Advancing the Quality of Water (AWQA): Expert Workshop to Formulate a Research Agenda
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Executive summary

The National Science Foundation conducted an expert workshop for development of a research agenda for drinking water quality.  The steering committee was chaired by Professor Charles N. Haas (Drexel University), and included Professors Menachem Elimelech (Yale University), James Kilduff (Rensselaer Polytechnic Institute), Benito Marinas (University of Illinois at Urbana-Champaign), Philip Singer (University of North Carolina at Chapel Hill), and Vernon Snoeyink (University of Illinois at Urbana-Champaign).  The workshop was conducted at the University of North Carolina at Chapel Hill on March 10-12, 2004.    

The workshop was organized around five research areas: biotechnology; environmental chemistry; novel materials; cyber infrastructure; and novel processes.  Discussions were not limited to these research areas - the areas were chosen to organize discussions and encourage broad reflections.  For each research area, a plenary session was conducted in which a resource speaker made a presentation describing current trends in the research area and potential future research directions.  Question and answer periods followed resource speaker presentations.  After plenary sessions, participants divided into four breakout groups to discuss the research area and formulate researchable questions.

Summaries of the research themes identified by workshop participants are presented below, arranged by resource area.  Through the course of the workshop, four topics were discussed frequently and in multiple sessions: membrane technology, the composition and behavior of natural waters, tailoring research to meet societal needs, and distribution systems.  Research questions related to crosscutting topics are also summarized below.

Biotechnology

Engineered materials for use as functional components of treatment systems

Can biologically engineered materials be produced to enable new processes or substantially improve processes presently used?  What is the durability of such materials?  How will these materials interact with other components and systems in the drinking water environment, and what are their potential byproducts?  What reactor designs will ensure failsafe retention of bioengineered materials?

Improved and novel sensors

Can biotechnological innovations be employed to develop new sensors for protection, operation and control of water supply, treatment and distribution systems?  What are the reliability, ruggedness and operability of such new devices?  

Use of improved knowledge for control of problem organisms

The advances in molecular biology are facilitating our understanding of ecologies of complex systems.  In the drinking water milieu, biofilms, nuisance algae and persistent pathogens are important problems.  Can improvements in molecular biological understanding be used to better characterize and ultimately control such problems in drinking water systems?  Can such knowledge be used to develop intervention strategies using new approaches (e.g., probiotics, antagonistic organisms, or chemicals or chemical combinations, etc.) in a cost-effective manner?

Environmental Chemistry

From molecular to process modeling

Have ab initio (e.g., QSAR, molecular thermodynamic) modeling approaches of chemicals in water matured to a point where they can be part of a first principles analysis of water treatment?  If not, what are limitations and points of improvement needed for both the molecular scale and process scale models?

Advanced characterization of natural organic matter

Can advanced methods in analytical chemistry be used to provide additional information on the characteristics of natural organic material to enable better prediction of fate, transport, treatability and influence on processes (e.g., membrane fouling) and the transport and fate of other contaminants?

Source prediction and control

Using real time and/or remote sensing, can the inputs of problem chemicals into water treatment systems be better predicted?  Are there features of compounds that are so intrinsically refractory to treatment that intensive levels of source protection represent the most practicable means of their control?

Novel Materials

Opportunities for nanoparticle reagents

Can novel, cost effective transformations (e.g., oxidations, reductions) of pollutants in drinking water be achieved using tailored nanoparticles?  Can nanomaterials be added to or incorporated in existing processes to yield improvements in performance?

Potential adverse impacts

What is the potential for nanoparticles released into the environment (e.g., in wastes from consumer products) to adversely impact water supply and treatment?  Can nanoparticles harbor or protect undesirable contaminants (chemical or microbial)?

Innovative detection schemes

Can nanomaterials be used to provide new tools for sensing contaminants of interest either in research on water treatment or in operations of water treatment facilities and distribution systems?

Cyber Infrastructure

Role of sensor networks in treatment

Can large-scale networks of distributed sensors be effectively deployed in treatment to improve operational performance?  Can such systems enable learning to occur and thereby improve design, control and fundamental understanding?

Source water assessment and protection

Is there a role for sensor networks or remote sensing in assessing source water characteristics, such as contaminant detection and quantitation, on a large-scale regional basis and/or on a rapid basis?  What data warehousing and analysis techniques would be appropriate for these applications?  How can the data from such systems be analyzed to yield useful results?

