 1986) and radionuclides (e.g., Coles and ngnspott, 1982) at depth intervals far
in excess of our expectations, based on assumptions of isotropy and two-phase partitioning.

(2) Second, fundamental rate data, appropriate for geochemical conditions, are commonly unavailable.
This need for kinetic information is clear because various observations indicate that equilibrium assumptions do
not enable multiphase chemical fate models to match observations. For example, Sicinberg et al. (1987)
recently demonstrated that ethylene dibromide (EDB) exhibits a very slow desorption rate from various soils.
Both mass transfer processes and reaction rales remain to be quantified. While some work is still needed to
obtain physical chemical properties of chemicals, we have much greater ignorance of fundamental rate data.
Further, it is likely that degradation rates are often mass transfer limited (hence the enhanced biodegradability
of more soluble, but similarly reactive, hydrocarbons). Thus, research is necessary coupling mass transport of
chemicals to agents mediating transformations with rates of actual degradation mechanisms,

(3) Finally, although many multiphase models have been, and will continue to be produced to predict

" chemical fates in the environment, very little research has been performed in an interactive manner to validate

the predictions of these models in the ficld. Field experimentation is expensive and difficult and even under the

best circumstances involves factors which are difficult to control. However, these models are worth little
without "real-world” testing of their accuracy and robusiness.
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Environmental Research Strategies for
Multiphase Systems - Water

Jerald L. Schnoor
Department of Civil and Environmental Engineering
The University of Towa
Towa City, Iowa 52242

Introduction

The historical emphasis on research in environmental engineering has changed markedly since the tum of
the century from sanitation and treatment of conventional pollutants, to man-made toxic chemicals in the global
environment. From the early 1900’s through the 1960°s, we focused on removal of conventional pollutants and
preservation of the environment. Landmark legislation was passed around the time of Earth-Day 1970,
including the National Environmental Policy Act (1970), the Clean Air Act (1970), and the Federal Water
Pollution Control Act (1972). Legislation was the culmination of years of environmental research,
technological improvements, and public sentiment congealing at that time.

The 1960’s and early 1970’s were filled with a major environmental research emphasis on eutrophication.
Separate legislation did not result in this case, but some significant changes were affected under the Water
Pollution Control Act, including successful international cooperation (the Internagional Joint Commission) and
significant point source reductions in nutrient additions to the Great Lakes. After the National Eutrophication
Survey was completed by EPA in 1976 and the very successful EPA Lake Restoration Program was
implemented, it seemed that eutrophication research became passe in the United States. It was supplanted by
toxic chemicals research that continues today.

Often major legislation is passed dircctly afler a research initiative or major crisis. The 1974 Safe
Drinking Water Act followed publication of the initial volumes of Drinking Water and Health and the pilot
results of the National Drinking Water Survey. The Toxic Substances Control Act of 1976 was precipitated by
a2 kepone spill and contamination of the James River and Estuary. Leachate contamination from notorious
dumps and landfills (Love Canal, Valley of the Drums, Rocky Mountain Arsenai, Times Beach, Stringfeliow)
contributed to the passage of the 1976 Rescurce Conservation and Recovery Act (RCRA), its 1984
Amendments, the 1980 Comprehensive Environmental Response Compensation and Liability Act (CERCLA)
and its 1986 Superfund Amendments and Reauthorization Act (SARA). Due to leachate contamination and
increased pesticide usage, a large concern over protection of our groundwater and drinking water has arisen.

In the late 1980’s, we have witnessed an increasing concern about our global commons and long-range
transboundary transport of pollutants including acid rain, carbon dioxide and the greenhouse gases,
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chlorofluorocarbons and ozone depletion of the stratosphere. No new legislation has been passed, but we may
be nearing landmark acts as public sentiment, chance events, and research results coalesce to form a national
consensus. What distinguishes our generation from previous generations throughout history is not our negative
effect on the environment, but rather the magnitude of that effect. We are impacting larger and larger domains:
groundwater aquifers, not just surface waters; oceans, not just coastal waters; the stratosphere, not just urban air.
In industrialized nations, our anthropogenic energy flux per unit area exceeds that of photosynthesis by about a
factor of ten (1).

It is the purpose of this paper to discuss these environmental problems and research needs, both basic and

applied, as they affect water quality. What are the current and future environmental problems and what should
be our research strategies to address those problems?

Research Goals

My own future research goals are in three main areas: 1) assessing aquatic effects of acid réin; 2
modeling effects due to climate alteration and ozone depletion; and 3) groundwater pesticide modeling and risk
assessment. ¢

Agquatic effects of acid rain have been studied intensively since 1980 under the 10-year National Acid
Precipitation Assessment Program (NAPAP). The Program is in its final throws after a controversial interim
report that was criticized by Congress. I fully expect new acid rain (and precursor air pollutant) legislation to be
passed under either a Democratic or Republican administration. NAPAP is a large program ($86 million in
1987) which has curtailed funding of other environmental research by EPA, USDA, NOAA, DOE, DOI, and
TVA since the mid-1980’s. Other research programs are already jockeying for position to take over acid rain
research funds. From my perspective, there is still a lot to be accomplished before NAPAP funding wanes in
1990,

Mathematical models of aquatic effects of acid rain (mainly chemical effects) have been funded by EPA
and the Electric Power Research Institute (EPRI). These models have been calibrated with daia from 10-20
gaged watersheds in the US, Norway, and Canada. But the models have not really been validated with
laboratory and field manipulations, and such experiments need to be performed to complete the acid rain story.
That is: acidification of lakes has occurred in sensitive hydrologic and geologic settings due to acid rain; it has
affected approximately 1000-2000 lakes in the eastern half of North America, generally small lakes less than 50
heclares; it is largely reversibie, especially the chemical effects, and will respond on the order of a few
hydraulic detention times in most cases; few additional lakes will become acidic under present levels of acid
deposition, but acidification pulses during snowmelt and storm events are problematic for streams and fisheries;
effects of other associated pollutants in precipitation (Hg, Pb, Cd, Zn, toxic organics) may be heightcned by
acidification. )

Professor Rich Valentine and I are trying to use laboratory and field results with surface chemistry theory
to improve the reliability of models for decision making (Figure 1). Tmbedded in this work is the notion that the
modeler benefits greatly from planning and performing experiments directly refated to model development.
Ideally, reproducible experiments should be performed on a small and simple scale in the laboratory, and ficld
cxperiments should be carricd out in small plots, strcam channels, or whole watersheds for added realism,
Often both are necessary 1o understand complex environmental systems. Figure 1 shows the twin streams (Bear
Brooks) at Lead Mountain, Maing, the sitc of experimental acidification to test acid rain models.
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Figure I:  Watershed Manipulation Project

All model predictions {mean or expected values) should be accompanied by an estimate of uncertainty
(standard deviation or second moment). In the f uture, decision makers will want to know the "best estimate” as
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well as the certainty of the prediction, Thus, we are including first-order second moment uncertainty analyses
or Monte Carlo simulations with all water quality modeis (Figure 2). Professor Konstantine Georgakakos and I
hope to extend our acid rain model (ETD Model) (2-4) to aquatic and terrestrial ecological effects due o
climate alteration and ozone depletion using the National Surface Water Survey and Eastern Soil Survey (5).

W

T 1

Loke Alkalinity
Standard Deviation

TTTT
llll‘lli

ALKALINITY {mea/L)

| I L L
|llll|1|!

t | 1 I

1980 1985 1990 1995 2000 2005 2010 2015 2020 2025 2030
YEAR

Figure 2: Result of 50-year Simulation for Woods Lake, New York, in the Adirondack
Mountains, The middle line is the expected value of alkalinity simulation and the
outside lines are + 1 standard deviation from first order second moment uncertainty

analysis.

At The University of lowa, we have formed a new Center for Health Efiects of Environmental
Contamination (CHEEC), of which Professor Gene Parkin is Director. It is an interdisciplinary research team
from the Departfnems of Civil and Environmental Engineering, Preventive Medicine and Environmental Health,
Pediatrics, Pathology, Urban and Regional Planning, Geology, and the University Hygienic Laboratory. It was
initiated by the Towa Groundwater Protection Act of 1987, a novel approach to groundwater problems relying
on pesticide taxes, education, demonstration, and research to improve the State’s groundwater quality (rather
than regulations), We have used this Center as a vehicle for groundwater research, especially exposure
assessment modeling, monitoring, and biotransformation research. Gene and I are interested in the role of
electron acceptors (dissolved oxygen, nitrate, sulfate and carbon dioxide) on biotransformation kinetics, and we
are designing riparian zone buffer strips for nutrient and pesticide removal before percolation and runoff 0 -
groundwater and streams. Professor Burt Kross is in charge of two studies under CHEEC and the National -
Pesticide Survey for groundwater monitoring of pesticide contamination in well waters. In general, pesticide. -
concentrations in shallow wells are less {han strcam concentrations, but they seem (o be on the risc with
increasing applications of soluble herbicides. :
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Figure 3: Field Measurements and Model Results Following the Chemical Spill at Basel,

Switzeriand, Dashed lines represent field measurements at four downstream stations,
Karlsruhe, Mainz, Bad Honnef, and Lobith. Model results are the solid lines.

Lastly, one of our dreams is to assemble an emergency response team for chemical spills, not for
remediation (those procedures already exist), but for verification of mathematical models. The number of
chemical spills each year (2237 reported in 1987 in Pennsylvania, Iifinois, Ohio, Texas and California)
represents tremendous information lost to medelers because requisite data was not collected on mass discharge
amounts, concentrations, and related parameters (nitrate induced photolysis, light penetration, dissolved oxygen,
pH, bacterial population, temperature, etc.). Experience with the Rhine River chemical spill at Basel,
Switzerland, in November of 1986, indicated that just a few mass discharge measurements at the outfall would
have greatly imprdved the data set for model validation. Nevertheless, a relatively good record of the spill was
obtained by German authorities that increased our confidence in toxic chemical transformation kinetics and
plug-flow-with-dispersion transport models (Figure 3) (6-8). The goal is to build better models for decision
making, and it is an iferative process that absolutely requires testing at every level.

Environmental Problems

How does one rank order problems in terms of their impact on the environment? Recent surveys of our
students in the Environmental Engineering Program show that the answer is dependent on how the question is
phrased, and properly so. If you ask the students to rank environmental problems in terms of their present effect
on human health in the world, inevitably, walcrborne disease (e.g., dysentery) and sanitation are the most
frequent answers. If you ask the question in ferms of ecological health of (he world, you receive answers of
deforestation, habitat destruction, and species extinction,
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In February of 1988, I participated in a workshop for EPA on a "Longterm Research Plan for Ecological
Resources: Surface Waters”. We were asked to rank the environmental probiems that cause the greatest
ecological change in the U.S. based on areal extent of damage (e.g., miles of streams, hectares of lakes). The
workshop proposed the following list, in rank order.

» Habital Destruction o

¢ Eutrophication
+ Toxic Chemicals

» Global Climate/Ozone Depletion

The Workshop felt justified, but uneasy, with the above list because the top two items, habitat destruction
and eutrophication, do not generate excitement these days in the United States. Although a strong case can be
made that soil erosion, sedimentation, navigation, dredging, cultural development and wetlands destruction
account for most ecological damage in the U.S., toxic chemicals receive the most public attention, probably due
10 potential human health effects. In the final analysis, human health will always play an important role in
determining research funding. Issues of global climate change (greenhouse gases) and stratospheric ozone
depletion were thought to have the greatest potential for human and ecologica% damage but also the most
uncertainty. z

Given such uncertainties, a multiphase/multi-media outlook is desirable to discuss future environmental
problems. Let us divide it into three classes of problems (not in rank order): 1) Air/Water Interface; 2)
Land/Water Interface; and 3) Water Quality.

Air/Water Interface

At the air/water interface, there are four classes of pollutants that will play a part in future environmental
problems.
» Acid Deposition (sulfuric, nitric, hydrochloric)

s Photochemical Oxidants (ozone, Hzoz’ radicals)
» Organic Air Pollutants (hydrocarbons, SARA 313 emissions)
» Heavy Metals Deposition (Hg, Pb, Cd, Zn)

Both wet and dry deposition of acids will continue to be a problem, but new legislation should help to
control sulfur oxides at least. If we change from landfilling to incineration of municipal solid waste, we may
expect greater concentrations of HCI in urban fog and water due to plastics combustion, based on the European
experience (9). Dry deposition is very important, and research will be needed to better measure dry deposition
of many pollutants in fogs, gases, and acrosol particles. Atmospheric deposition of nitric acid (pitrate) is an
increasingly large problem in entrophication of N-limited coastal waters. Estimates by the Environmental
Defense Fund place the percentage of nitrogen inputs from wet and dry nitrate atmospheric deposition at 25
percent of the total inputs (point and nonpoint) to Chesapeake Bay (10). Although the runoff of nitrate from
acid rain in the catchment area of Chesapeake Bay is probably overestimated, the EDF Report demonstrates a
surprising atmospheric pathway of fertilization for a large estuary in an urban setting.

Oxidant research is necded at both the air/fwater interface and the air/canopy interface o assess crop
damage, smog, and forest effects. Atmospheric aqueous phase reaction sequences (cloud water reactions) will
be needed to distinguish between superoxide ( O;) and hydroxyl radicals (OH) as oxidants in the homogeneous
agueous phase, together with ozone and hydrogen peroxide. Fog waters, with ion strengths as high as 0.1 M
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and pH values as low as 2.0, should be a centra! focus of forest and crop foliar effects research, where oxidants
and heavy metals are implicated. Helerogeneous reactions, including metal catalysts and photoreduction of
Fe(Ill) in atmospheric and surface waters, may play an important role in cycles goveming photochemical
oxidation reactions. The question of linearity befween emissions and deposition for the pollutants of the
photochemical cycle NO, -SO, -HC-O, will remain central to the issue of further emission controls in urban (and
regional) air pollution problems. There is mounting evidence that hydrocarbon emissions from mobile sources
may need to be reduced in order to affect reductions in sulfate or nitrate in acid deposition.

Organic chemicals at the air/water interface include hydrocarbons and other organics from fugitive and
_ stack emissions. The Superfund Amendments and Reauthorization Act of 1986 (SARA), under Title III and
* Section 313, provided for public notification (right-to-know) of toxics on a list of some 300 chemicals. SARA
313 was a response to the methylisocyanate release and disaster at Bhopal, India. It is landmark legislation
because, for the first time, indusiries must monitor and estimate emissions of specific organic chemicals in air
and water effluents that were heretofore unmeasured and not requiring a permit. Enormously sobering is the list
that citizens will eventually receive detailing emissions of an estimated SO million pounds per year of toxic
chemicals. The concept of "right-to-know" is appropriate in a free and democratic society, but I believe the
most important result of the legislation will be the reduction in emissions achieved bygindustry once industry
concentrales on decreasing the amounts of chemicals on its lists. In that respect, it may be the most imporiant
piece of air pollution legislation since the 1977 Clean Air Act Amendments. The great majority of organic
chemical emissions are to the atmosphere, so local and regional air models of specific organic pollutants may be
needed with a coincident emphasis on atmospheric gas-phase reactions and research. We will try to answer the
deceptively simple question, “Where do all the chemicals go?” )

Heavy metals, especially the volatile metals (Hg, Pb, Cd, Zn) present at the air/fwater interface, are a
potential problem from the standpoint of ecological effects on forests, crops, and atmospheric deposition to
surface waters. Low alkalinity lakes in the Upper Midwest and Canada arc especially susceptible to mercury
bioaccumulation in fish. There are more lakes closed to fishing in Sweden and Canada due to mercury
contamination than the loss of fishing due to acidilication. The exact mechanism between low pH and mercury
bioaccumulation is still unknown. It bicaccumulates in fish to levels in excess of the FDA "action limit" of 1
mg/kg from concentrations as low as 50 ng/L. On the brighter side, there have been widespread decreases in
lead concentrations in streams since 1979 in the US, probably due 1o the five-fold decrease in lead consumption
for gasoline. Unfortunately, along with the decreascs in lead have been significant increases in nitrate, arsenic
and cadmium (11). It is not advisable to drink water from a rain barrel any longer in urban airsheds. A recent
survey of heavy metals in precipitation in Kentucky and Tennessee measured average concentrations of Cd, Cu,
and Pb of 0.44, 19, and 73 ug/L, respectively, with lead in violation of drinking water standards even before
leaching of plumbing fixtures {12)!

Land/Water Interface

At the land/water interface, there are several recent or emerging environmental problems.
& Groondwater Contamination

s Agricultural Runoff
- o Landfill/Dumpsite Remcdiation

» Specialty Problems

These issues are interrclated. Groundwater contamination is caused by landfill leachate, chemical spills,
and toxic chemical dump sites, as well as agricultural fertilizer and pesticide infiltration, They are all nonpoint
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source problems. In the US, progress has been made on point source controls of municipal and industrial
wastewater, but improvements in nonpoint source control is more difficult and costly. Imagine the cost of
disposing of 10 million kilograms of extremely toxic chemicals in a hazardous waste landfill or by incineration,
Yet that is the amount of pesticides that is placed freely on the soil over Iowa cach year! Research trends
indicate that we can expect lower pesticide application rates via novel delivery systems (such as
microencapsulation) and genetically-engineered planis that are tolerant to the most effective pesticides.

Landfills and dumpsites will continue to leak and generate toxic chemical inputs to surface waler and
groundwater. Remediation at 951 sites on the National Priorities List (NPL) for Superfund is going slowly;
only 24 sites have been completely cleared at a cost of $20-30 million each. But such figures are somewhat
misleading. Actually, considerable action has occurred as noted in the following (13):

818 - Removal Actions at non-NPL sites
264 - Removal Actions at NPL sites
472 - Remedial Investigation/Feasibility Studies
106 - Remedial Designs undertaken
65 - Remedial Actions in progress
24 - Remedial Actions completed (O & M now)

Hopefully, by the year 2010 or so, we will have cleaned-up the historical Superfund sites, and our rate of
generating new sites should have greatly diminished. Municipal landfill leachates also are quite toxic, so the
long term regulatory trend must be towards recycle, reuse, energy recovery and incineration.

EPA’s Innovative Technology program is a good example of a program that has stimulated research in
areas of in-sitn bioreclamation, incineration, and solidification of wastes. More upstream research is needed.

Specialty problems at the land/water interface include potential release of genetically-engineered
microorganisms 1o the environment, disposal of infectious wastes, radioactive wastes, and agricultural return
flows. Mining waste leachates and agricultural return flows (e.g., Kesterson Reservoir in the central valley of
California) loom as very large and difficult problems in the western United States. In fact, shortages of water in
the Southwest will cause water recycling and reuse to come by necessity in the 21st century and at great cost!