Distribution system monitoring

Can sensor networks or autonomous sensors be used for routine or emergency monitoring of water distribution systems, e.g., for early warning systems?  Can such systems monitor materials deterioration (e.g., corrosion, scale)?  Can such systems be usefully integrated with hydraulic models to facilitate control?  
Novel Processes

Advanced Process Modeling

Does linking fluid dynamic modeling to mechanistic models provide an avenue for optimizing processes?  

Membrane-Centric Water Treatment

What would a membrane-centered treatment system look like?  Are there innovative materials that could improve membrane systems?  Can we devise processes for more efficient management of residuals (or their elimination or beneficial reuse)?

Distributed Treatment

What would be appropriate treatment trains for distributed treatment networks?  How can they be operated – i.e., what sorts of remote operations and controls may be useful?  What are the tradeoffs between distributed and central treatment in the post 9/11 environment?

Crosscutting topics

Membranes

What are the fundamental processes underlying membrane fouling, how can fouling be predicted based on water chemistry and membrane properties and what are the most promising avenues for control of fouling?  How can membrane residuals be treated?  What membrane materials provide the best performance? Can new materials be developed that eliminate the problems associated with current systems?

The Composition and Behavior of Natural Waters

What effect does the water matrix have on performance of biosensors and nanotechnology-based sensor schemes?  How do changes in the water matrix affect water properties and treatment process performance?  How can natural organic material be characterized and what are the functionalities of natural organic material?

Tailoring Research to Meet Societal Needs

How are drinking water treatment research funds best spent?  How much are consumers willing to pay for safe water?  Are research funds best spent on source water quality, treatment or distribution research?  Are proactive (green chemistry) strategies effective in control of source water quality?  What are the hazards and potential exposures associated with use of novel materials in drinking water treatment or water quality detection schemes?

Distribution Systems

Given current distribution system infrastructure, can dual or multiple systems be developed at reasonable cost?  How do biofilms develop and how can they be controlled or exploited?  How will changes in disinfection processes change corrosion and biofilms in distribution systems?  What is the ecology of biochemically-induced corrosion? What is the optimal deployment of sensors in distribution systems, what would the sensors monitor, and how would sensor output be used to improve water quality or security?

Introduction

Background

The drinking water quality control field encompasses a broad set of issues from the sources of drinking water (and their protection) to engineered treatment processes to the distribution systems themselves.  Since the advent of engineered water treatment in the 19th century, there have been a series of progressive advances in our ability to understand and design drinking water protection systems.  This is graphically depicted in Figure 1.  The aim of this workshop was to help set a research agenda that will guide the future direction of the stream of knowledge.
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Figure 1: The Stream of Advances in Knowledge of Water Quality (James Morgan (2004))

Opening Remarks

Format and Objective – Prof. Charles Haas, Drexel University

The objective of the gathering was formulation of a research agenda for NSF efforts in drinking water.  Participants (see Table 1) were chosen to represent a mix of institutional and disciplinary interests, and career stages.  The outcome of the workshop was directed at providing information that could be used by NSF to increase the level of programmatic activity in the drinking water quality area. The program was structured as follows.  

· Five resource speakers, made presentations in biotechnology, chemistry, new materials, cyber infrastructure and novel processes.

· Following each resource presentation, participants divided into four groups (each time with different members) and brainstormed, with the goal of formulating new research thrusts.  After brainstorming, groups attempted to identify three or four key topics that summarized or best captured the brainstorming session.

· Following the breakout sessions, the groups reconvened in plenary session, shared lists of key topics and participated in a general discussion.

· The product of the workshop is this report to NSF containing a collated list of research topics produced at the workshop.  The report to NSF was assembled by Dr. Haas, then edited by the organizing committee.  The at-large group of attendees was then provided a chance to comment on the report.