Water Quality, Ecological Health, Human Health

Protection of water quality in the United States has depended, in part, on scientifically-defensible water
quality criteria since 1972, Research in water quality criteria and toxicity evaluations is still primitive as it
relates to the smucture and function of real ecosystems and, even more 80, 10 human health. We need
site-specific water quality criteria and standards that take into account the toxicity of individual chemical
species at a given site with the chemistry of complexing ligands fully considered, presuming our ability to
measure and predict chemical speciation. Secondly, we need water quality criteria, modeling and toxicity
evaluations of in-place pollutants, especiatly contaminated sediments, which are responsible for closed fisheries
at a number of major water resources (PCBs in the Great Lakes and Hudson River, dioxin and heavy metals
contamination of several large rivers). Thirdly, we need a better way of coping with multiple poltutant, multiple
biological species problems in order to assure biological integrity of our nation’s waters and yet not regulate
industrial activity unnecessarily. New chemicals are being manufactured at a rate of 700-1500 per year. We
must ask ourselves, "Do we know enough about the status of our ecosysiem to determine subtle ecological
changes?”
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Most fish kills and gross changes in specics diversity and community status are caused by oxygen
depletion, habitat alteration, eutrophication and red tides. Chemical spills also contribute to fish kills on an
event basis. But can we distinguish slow ecological changes? Is the ecological health of our nation’s surface
waters getting better or worse? I don’t thik we know. It is for that reason that we will need an Ecological
Inventory for a baseline of our surface waters over the next five years. It should not be solely a catalog of
species and densities; but rather it should include a strong research component of long term ecosystem studies,
large scale experimental manipulations, establishment of structure-function relationships, and ecological
modeling,

As for human health, the linkages between water quality and disease are tenuous, at best. Our drinking
walter standards are sorely in need of revision, but the process is already in place and 85 MCLs will be added by
1990 under the Safe Drinking Water Act Amendments. Quantitative risk assessments are the chosen method
for evaluation of human health risk, but there is little sound scientific basis for it (14). Extrapolation from
animal bioassays to humans is difficult, especially from tests done at high doses 10 effects on humans at low
doses (such as the linear multistage model, LMM, for dose-response). Exposure assessment and exposure
modeling is also difficult. Monitoring data for exposure of humans to toxicants is sparse, and data sets for
calibration/verification of exposure models is almost nonexistent. Recently, the high priority given to water
pollution has been questioned relative to risks posed by natural toxins (e. g., aflatoxin from fungus mold) and
other factors (diet, viral agents, and genetic predisposition). Bruce Ames, Chairman of Biochemistry at UC-
Berkeley concludes, "This ranking suggests that carcinogenic hazards from current levels of pesticide residues
or water pollution are likely to be of minimal concern relative to background levels of natural substances...”
(14) (emphasis added).

There 1s a huge uncertainty in risk assessment and risk managerment. The traditicnal methodology of
EPA (hazard identification, dose-response assessment, exposure assessment, and risk characterization) (15)
involves a series of conservative assumptions that may be more than prudent. Application of similar
methodologies among agencies for recent dioxin (2,3,7 8-tetrachloro-dibenzo-dioxin) risk assessments have
resulied in gross differences of allowable intakes: 2000-fold (Table 1).

TABLE 1: Dioxin Risk Assessment

Results were from four different agencies using the linear multistage model and the safety factor
approach for dose-response and assume a 10" allowable cancer risk over a 70 year lifetime exposure. '

Allowable Intake
Agency Effect _ Method femtograms/kg-day
EPA" ? Liver Cancer LMM 6.4-100
cDe Liver Cancer LMM T 281428
FDA Liver Cancer SE-77* : 13,000
California Liver Cancer LMM 74

*NOAEL 0.001 ug/kg-day

Radon is an example of a naturally-occurring hazard that is relatively quite risky as a carcinogen,
Average concentrations of radon gas in indoor air are about 50 Becquerels per cubic meter (1.4 picocuries per
liter) which corresponds to a cancer risk of 1-in-250 or (0.4 percent. Radon would account for approximately
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10,000 lung cancer deaths per year (16), It is less than the risk of death due to automobile accidents (2.0
percent risk) but more than all ambient outdoor air pollutants and even occupational exposures at chemical
plants! At the highest exposure levels measured in homes, risks due to radon are commensurate with cigarette
smoking (30 percent risk), yet the vast majority of lung cancers are related to smoking. It is likely that most of
the increased risk of lung cancer due to radon exposure is in smokers (17). o

Given all the uncertainties in risk assessment, it should be mentioned that sometimes a management
decision must be made in the absence of solid scientific evidence. When EPA made the decision to eliminate
lead from gasoline in 1972, it was a very costly decision to industry and society {every car needed a catalytic
converter; gasoline refining costs increased). Human health data on effects of lead exposure were extremely
thin. Yet the decision was made, and it has proven to be excellent in view of more recent data on neurological
effects, brain development, and carcinogenicity of lead. Japan, Europe, and other countries have followed our
example. Despite all the uncertainties, we must set priorities and act where it is prudent. Human health effects
from environmental exposure have been demonstrated for lead, mercury, asbestos, sulfur dioxide, ozone, and
formaldehyde. Worker exposure and effects have been demonstrated for a host of pollutants including lead,
arsenic, mercury, cadmium, vinyl chloride, asbestos, benzene, and others. The good news is that human life
expectancy is increasing, and cancer rates are not increasing but have been steady for 50 years in the United
States (14). There have been documented health effects from environmental exposure, though it usually has
been due to air pollution, water borne infectious disease, or heavy metals (Minimata Bay).

To summarize environmental problems, I propose the following list, in rank order of importance and/or
urgency.

1. Air Pollution and the Air/Water Interface
- global climate changes

- stratospheric ozone

- photochemical oxidants
- acid rain

- SARA 313 emissions

2. Ecological Health and Habitat Destruction - Water
- wetlands destruction (species extinction)

- s0i} erosion and sedimentation
- coastal zone pollution (anoxia, eutrophication, wastes)
- ecoloxicology and ecological inventory

3, Water Pollution
- agricuiture runoff (metals, nutrients, pesticides)

- groundwater pollution (organics, pesticides)
- waler quality criteria (organics, metals)

- reuse and recycling

Research Needs

Rescarch is required to address these environmental probicms. In particular, we seek answers to the
following questions:
s Where do all the chemicals go? Fate Modeling
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e What are their effects (ecological and human)? Effects
* How do we clean them up? Engineering Technology

» How clean is clean? Risk Assessment/Management

For the first question, we invoke environmental science and fate modeling. Needed is kno{zledge on the
various fate and transport processes in the environment including advection, dispersion, phototransformations,
chemical hydrolysis, redox reactions, sorption/desorption, bioconcentration, volatilization/gas transfer, and
biological ransformation. In recent years, excellent progress has been made on most of the fate and transport
processes. Given just three chemical parameters: octanol/water partition coefficient, Henry’s constant (vapor
pressure and solubility) and absorption spectra, one can predict approximate rate constants for all of the
pathways except biotransformation for most organic chemicals. Heavy melals are more difficult due to their
many chemical specics, redox reactions, and sorption to surfaces. Given the list of environmental probiems, we
might focus our research priorities on photochemistry, aquatic surface chemistry, and biotransformation.

Aquatic surface chemistry and surface complexation holds the secret for understanding many
environmental processes including heavy metals mobility and sorption to solid phases, corrosion, chemical
weathering in watersheds receiving acid deposition, coagulation in natural waters, chemical precipitation and
formation of solid solutions, and heterogeneous catalysis. Photochemistry will help to unlock puzzles at the
air/water interface and for oxidant/radical transformation reactions. Biological transformations are the most
important fate process in natural water and wastewater treatment. Better theory is needed to predict biological
degradation reactions and their rate constants. Quantitative structure activity relationships may be developed, at
least for classes of compounds, as a function of oxidant (electron acceptor).

If an ecological ccnsus is to be made over the next five years, it should have a large component of
ecotoxicology and research included. We need to understand not only how many organisms are present, but
how they are interdependent and why they are present or absent. A biological inventory alone runs the risk of
being lost in annual and spatial variability without increases in understanding. The census should include
research on water quality criteria and in-place pollutants.

In environmental enginecring, new treatment technologies must be developed for old problems
(municipal wastewater) as well as new problems (remediation of contaminated groundwater sites). Our field is
given a surge each time that a new problem emerges -- it is easier to be creative on a new problem. We suffer
as a field from being limited to the same feedstock (wastewater) or raw material (water). New problems will
likely involve groundwater remediation, landfill alternatives, air pollution control, and genetically engineered
microorganisms. Problems pose new possibilities and opportunitics.

“

Exposure assessment and mathematical modeling is needed to address the uncerfainty in environmental
predictions and risk assessments. It is a tool that will be used increasingly as the cost of computing rapidly
approaches zero and with development of expert systems software, Despite temptations, it should be used only
in conjunction with model testing at the laboratory pilot, and field scale. An emergency response tcam could
develop a plan for validating models at spill sites. In this way, the environmental engineer can and should
participate In risk management, environmental policy altcrnatives and decision-making. To summarize our
research needs:

* Aquatic Surface Chemistry

e Environmental Photochemistry
s Biological Transformations

» Ecotoxicology (inventory & criteria)
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» Engincering Technology
» Exposure Assessment Modeling

s Risk Assessment/Management |,

Summary

In this paper, environmental problems and research needs have been discussed. It remains to be seen how
to solve those problems and satisfy research needs. It will take cooperation of all parties, ihcluding industry,
EPA, NSF and universitics,. The best model for wmiversity-government-industry cooperation is the recent
praject on stratospheric ozone between universities, NASA, and CMA-DuPont. Tt was funded by CMA and
NASA. Because DuPont and the chemical industry were intimately involved in the research from the
beginning, they were in full agreement with the finding that chlorofluorocarbons (CFCs) do, indeed, contribute
to ozone depletion over Antarctica. They have voluntarily planned to curtail production of all CFCs by 1992.
A side benefit for industry was the early warning to plan for substitute chemical manufacturing,

QOur adversarial system has served us well to this point, but litigation makes environmental controls ever
more difficult to implement and enforce. As an alternative, Clean Sites %ncorporated has served well as a role
model in mediating among Superfund responsible parties. Tt is time to search for new paradigms of university-
government-industry cooperation. Perhaps AEEP and the environmental engineering profession can play a
central role bringing together all parties at the research stage to solve some of the regulatory and environmental
problems.
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Discussion: Environmental Research Strategies for Multiphase
Systems - Water

Christine A, Shoemaker
School of Civil and Environmental Engineering
Cornell University
Ithaca, New York 14850

I do agree with Professor Schnoor on most of his points including the importance of research on aquatic
surface chemistry, biotransformation, uncertainty in model predictions, the role of temporal and spatial
variability in assessing the ecological impact of pollution, and risk assessment. He has discussed a wide range
of issues in his paper. Because of space and (ime limitations, | will discuss issues only from the four topics
listed below, followed by a proposal for encouraging the interdisciplinary research necessary to address these
problems.

Uncertainty in Model Output

Professor Schnoor has identified the need to quantify the uncertainty associated with output from models
of environmental processes. He mentions two methods that can be used to estimate uncertainty associated with
descriptive simulation models. In addition to these techniques, T would add the class of methods referred to as
"parameter identification.”  Such methods are designed to utilize simultaneous measurements on many
components of a system. Hence information about system inicraction is used in obtaining betier estimates than
would be possible by looking only at measurements of individual components.
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One area related to parameter identification is the use of statistically based procedures for determining the
location and magnitude of sources of pollution based on data collected in areas where there are many potential
sources. Direct areas of application of these methods include the establishment of responsibility for
groundwater contamination and remediation and for identifying industries whose air emissions should be
reduced. -

We also require more research on the methodology associated with model validation. There are many ad
hoc methods by which researchers attempt to evaluate the reliability of their models, but there is a need for a
more rigorous, statistically based methodology that incorporates a) the type of application -- {e.g. management
or investigation of basic processes) for which the model is designed; and b) the quality of data available for
calibration and validation. Such a methodology should include the flexibility to update model parameters and
reliability estimates as new monitoring data become available.

Fate and Transport

I am not as optimistic as Professor Schoor about our ability to predict fate and transport of organic
chemicals in the subsurface environment. In particular, vapor phase sorption is poorly understood and is
potentially very important in relatively dry unsaturated regions in the subsurface. "Peterson et al. (1988) report
vapor phase sorption coefficients that are orders of magnitude higher than those determined under saturated
conditions. Modelling analysis (Peterson et al., 1988, Shoemaker et al., in preparation) indicates that ignoring
vapor phase sorption, as is typically done in modelling studies, results in a significant overestimation of the
speed and amount of transport of volatile organic materials into groundwater.

Biological transformation is also an area that is certainly important, but I do not agree with Professor
Schnoor that it is necessarily the "most important fate process”. Qur ability to restore water quality and to
prevent environmental contamination will require an integrated quantitative analysis of the interaction between
transport, phase transformation, and biodegradation through a combination of experimental and modelling
studies. For example, groundwater contaminants that are soluble with low sorption coefficients may move
through the unsaturated soil so quickly that litde biodegradation has time to occur. Hence the importance of
biodegradation depends not only on the vigor and density of the degrading organisms but also upon physical
and chemical processes on which the organisms may have litte effect.

Use of Models in Management

Professor Schnoor has discussed the usc of models for making management decisions, but has not
discussed the components of these models or the methodology required to solve them. Such models should
include a description of the economic cost and the environmental impact of alternative strategies for controlling
multi-phase pollution problems. There has becn a fair amount of work on fate-and transport modelling, but
much less associated with management models that incorporate a description of the specific management
options and their economic cost and environmental impact. Research issues include a) the development of
optimization methods 1o sclect the best allernalives, b) appropriate ways to quantify both the economic cost and
its stochasticity, and ¢) developing an adcquate description of the levels of risk one is willing to tolcrate. These
procedures can be very complex computationally, and it is important that research in this area consider
computational efficiency and the rapid change in computing power that will continue over the next decade.
Optimization methods used in conjunction with models that incorporate economic costs, quantification of
acceptable risk, and reliable descriptions of fatc and transport can suggest management options that potentially

can save millions of dollars.
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Priorities

In contrast to Professor Schnoor, 1 would list groundwater contamination and source control as top
priorities under the water quality category, where "source control” includes the pretreatment of waste products,
the change in commercial, industrial and agricultural processes to reduce the production Oi toxic waste
products, and the development of techniques (such as improved landfill design) to reduce the movement of
disposed waste into the environment. An additional top priority area is the integration of economic analysis and
management modelling with detailed descriptions of fate and transport of multi-phase pollutants in order to
develop cost-effective solutions to environmental problems. I would not rank "agricultural runoff” as highly as
these other problems since the amount of pesticide leaving a crop field by runoff is typically much less than that
transported by air-borne drift or by subsurface transport. Non-agricultural sources of runoff are often as
significant as agricultural runoff.

Encouraging Interdisciplinary Research

For many of the types of problems Professor Schnoor and I have discussed, it is necessary to have input
from engineers and scientists with a range of backgrounds. It has been my experienc > that some of the most
successful interdisciplinary research is done by groups of between two and five investigators and their students
or assistants. The current NSF structure is designed to evaluate either single investigator projects or the larger
group projects associated with the Research Centers. It is of course true that multiple investigator grants are
funded under the normal granting procedure, but the budgets associated with such grants are usually not much
larger than those given to single investigators. Hence investigators are encouraged to submit their own
independent proposals rather than to develop an integrated multi-investigator project. The number of Research
Centers that will be established to deal with environmental problems is expected to be very small, and hence the
Research Center program will probably not have a widespread effect on environmental research.

F suggest that we would make faster progress on the interdisciplinary aspects of environmental research if
a mechanism or understanding were establishcd that projects from several multiple investigators could be
funded at levels that are approximately equal Lo the sum total of individual project proposals. An alicrnative
would be to dévclop a formal mechanisms by which several related proposals could be judged independently
but also evaluated in terms of each of their contributions to a co-ordinated effort.

Summary

[ am in general agrecment with Professor Schnoor’s points, but I would put more emphasis on
experimental and modélling stndies of the interaction between physical, chemical and biological
transformations (rather than just focusing on biological transformation) and on the modelling methodology
(optimization methods, parameter identification, and statistical validation procedurés) required to develop
models that arc useful to understand and manage multi-phase contamination problems. 1 also think that
significant attention should be paid to source control of poliutants, but I acknowledge that many of these types
of studies are perhaps best located in divisions of NSF other than Environmental Engineering since the focus of
source control is often on a particular industrial practice. Lastly, I would encourage NSF to develop a funding
mechanism that encourages co-operative research among several (two to five) investigators.
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Forward-Looking and Backward-Looking Views
' of Uncertainty

Talbot Page
Center for Environmental Studies
Brown University
Providence, Rhode Island 02912

Introduction

How do we think, and how should we think, about uncertainty? The purpose of this note is, by
addressing these two questions, 1o set a context for some current research and then to briefly describe this work.
The two questions - how do we and how should we think about uncertainty -- are obviously important in any
science, but they are particularly important in environmental science and engineering. In the environmental
area uncertainties are ofien especially large, yet many times decisions must be made, using the current limited
information and understanding (decisions to postpone action are just as much decisions as decisions 0 take
precautionary action). Often the stakes are high and relatively irreversibie, so that it is important to get the right
balance of risk taking and precautionary action at cach step of sequential decision making.

The current situation seems to be as fbllows: compared with (say) a hundred years ago we are much
more sophisticated formally, as statistics and probability theory have blossomed; we still have a good deal of
trouble thinking about uncertainty substantively; but there have been some developments in the past several
years that offer some fresh vantage points and opportunities in the ways we think about uncertainty.

I will briefly identify what appear to me a few of these vantage points which Richard McKelvey and I are
exploring in our current research.

How Should We Think About Uncertainty?

I will start with more scttled matters and move toward the less settled. First, when we make quantitative
estimates, it is clear that these estimates have little meaning unless they are accompanied with judgments of
their uncertainty (or equivalently "precision”). The large literature of classical statistics helps us assess
measurement uncertainty (crror) in gquantative terms, using probability language (standard deviations, etc.). I
1ake it as an uncontroversial starting point that we should assess measurement uncertainty probabilistically.

Second, when we make guantitative estimates there is also the possibility of systematic crror.
Calculations are based on models, and some of the modelling assumptions may themselves be associated with
varying degrees of uncertainty. [ think it is widely agreed that we should attempt 10 assess systematic error
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(uncertainty associated with models), but there seems to be some uncertainty -- if T can put it that way -- over
just how we should do this. In evaluating estimates of physical constants such as the speed of light, physicists
constructed a Birge index which combined assessment of systematic and measurement error. Applicd more
often, the statistics literature on hypothesis festing helps us assess systematic uncertainty in quantitative and
probabilistic terms. W

But to some decision theorists the literature on hypothesis testing is not fully satisfactory because it
focuses on the question "conditioned on there being no effect (and the underlying model being true), what is the
probability of the experimental result, or one more exireme?" This is the question of significance levels and
p-values. The more important question for decision purposes is "conditioned on the experimental result, what is
the probability that there is an effect? Inverting the conditional this way leads to a more explicit and
quantitative assessment of systematic uncertainty.

Third, as just anticipated, we are often uncertain about some facis or state of nature. We might be
uncertain as to whether viruses can infiltrate to groundwater aquifers, a chemical is a carcinrogen, or ozone
 depletion is caused (at a particular level) by CFCs. My old teacher, Jack Kiefer, would point out that these last
examples are not examples of repeatable events, and he would conclude that probability language is not
appropriate for unique events. He would say, dismissively, that the probability that a particular chemical is a
carcinogen is either zero or one, but he didn’t know which. '

While I realize that this is an unsettled matter, I have come to view that uncertainties for such unique
events should be expressed quantitatively and in probability language. In saying this, I agree that even aside
from the normative issue of appropriateness, it is simply hard to develop a reasoned basis for making
probability judgments about unique events. Without practice and development of skill it often feels that such
probability numbers are "pulled out of the air" (and even with practice it sometimes still Feels that way). Still, 1
think there are several reasons for investigating how people form judgmental probabilities and encouraging
scientists 10 use them, especially for unique events such as the carcinogenicity of a chemical.

First, probability language provides a bridge of communication between technical people who do the
science and live with the uncertainties of their investigations and the policy people who make decisions based
on information provided by others. For example, Hoare undertook an epidemiological study of 2,4-D and
non-Hogkin's lymphoma which came ont statistically significant at an odds ratio of about 5:1. The paper
discussed at length various sources of systematic error which might undermine the result. While this part of the
paper was the most inieresting to me, the discussion here was qualitative and 1 could not tell how seriously she
took the various modelling uncertainties. So I asked her what probability she attached to 2, 4-D being a
carcinogen (causing non-Hogkin’s lymphoma with odds ratio of 5:1 or more).