Table 1:  Workshop Participants

	Name
	Affiliation

	Marco Aieta
	Metcalf and Eddy

	George Aiken
	U.S. Geological Survey

	Tim Bartrand
	Drexel University

	Mark Benjamin
	University of Washington

	David G. Cahill
	University of Illinois at Urbana-Champaign

	Zaid Chowdhury
	Malcom Pirnie

	Nick Clesceri
	National Science Foundation

	Craig Criddle
	Stanford University

	Fran DiGiano
	University of North Carolina at Chapel Hill

	Linda Ehlers
	National Research Council

	Menachem Elimelech
	Yale University

	Mike Focazio
	U.S. Geological Survey

	Charles Haas
	Drexel University

	Fred Hauchman
	U.S. EPA, ORD

	Janet Hering
	California Institute of Technology

	Wiliiam J. Kaiser
	UCLA

	James Kilduff
	RPI

	Jeung-Hwan Kim
	University of North Carolina at Chapel Hill

	Detleff Knappe
	North Carolina State University

	Qilin Li
	Oregon State University

	Karl Linden
	Duke University

	Benito Mariñas
	University of Illinois at Urbana-Champaign

	Charles O’Melia
	Johns Hopkins University

	Michael Piasecki
	Drexel University

	Ingo Pinnau
	Membrane Technology and Research, Inc.

	Michele Prevost
	Polytechnic of Montreal

	Ken Reckhow
	Duke University

	Martin Reinhard
	Stanford University

	Bruce Rittmann
	Northwestern University

	Gary Sayler
	University of Tennessee

	Philip Singer
	University of North Carolina at Chapel Hill

	Mitchell Small
	Carnegie Mellon University

	Vern Snoeyink
	University of Illinois at Urbana-Champaign

	Urs von Gunten
	EAWAG

	Tom Waite
	National Science Foundation

	Howard Weinberg
	University of North Carolina at Chapel Hill

	Paul Westerhoff
	Arizona State University

	Mark Wiesner
	Rice University


Goals and Guidelines, Prof. Nick Clesceri, NSF, RPI

This gathering was an experiment; the product may be groundbreaking. Although an agenda was proposed, topics outside that agenda were open to discussion.  

In the NSF lexicon, the objective of the workshop was to produce “researchable questions.”  NSF has interest in water at high levels.   Water is an emerging theme at the Foundation and all directorates feel they have a role to play.  As demonstrated by the recent Washington DC lead problems, significant and pressing water challenges will surely emerge in the near future, so the output of the workshop has the potential to be timely.  

As engineers, we are tasked with “doing something” about the challenges we identify. For the workshop to result in positive, real results there must be follow-up.  NSF requires the “community” to be squarely behind efforts (i.e., NSF program managers need community support to advance their efforts in securing funding).  The environmental engineering and water treatment communities can learn from the physics community.  They have been very successful in lobbying for their efforts - generating public awareness, generating awareness among legislators, making presentations to NSF management and making a case for the benefits generated through funding of their activities.  The drinking water community should make similar efforts that demonstrate to NSF that drinking water research should be a priority and that the community has the will and energy to produce effective and timely results.

Structure of this report

Consistent with the objective of producing a research agenda for the National Science Foundation for drinking water, this report attempts to summarize the workshop results as researchable questions.  Most of the research questions identified correspond to one of the five resource areas highlighted during the exercise (biotechnology, environmental chemistry, novel materials, cyber infrastructure and novel treatment processes).  Several general topics – membranes, distribution systems, the influence of the water matrix on water properties and treatment processes, and tailoring water treatment to meet societal needs – cut across the resource areas and were mentioned with sufficient frequency during breakout sessions to merit individual discussion.

Thus, this report presents results for each of the technology areas considered in this workshop.  The resource speakers’ themes are presented and question and answer periods that were conducted following the resource speakers’ presentations are summarized.  The general topics discussed in breakout sessions are summarized and research questions capturing the discussions in breakout groups are presented.  A section presenting research questions related to crosscutting topics follows the summaries of the five resource areas.

Summarizing the comments from breakout groups inevitably resulted in omission of valuable comments in the body of the report.  The appendixes following this report contain compilations of comments made in breakout sections.  Appendix A presents tables of comments collated and grouped by resource area.  Appendix B presents comments as presented by breakout groups and edited only for style and consistency.

Biotechnology

Resource speaker themes

Dr. Gary Sayler, Professor of Microbiology and Ecology and Evolutionary Biology and director of the Center for Environmental Biotechnology at the University of Tennessee, Knoxville, delivered the biotechnology resource presentation.  The presentation’s themes are listed below.

· There is a strong link between agricultural issues and drinking water quality.  For example, currently, across the U.S., about 30% of animals have subinfections of mycobacteria and there may be a water link.

· Significant advances continue in production of organisms that can be used in sensitive, specific detection schemes.  Organisms may be used individually, or responses of multiple organisms to a stimulus could be aggregated into a fingerprint.  Detection via modified organisms is fast (order of hours) and could be employed for emerging contaminants such as endocrine disrupters.