She told me that in her judgment there was about an 80 percent chance that the true odds ratio is 5:1 or
more. The probability language communicated to me her judgment in a way that the qualitative language failed
to do. Similarly in the decision on the swine flu vaccine of 1976 experts in the Center for Discase Control
communicated in a qualitative way that there was a serious risk of an epidemic. Decision makers in the Office
of the President understood this qualitative language to mean that without a massive vaccination program an
epidemic was a virtual certainty. Bui in intcrviews after the decision, key experts at the CDC said that their
assessment of the probability of an epidemic, without a massive vaccination program, was about 20 percent. It
is quite likely that if the decision makers had heard this less ambiguous language a different decision would
have been made {more stockpiling and focusing on vulnerable groups and fewer vaccinations actually given).

Second, using probability language for important unceriainties of natural "facts,” such as the likelihood
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that a particular chemical is a carcinogen, helps focus research. For example there are perhaps 400 short term
tests for identifying carcinogenic chemicals. It is hard, and inefficient, to sort out the varying predictive
capabilities of these tests on a yes-no basis. But if we investigate the tests by using them to make probabilistic
predictions for individual chemicals and then store the results, we can begin to see which are the belter
predictors, and which tests are conditionally linked to others. By analyzing the biological processes of the
better and worse predictors and the linked predictors, we may leam things we might have overlooked otherwise.
More generally, making predictive probability judgments helps identify the most important uncertainties to
resolve and set the research agenda.

Third, quantitative probability assessments are themscives ingredients in decisions. Decisions by policy
makers typically weigh values and likelihoods. Often values are quantified by budgets and cost-benefit analysis
but judgments of likelihood are left vague and qualitative. As we try o quantify the likelihoods we aid the
decision process by making it more systematic and explicit. We help clarify what is more and what is less
uncertain and identify the value of existing and missing information.

For example, returning 1o the example of testing chemicals, the National Toxicology Program needs to
choose chemicals to test, to choose particular tests (individual, batteries and tiers) o run, and particular oxic
effects to test for. As ingredients to this decision problem, we need some understanding of the predictive values
of various tests, the costs of tests, the severity of the effects, and the rarity of the effects. To minimize the
expected costs of false positives and false negatives (misclassification costs) some use of judgmental
probabilities for unique events is necessary.

How Do We Think About Uncertainty?

The positive question of how we actually think about uncertainty is intertwined with the normative
question of how we should think about uncertainty. I will identify what appear to me as a few of the major
issues concerning how we actually think about uncertainty, and what seems o me recent changes in perspective.

For the past generation perhaps the most importiant fact about the way people think about uncertainty has
been the split between classical and Bayesian views of probability. Classicists tend to think of probability as
objective, in terms of frequencies of repeatable events. Jack Kiefer was a classicist. Bayesians tend to think of
probability as subjective, as an expression of individual judgment of uncertainty. To them no events are strictly
repeatable, but frequencies of "almost” repeatable events provide a reasoned basis for making judgments of
probability. But to them there are additional ways of forming a reasoned basis for probability judgments.

The development I see here is that there is less acrimony between the two camps now than a generation
ago. According to Zellner, the Bayesian view 1S increasingly seen as more helpful in decision making and many
of the classical estimators and tests can be shown to be special cases of more general Bayesian estimators.
Whatever the reason, it seems that the Bayesian viewpoint scems to be more widely accepted now.

Within the Bayesian camp, we can identily two views about the scope of consistent probability judgment.
One view is the ambitious, all-inclusive view. In this view a rational person forms judgments about all possible
states of the world and cohercnt belicfs about the probability of each conceivable state. In its strong form, the
all-inclusive view links the belief system of one rational person with another, according to various requircments
of consistency and common knowledge.

The second view is less ambitious and more partial. In this view a person will form (fairly) consistent
probability judgments within particular models which describe only limited portions of all possible staics of
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world. For example, a person might form probability judgments about what cards his partner might have in a
game of bridge, or the probabilities of carcinogenicity in a certain class of chemicals she has intensively
studied. Other areas will be left unimpeded and uncharacterized as to likelihood, including beliefs about others’
beliefs. .

. *
The change I see here is toward the less-inclusive view. Binmore, for example, has argued for this view,

as well as for recognizing the dichotomy discussed next.

In forming probability judgments, we can look 1o the past or to the future. For example, in designing a
stormwater catchment basin, we may look to the past history of flooding to estimate the size and pattern of a
thirty year flood and a hundred year flood. These backward-looking analyses help us assess probabilities of
floods of particular sizes next year, and over longer periods of time. Alternatively, we sometimes form
probability judgments by constructing models, considering initiating events, and projecting forward
(probabilistically) causal chains. This is done in analyses of nuclear safety.

Of course, in practical situations, people use both forward- and backward-looking methods to form
judgments about uncertainty. I do not see much change in the past several years toward one or the other
perspective, but perhaps there is now a greater appreciation that there are two perspectig'es here. I think that this
awareness is useful because the two perspectives involve different styles of thinking,

T'associate the forward-looking perspective with much of what we call rational analysis. To a large extent
it is what game theorists do when they analyze the Bayes-Nash equilibrium of a game of incomplete
information. In contrast, I associate the backward-looking perspective with evolutionary processes. For
* example, funnel spiders living in the desert will compete for locations for their webs. A spider without a good
location will approach a web in a good location, shake the web, and depending on the response, decide whether
to fight the "owner" for the spot. This process can be modelled as a game of incomplete information, also with
a Bayes-Nash equilibrium (fairly predictively it appears), but we do not think of the spiders as game theorists
rationally looking ahead at the consequences of alternative actions and making expected utility calculations.
Instead we think of various strategies "hard-wired” inlo their genes, with the fitlest strategies, proliferating over
generational time.

In a rough parallel, I think the heuristics that cognitive psychologists have found people 10 use in
constructing judgments of uncertainty to have a rather strong emphasis on backward looking. Certain strategies
that have worked pretty well in the past, such as the availability heuristic (recalling frequencies of similar
events) are applied 10 a present case. Fischofl and others have found that experts as well as lay people use such
heuristics. But it seems that experts tend to rely more on more "rational" forward- looking methods (analyzing
symmetries, domg fault tree analyses). Since these two styles of thinking are different, mixing the two together
may lead to miscommunication. For example, in Risk and Culture, Douglas and Wildasky analyze risk
assessment, as done by experts. But the authors make their analysis largely in terms of the (anthropological)
concept of danger, which is largely backward looking. By not explicitly recognizing the differences in the two
styles of thinking some misunderstanding may have arisen in the book.

Current and Future Research

How one comes out on these three issucs -- Bayesian vs. classicist, all-inclusive vs. partial, and forward
vs. backward looking -- provides alternative perspectives or vantage points in thinking about uncertainty, Our
current rescarch is exploring a vantage point which emphasizes the Bayesian, partial, and backward-looking
perspectives (without exclusive focus on this mix). For example we are investigating the combination of
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forward- and backward-looking perspectives. (And since the interaction of the two perspectives is particularly
interesting to us I have put them in the title of this note.)

From these vantage points -- weighted toward the Bayesian, partial, and backward looking -- we are
investigating how people, acting onder competing incentive structures, make dec)ig.ions with incomplete
information, In making their decisions, individuals take actions which may benefit themselves, but the actions
may reveal part of their private information. Thus people may develop action strategies which direcly benefit
them and information strategies which may indirectly benefit them by keeping information from others or
acquiring it from others.

We have found that in both our theoretical and experimental work that action and information strategies
interact in complicated ways, even for simple games. Under certain conditions a sequential game will lead to
consensus about the decision relevant information. We have been able to identify sufficient conditions for this
consensus, for a fairly general structure of game, as long as people have "truthful” dominant strategies.

But there are many open questions remaining. We stili do not understand very well how action and
information strategies interact. We know that sometimes the consensus is fully revealing in information,
sometimes not, but so far we do not have a useful characterization for Swhen the consensus will be fully
revealing. We do not yet have general characterizations for the number of steps it takes for a particular process
to converge. :

In our experiments we have explored how closely people come to the theoretically predicted results of
consensus and full revelation of information. Preliminary results suggest that people come part way toward the
theoretical predictions, but they are not fully rational in the forward-looking sense.

Among other things this finding has encouraged us to rethink the notion of a Bayes-Nash equilibrium.
We are attempling 1o place it in a backward-looking context as well as its more traditional forward-looking
context. This leads us to ask somewhat differcnt questions of simulation. In particular, if various autonoma
having different strategies "wired-in" played against one another, somewhat like the funnel spiders, and the
more successiul proliferated, would there be long term stable and predictable outcomes? This question leads us
to think more about the dynamics of the process toward equilibrium, and to think about the long-standing
problems of multiple equilibria from a different perspective. In particular some of the recent work on chaos
may be useful here.

Application

“I will conclude with a few words about how this research may contribute to a more rational
environmental policy and provide a communication bridge between "produger” and "consumer” communities.

This time I will stari with the more controversial and work back to the more settled. To some, a
"rational" environmental policy is a policy where one atiempts to maximize expected value (or utility). In
calculating and comparing expected valucs, quantitative assessments or probability are required (especially
including assessments for unique cvents). In this view any rescarch which helps us understand how we make
probability judgments, and helps improve our skills in making them, is likely to contribute to a more rational
environmental policy. '

However, expected utility has recently become a more "iffy" concept, both normatively and positively.
Some will find it a 1o narrow (and now shaky) grounding upon which to include other values, such as equity,
ar process considerations, and so on. But even with this broader view, it is still important to understand how we




151

assess uncertainty and how we can improve our skills. Supposing we, as a society, want to be fair in spreading
the risk costs from ozone depletion and AIDS from blood transfusions. We still want to know how likely these
effects are, under what circumstances and with what mitigation opportunities.

So far the uncertainties we have studied have come primarily from two sources. Ope source is "easy,"
arising from statistical information and random processes. For this type of uncertainty conditional probabilities
can be calculated canonically and performance studied unambiguously. The second source is "hard,” having to
do with anticipating and analyzing others’ decisions (and involving more ambiguous notions of equilibrium).
Both types of uncertainty have application to environmental decision making, particularly the second, when
decisions are made in groups.

But there is a third source, which comes from the unceriainties of the environmental problems
themselves. These uncertainties are less stylized and tractable and thus less easy to analyze. However, in
principle, it is possible to study them as long as the following condition is met: after the initial decisions are
made there is improved information upon which to evaluate them (and the wait to the improved information is
not too long). This condition is met for evalnating weather forecasters, where in fact a great deal of
probabilistic decision making is made and evaluated; it is met for chemical test%‘ng and for many experiments.
But so far we have concentrated on more stylized theoretical and experimental controlled aspects.

As to a bridge between producer and consumer communities, consider the vantage points identified
above. It seems to me that the producer community is predominantly comprised of experts who tend to be
classicist, all-inclusive, and forward looking., (Many have little statistical training, being scientists in specific
areas, but those who have some statistical and probability background tend to be classicist.) They also tend to
be deductive and formal. In contrast, the consumers tend 1o be more Bayesian, partial, and backward looking.
They tend to rely more on heuristics and to form beliefs on direct past experience. Insofar as they talk about
probabilities at all, they have no trouble talking about the probability of a unique event.

At least this was my experience while a guest scholar in the Office of Pesticides and Toxic Substances in
EPA. The GS 14s and 15s (the producer experts) talked like classicists, while the assistant administrators held
many of the attitudes of Bayesians (but without the language or formalism). And they often talked past each
other. There is the same sort of gap between scientists and engineers on one side and policy people, decision
makers, and the public on the other,

To the extent we become more aware and understanding of the characteristics and causes of this gap, we
wiil be better able to communicate across it.




152

Discussion: Decision Making in the Environment

Mitchell J. Small
Department of Civil Engineering
and Engineering and Public Policy
Carnegie Mellon University
Pittsburgh, Pennsylvania 15213

¢
Page raises a number of issues on the nature of uncertainty and how decisions are made in response to

uncertain environmental risks. Many valuable insights result from recognizing the different modes of
uncertainty analysis and perception, and Page’s framework should allow continued advances in this
understanding. T wish in this discussion to take a small step back from these issues to address the broader
question of why environmental engineers and scientists involved in studying the fate of environmental
constitutents must, and will, become increasingly aware of the issues of uncertainty and risk perception,
traditionally the realm of the social sciences.

Consider the major components of the environmental system: pollutants are discharged to the
environment, the pollutants move through the environment undergoing various physical, chemical and
biological transformations, and impacts occur as target organisms are affected and the beneficial uses of
resources are curtailed. Human decision making impacts this system in two major ways. First, decisions are
made on the initial releases, determining which chemicals will be banned, controlled or emitted to the
environment in differing amounts. This is the classical type of environmental decision; made by those in
control, either in industry or government. The second type of decision making occurs within the environment,
as people decide which products to use, which activities (o engage in, and which environmental risks they will
respond to, through both personal choice and collective action. Each of these types of decisions is made with
differing levels of information and different modes of response to this information. Understanding how the
perception of uncertainty and risk affects decision making is thus critical to understanding how pollutants are-
introduced to the environment, as well as how they flow within and through the environment.

Page provides a number of examples of the first type of decision maker: officials in the Office of the
President determining the need for a flu vaccination program and the assistant administrators at EPA
determining the final form and content of a regulatory program. The insights from Page’s research for these
types of decisions are very important. While the environmental engineer (the producer of environmental
research) tends to have a formal and analytical (forward-looking) view of uncertainty, the decision maker tends
to maintain a less formal, experiential perspective. How to bridge this gap? One possible approach is to
consider the difference between the traditional tools environmental engineers have used to aid decision makers
in formulating policies, such as optimization methods, in contrast to the newly emerging tool of expert systems
(e.g., Jennings, 1987; Ortolano and Steinemann, 1987). The former tend (o be based on well delined and
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rigorous mathematical statements of utility, constraints and probability (the engineering science approach),
while the latter tend to be based on less formal, heuristic rules {the decision makers approach). Research is
clearly needed to bridge the gap between these methodological approaches. This research may also help to
bridge the gap between the engineering and decision making view of risk and uncertainty.

)
The second type of decision making that occurs in the environment is that by people potentially exposed
to the risk. In many emerging environmental problems, the disaggregate decisions of individuals largely
determine the level of population exposure. Consider two examples:

» indoor radon -- homeowners must decide whether to sample radon concentrations in their homes,
and, if the result is above some action level, decide whether to undertake mitigative action.
(Svenson and Fischoff, 1985; Small and Peters, 1988).

s lead in drinking water -- homeowners must decide whether to test their water and subsequently
modify their water supply.

In these examples, the psychology of risk perception, risk communication and decision making play a critical
role in determining the ultimate population exposure, along with the physical chemistry of radon migration in
soils and homes and lead corrosion in water distribution systems. The engineering and social aspects of the
problems must be considered together if accurate exposure assessments are to be performed, and effective
exposure-reduction strategics developed.

Some additional examples:
s water conservation -- public beliefs and awareness greatly impact the level of water use during
droughts (Bruvold and Smith, 1988).

* sea-level rise -~ decisions to rebuild or retreat from coastal areas following storms will determine
the impact of rising oceans.

* hazardous waste facility design and siting -- public perception of risks continue to limit which types
of facilities are built and where.

The processes which affect human behavior and disaggregate decision making clearly help to determine
the level of environmental impact. Of particular importance to the management of hazardous wastes is the
tendency for a social amplification of risks (Kasperson et al., 1988), whereby risks which experts deem to be
small become amplified in the public eye until a seemingly beneficial project becomes impossible to implement.
The development of an effective hazardous waste management program must consider these social processes in
conjunction with the engineering 'and scientific processes which determine pollutant fate, such as incinerator
destruction efficiency and biochemical degradation in soils. In the future, simulation models for environmental
problems will link these components of pollutant transport with models of human decision making to provide a
comprehensive répresentation of environmental systems,

Human decision making plays a critical role throughout environmental systems. The recognition of the
need to incorporate this role in environmental asscssments has brought us to the edge of an exciting new era of
cooperative research between decision scicntists and environmental engineers, and will ultimately lead to a
better understanding of the environment and an improved ability to manage its problems.
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Summary Discussion - Multiphase Systems

Perry L. McCarty
Department of Civil Engineering
Stanford University
Stanford California 94305

This session on systems dealt with a range of complex environmental issues including the concentrations
of chemicals that might cause environmental harm; properties of chemicals and phases that permit one 1o
estimate movement, reactivity, and effects; importance of boundaries betiveen phases in concentrating
contaminants and impeding or enhancing their transfer rates between phases; and how to convey properly to
decision makers the scientific understanding available and the relative importance of the environmental issues
before us. Because of the complexity of the problems and the great many unknowns, it is not easy to formulate
the questions of most importance for future research. On the other hand, the presentations and discussions
revealed that much progress in understanding has been made since the last AEEP conference on environmental
engineering that was held about six years ago.

The need for more information on factors affecting reactions and their rates was repeatedly indicated.
While the significance of biological processes in transforming chemicals and the need for more information in
this area was expressed, the importance of chemical processes, and especially the importance of photochemical
reactions was also indicated. Several comments were made on the possible significance of biota other than
microorganisms in concentrating and transforming contaminants, as well as their potential use for evaluating the
past history of some contaminants and their role as vectors in human exposure. The part that may be played by
trees, grasses, and other vegetation in the movement and fate of contaminants was felt to be in need of study
because they are significant features of the Iandscape and are of environmental importance in their own right.

An issue that continued to surface as of major importance was the lack of sufficient environmental data
on the movement, transformation, and fate of contaminants. In this vain a dominant theme of the presentations
and discusgsions dfiring this session was on the nse and value of models. Associated with this was the obvious
lack of good environmental data with which to calibrate models. Tt was recognized that models are often used
for estimating environmental exposure, and such data are badly needed for model calibration. Many agreed,
however, that research funds are inadequate for obtaining the environmental data needed. Both laboratory
studies, which are less expensive than ficld studies, and modeling, which is perhaps less expensive than either,
were thought to be preferred by funding agencics because of lower cost. However, there was the belief
expressed that the use of models developed without the availability and use of field data for proper verification
is dangerous and likely to lead 10 improper conclusions by decision makers.

The participants tended 10 agree that models serve many purposes, and at times, a relatively simple model
can provide hypotheses (o help guide rescarch, while more comprehensive models can help bring together an
understanding of physical, chemical, and biological processes within and between phases that cannot be done in
any other way. Overall, it appeared to be the consensus that both modeling and experimental work nced to be




—»—7

156

done, and that those working in each arca should do so with sensitivity 10 the need of the other and with
recognition of the importance of both efforts. In application of models one must be sure that the model being
used is appropriate for the question being asked. Also, the use of models was indicated to be worthwhile, even
in cases where there is great uncertainty, but with the caveat that the degree of uncertainty needs to be explicitly
stated. This led to subsequent discussions about the need for more studies on how 1o address the gregf problems
of uncertainty in our understanding of the environment, and in models developed to codify that understanding.
How to adequately address uncertainty is an issue of great importance in development of models that are (o be
used for evaluating contaminant movement and fate, and for decision making. These discussions further
. emphasized the greal need for close interchange between scientists, engineers, and, as well, with social
1 scientists who are concerned with decision making and questions of uncertainty.