· Treatment and detection may be possible via genetically engineered organisms, particularly phages.  Phages could be engineered to alter virulent organisms or promote cell activities such as communication (quorum sensing).  

· PCR is evolving, with real time PCR and fluorescent probes producing more useful data than traditional, qualitative PCR techniques.  Soon, large data sets of organism occurrence will be available, providing greater predictability in organism sources and treatability.

· Other biotechnology areas to watch are

· Primer and probe design

· Genomics and proteomics

· Eukaryote-based sensors and assays, perhaps for rapid analysis of viruses.

Question and answer and discussion

Compare whole cell sensing and direct DNA sensing.

The advantages of whole cell sensing are:

· whole cell-based systems are self-cleaning

· whole cell sensing is robust

· ability to work in remote environments

· sensitivity close to that of direct DNA sensing.

Disadvantages are:

· stability problems related to keeping cells viable 

· time (hours required, rather than minutes or seconds).

Fundamental work remaining in development of whole cell sensing include:

· making technology practical (e.g., controlling cell growth, providing for cell needs, improving response time) 

· standardizing.

Where do we stand on obtaining good quantitative information on organic compounds?

Yeast methods are reasonably quantitative.  A problem that may have to be overcome is biomagnification.

What is the status of assessing viability with PCR?

Progress in this area may be made in detecting the “message” and not the gene itself [amplifying something associated with the living organism].

What are the chances of false signals due to interference?

The chances are good.  Many organisms respond to metabolites; multiple compounds may produce responses.  One way to overcome problems with false signals would be to use multiple organisms in a pattern recognition approach to whole cell detection.  Or cells could be used as broad-spectrum detectors that respond to broad classes of chemicals.

Comment on sensor longevity.

It is difficult to give a general answer.  Problems with longevity of whole cell systems are dehydration and control issues related to installation.

How would a research team for improving sensor deployability be composed?

The resource speaker is currently working with computer and electrical engineers.  Other specialists might be drawn from biomedical engineering and materials science.

Breakout session reports

Themes

Topical areas identified by the four breakout groups are presented in Table 2.  In preparing this report, these themes were condensed into the following topical areas:

· Application of biotechnology for water treatment;

· Application of biotechnology for sensing and control;

· Biotechnology topics related to human health and social concerns; and

· Basic biology and biotechnology research.

Table 2:  Biotechnology Breakout Session Major Topics

	A
	B
	C
	D

	Detection

Treatment

Distribution system

Health
	Monitoring

Treatment

Intelligent processes
	Sensors

Understanding and improving existing treatment

New treatment processes

Research areas
	Biosensors

Biofilms

Membranes

Disinfection

Social dimension


Breakout session results

Biotechnology research areas and applications identified by the breakout groups are presented in Table 7 - Table 10.  Comments generated at individual breakout sessions are found in Table 27 - Table 30.  Research questions related to the biology of treatment and distribution and application of biotechnology to drinking water treatment are presented below.

How can biologically engineered materials be used as functional components of new or enhanced treatment processes?

Several ways in which biologically engineered materials could improve disinfection processes were noted.  First, organisms such as phages or predator organisms might be engineered to attack pathogenic organisms or biofilms.  Disinfection might also be improved via development of a better understanding of proteomics and microbial mechanisms.  Biotechnical materials might play roles in chemical treatment processes ranging from enhancement of transformation, separation, or removal of chemicals to novel processes for residuals treatment.

What are promising biological treatment processes?

Processes or functionalities specifically mentioned in breakout sessions were engineered biocollectors, fixed, immobilized and segregated biotreatment systems, biostabilization for recalcitrant organics, improved membrane bioreactors, and on-site augmentation of non-point sources.

What basic research and development must be done to enable practical use of biotechnical detection schemes in water treatment?

In breakout sessions, it was well-noted that, although a promising technology, biosensors and biological detection schemes must be developed considerably before being of utility in most drinking water applications.  Groups explored the basic features of biosensors that must be improved before broader application by industry, and identified the drinking water research applications for which they would most like to see development of biosensors.  In general, the speed, response and selectivity should be improved in an attempt to match sensors and sensor response times to applications in source water monitoring, process monitoring, exposure and applications for integrated measurements.  The use of multiple strains and modular systems within a biodetection device could lead to more flexible and reliable detectors, as well as broad spectrum capability.  Device development and data handling and processing must also be considered in application of biosensors in water treatment systems.  The applications identified for which biosensors would be useful and research should be performed include detection of genes that confer antibiotic resistance, development of biosensors for probing bioavailability, biotransformation, reactivity and other fundamental biological processes, creation of biosensors for speciation among chemical forms or microorganism strains, and conducting effect analysis rather than compound analysis.