=
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Summary Remarks

James J. Morgan
Marvin L. Goldberger Professor of Environmental Engineering Science
California Institute of Technology
Pasadena, California 91125

On special occasions such as this, I like to recall what Mark Twain is said to have remarked on the
occasion on his hanging: "If it weren’t for the honor of it, I'd just as soon pass!" I might describe my
"conference career” as a scientist and engineer in this way: Early in my career, | gavg only research talks. As
time has progressed, moving toward "infinity”, I find myself increasingly called upon to be a co-chair or a
rapporteur. In an imaginary "phase diagram" of the career, the early data points would fall in the research
domain; as I assume morc and more the role of co-chair and rapporteur, my coordinates have eased toward
100% absorption with "CC" and "Rap" in the neighborhood of infinity. Remarkably, in this corner of phase
space, it occasionally comes to pass that other folk present some of my laboratory data as part of their research
talks, a far greater honor than the one Mark Twain remarked on.

The Universal Envirenmental Diagram

Before moving to some of the philosophical remarks that Dick Luthy invited me 0 undertake, let me ask
you all to picture with me a universal environmental diagram. When I was a graduate student at Harvard, it was
a goal of a few of my laboratory collcagues and mysclf to create that one slide, a perfect, multiple purpose
visual aid, which could be used on the occasion of every talk and which would be completely information-free
and value-free. Such a device could, then, in the playful spirit of our luncheon speaker yesterday, be adapted to
every occasion, so that only the answers necd be changed! The diagram I would like you to imagine now has a
horizontal line, with eleven (full) circles above the line and eleven {empty) circles below the line, Now,
depending upon your inclinations and sensc of recall for events of yesterday and today, the diagram represents
either the trees around Atlanta (constituting @ potential source of ozone, thus fulfilling the early insight of
Governor Reagan); or, thcy arc the atmosphere/water interface, with gas molecules and aerosols making ingress
and egress; or, they are a particle/water interface, with O’Meliacsque polymers and ions struggling for position;
or, the craftier among you will recall it as a losing formation from last night’s Monday Night Football game!

Whe’s in Charge Here?

But there is a more serious aspect to sports metaphors, and it has something to do with play calling. At
this conference we seem, from time to time, 10 have worried about what we’re not. I recall at least a half-dozen
occasions on which a speaker or discusser said: "But I must point out that I am not an environmental engineer.”
At one point this moming, a speaker said, "I'm not an engincer, I’'m just a simple chemist.” (Now, when was
the last time you met a simple chemist?) An engineer yesterday felt it necessary 1o remind us that he was not a
microbiologist. TIn the football metaphor, an issue scems, at times, t0 be: *Who gets to play quarterback?’ 1
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will argue, later, that this should not be an issue, but that it does seem to tie us up, or slow us down, when we
are trying to understand one another’s points of view. In my own experience, which goes back some thirty-five
years, the question ‘who is the quarterback?” has evolved over time. 1 started out a simple civil engineer, and
then became an extremely more complicated water chemist. Rather than changing identities, I believe 1
accumulated them. Perhaps this has given me a little insight into how interdisciplinary or multidisciplinary
environmental work gets accomplished. T hope so. One thing I learned early in my career: the role of
‘handmaiden’ should be rejected by any self-respecting scientist or engineer in the university,

A Perspective on Scales

Imagine with me one last "figure” before I move to the podium to preach (if you hadn’t noticed that T
wasn’t preaching yet). Our imaginary figure is a framework for considering time scales and length scales. A
theme that I have noticed throughout our conference is the very wide ranges in scales which we must grasp and
deal with in environmental science and engineering. Our time scales of interest range from about 10
femtoscconds to about 10 billion seconds, a wide range indeed. Our length scales range from about a tenth of a
nanomeler to perhaps 40 thousand kilometers. I leave it to each of us to find our own scales of interest on such
a diagram. In our confcrence we ha\{c discussed the scales of urban smog, filtragon, coagulation, the chemical
dynamics of the upper atmosphere, movement of pollutants through ground waters, the microbial world, and
many other arcas of shared interest. Time scales and length scales are things that set us apart from one another
in the literature, but not fundamentally, I think. On the first day of this conference it was said, correctly I
believe, that many of us must in our work span very, very wide ranges of length and time scales. To which we
can say: so be it. Many scientists and engineers need to do that these days; environmental scientists and
engineers must do it to an unusual degree, as manifested by our discussions at this conference,

In 1977 and 1982 there were two predecessors of this conference, both of which I was fortunate enough
to' attend. The range of subjects and environmental scales considered at those two conferences was much
narrower. Today, our conference has addressed chemistry of gases and particles in the atmosphere, the
breakdown of organic contaminants in groundwaters, persistence of wviruses and bacteria, and recent
developments in risk analysis. We deal with time scales as short as those of electronic motion and transport-
controlled chemical reactions and as long as those for ocean mixing and the storage of hazardous materials of
very long lives, To be an engineer in our day is not to deal solely with mass transfer and energy transfer in
large-scale systems. To be an engineer is 1o design systems that work at the length and time scales of modemn
electronic devices; or, to design large structures that will withstand severe earthguakes; or, to design control
strategies for water or air pollution systems on local, regional, or national bases. I think that, to our
disadvantage, we can define our field of environmental engineering too narrowly, because the "playing field”
has changed in many ways. The newer "game” does not mean that civil engineering and chemical engincering
are not relevant:- They are. What 1 believe it means is that all of science and much of the rest of engincering is

now potentially relevant.

The environmental ficld cannot complete for society’s attention on a national agenda by arguing for
traditional ways of looking at complex, new problems. We must challenge our profession to examine the ways
in which enginecring is changing. I agree in spirit, if not in detail, with the remarks made by the Director of
Engineering for NSF yesterday. We may have become too specialized, too divided. We may well have too
many varieties of departments at our universities. Perhaps there are too many kind of divisions in the National
Science Foundation. We necd to be concerncd about the proper place of environmental research in all of this,
of course. But, the organizational questions aren’t the sorts of questions that stale legislatures or the Congress
want answered, at least in my own experience. They don’t want to know the cxquisite nature of your discipline.
They want to know whal we are going to da to help them for judgments about how to solve water pollution
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problems, air pollution problems, and problem which may be both, or neither.

It was a sobering experience 1o appear before a committee of the California legislature in 1981, to testify
on behalf of legislation which would support acid deposition research in the state. For an hour or more 1 was
asked to justify the need for research on the subject in terms of the answer to but one question: "do we or do we
not need to further control emissions of nitrdgen oxides?” Only when those of us testifying were able to explain
convincingly to our interrogators that we did not really know enough at that point to answer that one guestion
decisively was the need for research made clear; and a $20 million research and monitoring program was
created, one which has helped to establish the basis for fatare regulation of emissions in the state, and which has
helped to reveat the characteristics of acid depsition in the western states. It is important, 1 believe, for afl of us
1o have a deep grasp of our individuat disciplines yet be able to relate to the larger issues which span the time
scales and length scales of our environmental profession.

Short-term Preblems vs. Long-term Questions

To find answers to complex questions and solve complex problems, we will probably have 1o take a
longer view, get beyond the immediate narrow questions or problems that can be easily seen. Consider the
guilloting! During the Reign of Terror in the Revelution, a chemist, a biologist and an engineer, all convicted of
crimes against the Revolution, were 1o face the guillotine. The chemist went first, was offered the usual choice:
face up or face down? He bravely chose face up, the cord was yanked, but the guillotine blade did not fall. The
chemist was spared. The biologist followed, made the same courageous choice, and was also spared, when the
blade, once again failed to fall, Then it was the engineer’s tumn. He too chose bravely, looking upward at the
instrument of his execution. As the cord was 10 be pulled once again, he shouted out: "Wait a minute, I think 1
see the problem!™ A limited vision may prove fatal. Change the order of execution, change the professions; the
lesson is the same. ' We should watch out for the narrow view!

Integration

Dick Luthy, our Conference Chairman, asked me to say something about why we came together here,
what we hoped to accomplish, and what we ought to be doing next. I will not rehearse the conference for us.
We have all listencd, we all have made out notes and jottings.

It is a little unusual for me to remain silent through such a stimulating conference for so long. I thought
my reward would come, in time, [ think this has been a marvelous conference in many ways, both because of
the rich details of the scicnce, the enginecring, and the social science information that we have received, but
also becayse of the general ideas that have been put forth. A dominant theme of the conference strikes me as
integration, in several ways. We have heard of integration of information from theory, laboratory, field and
models. I make a distinction, revealing my prejudices, between theory and models; not all of our models are
grounded in theory. As our science and engineering of the environment develop, more of our models should
have a firmer basis in thcory. Integration, from theory (o application, predicting the behavior of environmental
systems, whether they be land, water, air, or all of these is one of the major themes of our conference. I believe
that such integration cannot be achicved in the perspective of science alone, nor can it be achieved by working
solely in the context of specific applications. Scientists, engineers, and risk analysts must ask relevant questions
of one another: what are your concerncd about? what are your important questions? your new data and
models?
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Dialogue

The integration we need resulis from sustained dialogue among members of the concerned community, in
this context our community of environmental scientists and engineers. We heard a provocative slogan
yesterday: “First pick up the journal, then pick up the phone!" Or, if you're in your lab, get out and walk down
the hall to your colleague’s lab. The literature alone will probably not sustain us. Too much of it! We need to
engage onc another in dialogue about the things that matter most to our profession. We need to debatc those
technical questions, problems and issues that are keys for us. [ recall a 1984 Gordon Research Conference
session on the sorption of organics and the effect of solids concentration on pollutant partiticning. Dominic Di
Toro of Manhattan College and Phil Gschwend of MIT had just engaged in an intense debate about the data and
theory. And I recall Phil saying, as time ran over, "It’s a blast arguing about science with you!" I remember
thinking, that’s at the heart of it, because these colleagues really cared about their subject and they went at it
intensely. They were engaged, and the other participants were, too, as a result. '

Hierarchies and Frequencies

Interdisciplinary work is hard work. When it goes well it can be great fun. (gften it is frustrating. The
stretch of disciplines can be demanding. Of course, if we don’t stretch, we can avoid the frustrations, and the
benefits as well. 1 think this meeting is an excellent model for both the frustrations and the benefits of spanning
many disciplines. From my personal perspective, having been at the 1977, 1982 and now the 1988 conference,
5 to 6 year intervals are oo long for what we need in our profession. Too much changes over 5 to 10 years.
Scientific advances, for example in molecular biology, biotechnology, chemistry, and risk analysis need to be
absorbed and integrated more rapidly. This conference now has opened up to air quality issues, and has much
greater representation in multi-media research than its predecessor conferences. I realize that a consequence of
devoling so much time to new issues is that less time is available for some important problems, still not
completely solved, that featured prominently at carlier confercnces. Some of the hard issues from 1977 and
1982 are still with us, and now we have newer ones! We are concerned about urban photochemical smog, about
global atmospheric changes, about regional acidification, about more sophisticated risk assessment, and so on.
In speaking to people individually at this conference, 1 sense the frustration that can attend greater complexity.
What is the answer? I think it is: Hold conferences of this kind more frequently in order to promote an
exchange of ideas along the lines we have expericnced here, Let us learn how to avoid {or if not, enjoy) those
"tangled hierarchies” of which Paul Roberts spoke. 1 doubt that it matters who "goes first” in multidisciplinary
research, but it matters very much that we know what the truly important questions and problems are. We need
to meet more often, discuss our goals, and come to some consensus about the important problems.

i

Fragmentation

Science and engincering on large-scale environmental systems may face some new difficulties ahead with
respect to integration of work along the lines mentioned above. There is a hazard for university researchers in a
kind of science or engincering that gets funded by agencies contracting for field data, laboratory data, and other
components of the environmental information matrix, if the agencies in turn carry out their own comprehensive
interpretation and modeling on the path 1o policy formulation. There is a danger to the infegrity of rescarch in
the universities from this way of organizing environmental research. It is difficulty to see students through a
substantial doctoral project en this basis. 1believe that this community of researchers ought to reflcct scriously
on this matter of environmental research management. The style of funding I describe has alrcady had some
impact in the atmospheric area; fragmentation. There is, evidently, a strong incentive for some government
agencies to say "We know what it needed. We’d like the nitrogen data from so and so, the sulfur data from
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someone else, the meteorology from another group, and so on.” The consequences can be detrimental for
university research, unless provision is made for access to cssential data on the part of research groups.
Integration of joint research really calls for planning by all concerned: scientists, modelers, engineers, analysts,
and others. All should be participating in design of darge-scale research at the outset. The management of large
environmental data bases is become an increasingly important aspect of environmental researgh and policy
formulation. If integration is one of our themes, then we must pay increasing attention to data access for the
concerned community of environmental scientists, engingers and policy makers.

A Shared Vision

I would like to conclude by returning to the vision of the conference and of AEEP that Dick Luthy shared
with this group at the ontset. What I hope that we might all "take home” from our time together here is a shared
vision of what is required of us to have excellence in environmental engineering education and research. What
is demanded of us? What lies beyond high sounding phrases? I believe this conference provides an answer.
I'd like to underline it. What is demanded of us is recognition of the complexity of many of the environmental
systems we deal with; the complexity of water systems in themselves, of air systems in themselves, and the
still-greater complexity of water, air and land systems together. I think we need to rec%gnizc that we must base
environmental actions: regulations, design and enforcement, on the best fundamental information that we can
command. And by ‘fundamental information’ I don’t mecan only scientific information. I mean the whole set of
information that involves physics, chemistry, biology, ecology, engineering, economics, risk analysis, policy
analysis and other fields. I see it not as a hierarchical structure, but a structure of relevance to environmental
concemns, things that are essential to translate knowledge into solutions. We need the best information; we will
not always have that. Engineers will understand what that often means. When you don’t have ideal information
and you face a decision, you design the best sytem possible, and you explain to the client what the limitations
are, what the uncertainies are. Whether these risks are acceptable is a matter for further discussion of policy.

Vision and Relevance

Environmental work of the highest order demands both science and engineering. T see no dichotomy
between science and engineering in the modern era. Some of the strongest academic programs in the U.S. and
in Europe are based on departments populated with both scientists and engineers, often many kinds of scientisis
and engineers. The key, I think, is constantly looking out for the relevance of our disciplines to the problems
the environment presents, seeing where the disciplines merge, where the interdisciplinary possibilities are. As
more than one speaker has said at this conference, our work now demands a multi-media awareness in the
investigation, design and management of environmental systems. Our collective vision cannot be limited to
laboratory reseafch alone, to models alene, to field work alonc. Intcgration and vision imply that we pay
attention to all of these aspects. We advance by specialization. That is the nature of the modem Ph.D. But, if
we specialize in the environmental profession to the exclusion of awareness of that which is truly relevant to our
community of scientists and enginecrs, then we accept limitations which may defeat us, ultimately. While we
advance through specialization, it is not enough for problems of the complexity that we increasingly face.

Specialists and Everything

Willgenstein said, "Die Welt is alles, was der Fall ist.” The world is everything that is the case. So it is
for the environment. To paraphrase another remark of Wittgenstein, as specialists, we feel ourselves absolved
from whole rcalms of existence. There is some truth in that, and implications for environmental work,
obviously. We can escape into our specialties, achieve success through them. We may form schools, with
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branches, on the nature of ion adsorption onto an oxide surface (I promised Dick Luthy that I wouldn’t mention
that!), or pursue a true understanding of the hydrophobic effect at a graphite surface, These are important and
valuable, in perspective. But these are not goals, they are means to a fuller understanding of environmental
systems. : ‘

-
Concern for the Environment Unites Us

What unites us is more important than what separates us. Environmental engincers and scientists are
united in a concern for and sense of responsibility for the environment. Our strength must be solidly founded
on undersianding fundamentals and appreciating the relevance of the sciences and engineering to environmental
systems and environmental decision-making. We all have our own person reasons for the work we have
chosen, It will be "a blast” for us, I hope. And what do we should matter for the enviconment. That is what
unites AEEP, I believe, because what we do matters for the water environment, the air environment, or the
whole environment.

Seeing What is Urgent

i)
I've learned about many important problems and issues at our conference. I value this occasion for what

we have discussed and debated. One thing I believe is left over. That is a sense of what the urgent problems
are at this time, If we can place our concerns with some accuracy along the line from interesting to important to
urgent, that might be a valuable coniribution to national dialogue on environmental priorities. One and a half
days is a short time in which to reach such a goal, and when we say "urgent” research problems, we need w
know what we mean it. Consider the question: What truly commands our highest sense of priority as
environmental researchers? Should it come to pass (in fantasy) that you and I appear logether on The
McLaughlin Group or Firing Line or (perish the thought), Geraldo, with "air heads" on one side and "water
heads" on the other, let’s hope (o have our priorities together. Real-world sitnations call for a sense of what is
urgent, what the agenda bottom line is. When we sit down to make council with the policy makers, the
legislators, the agency people and others "out there”, I doubt that they will really care about what we find
fascinating. They' will really care about the agenda for society and what we believe is essential for
environmental protection and improvement. Until we meet again -- and it will be sooner, I hope -- let us ponder

what is urgent for the environment, as well as what each of us would like to do now and in the longer run.
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‘ Evening Reception; 7:00 P.M., Potomac Room - Welcoming Remarks and
i Objectives of the Conference, Richard G. Luthy (Camnegie Mellon)

Monday, Noevember 14, Potomac Room, 8:30 A.M.

Physical Processes, Chairman, John H. Seinfeld (Caltech)

: ‘ Air Land _ kWat‘e;r
[ Speaker
8 8:40 9:20 10:00 _
. } Ken Demerjian John Wilson Paul Roberts and
(SUNY Albany)  (NM Inst. Jeffrey Koseff
R Min. & Tech.) {Stanford)
it Discussant

8:55 9:35 10:15

Phillip Roth Linda Abricla Desmond Lawler

{Consultant) ~ {Michigan) (Texas)

Floor Discussion
9:00-9:20 9:40-10:00 10:20-10:40

Chemical Processes, Chairman, Philip C. Singer (UNC), 10:45

Air Land Water
Speaker
10:45 11:25 1:30
: Michael Hoffmann  Bill Glaze Charlie O’Melia
* {Caltech) (UCLA) (John Hopkins)
Discussant
11:00 11:40 1:45
Harvey Jefferies Rene Steve Eisenreich
{UNC) Schwarzenbach {Minnesota)
(EWAG)

Floor Discussion

11:05-11:25 11:45-12:00 1:50-2:00
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Lunch: Noon-1:15, View Restaurant
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Speaker: John A. White, JIr. Assistant Director for Engineering, NSF

Biological Processes, Chairman, C.P. Lestie Grady Jr. (Clemson) 2:15

Speaker

Discussant

Floor Discussion

"Engineering in a Changing World”

Risk/Toxicology

2:25

Michael Gough

{Resources for
the Future)

2:40
Joe Rodericks
{Environ)

2:45-3:03

Land

3:05°

Alexander Zehnder

{Wageningen)

3:20
Jim Tiedje
(MSU)

3:25-3:45

Water

3:45
Sandra Woods
(Oregon St.)

4:00
Bruce Rittmann
(Lllinois) ¢

4:05-4:25

Evening Banquet, 7:30 PM, Potomac Room

Speaker: John A. Moore, Acting Deputy Administrator EPA
"Research Strategies for the Environmental Protection Agency”

Tuesday, November 15, 1988

Multiphase Systems, Chairman, Perry L. McCarty (Stanford) 8:30

Speaker

Discussant

IS

Floor Discussion

Alr

8:40
Yoram Cohen

- (UCLA)

8:55
Ron Hites
{Indiana)

9:00-9:20

Conference Summary, Rapporteur, James J.

Land

9:20
Don Mackay
(Toronto)

9:35
Phil Gschwend
MIT)

9:40-10:00

Water

10:00
Jerry Schnoor
(Iowa)

10:15
Christine
Shoemaker
{Cornell)”

10:20-10:40

Morgan (Caltech), 11:30-12:30

Systems

10:40
Taibot Page
(Brown)

10:55
Mitch Small

(CMU)

11:00-11:20