What drinking water monitoring applications would benefit most if biosensors could be developed to perform them? 

Breakout groups conceived of uses of biosensors in phases of water treatment from source water tracking to water quality monitoring at taps.  In general, biosensors might be used as screening tools that could indicate the need for more specific detection, the need to implement controls, or for regulatory compliance.  In source water tracking and watershed protection, biosensors might be used as fast, low cost alternatives to existing detection techniques or for detection of odor-producing compounds.  Biosensors might be employed in control loops and interfaced with existing technologies.  Biological logic systems might be developed to improve process reliability.  Finally, biosensors may present means for detection of pathogens for which there are no culture techniques.

How can biotechnology be applied in water treatment safely and in a way acceptable to the public?

Concerns that prompted this question were uncertainty of the health or other risks that bioengineered materials might pose to the general public, concerns over retention of biologically engineered materials, and concerns over the public perception of biologically engineered materials.  Given current public perception of biologically engineered materials, processes employing biologically engineered materials will likely be designed to contain the materials, and plants will be designed to provide redundant containment in the event of a containment failure.  In general, risk and public perception of biologically engineered materials are ill-defined and a general study of the social dimensions of having and using biologically engineered organisms in water treatment plants is indicated.

How can biofilms be prevented, controlled or enhanced functionally?

Breakout groups identified biofilms as an area worthy of research, both on its own and in relation to advances in biotechnology.  Basic questions about biofilm evolution (including their development after backwashing filters, cleaning membranes, and flushing distribution systems, seasonal effects or other effects), the role of natural organic material and salts in biofilm development, and the production of soluble microbial products and perhaps toxins by biofilms should be explored.  The monitoring and characterization of biofilms, particularly with novel biomaterials, is another promising and enabling research area.  Finally, there should be explorations into enhancement of biofilms and their use in treatment, e.g., through bioadsorption or selective biodegradation of target pollutants.

Environmental Chemistry

Resource speaker themes

The environmental chemistry resource presentation was made by Janet Hering, Professor of Environmental Science and Engineering and Executive Officer for Keck Laboratories at the California Institute of Technology.  General themes of the resource presentation are found below:

· Environmental chemistry involves processes occurring at scales from molecular scale to global scale and at widely varying time scales.  Effective research is that which goes beyond the traditional boundary of engineered systems and recognizes the interactions between humans and the biosphere.

· Significant research needs in environmental chemistry are related to effective modeling of multi-scale systems and processes.  These needs include development of sensor technology, large-scale data acquisition and development of multi-scale modeling and validation techniques.  

· The environmental chemistry research agenda could be set based on societal needs.   These include water conservation and reuse, pollution prevention (green design), remediation of legacy wastes, and assessment of fate and effects of the current chemical inventory and novel chemicals.

· Challenges in pursuing an environmental chemistry research agenda are capitalizing on values placed on environmental quality and protection, competing successfully with other applications of chemistry, and fostering open access to data and collaboration between research groups.

Question and answer and discussion

The water treatment community has traditionally taken a reactive approach to introduction of chemicals into the environment.  A proactive approach should be used.  In the proactive approach, engineers and scientists research and anticipate the water quality impacts of chemicals entering the product stream.

The first step toward taking the proactive approach would be for environmental scientists and engineers to identify the parts of the process through which chemicals are introduced into the product stream and over which they could exercise some control.  One approach would be to assess new chemicals in the context of the existing water treatment infrastructure.

What are research needs associated with the chemistry of water reuse?

This question is difficult to address out of context, given the many ways reuse might be implemented.  Some examples of reuse research needs are:

· determining the benefit and exploring the practicality of not treating all water to potable use standards;

· application of point of use devices in conjunction with robust monitoring and control;

· quantifying the health effects of personal care products present in reused waters.

What are the best opportunities for fundamental environmental chemistry research?

· Computational chemistry research (e.g., development of general adsorption? models).

· Partitioning between phases.

· Exploration of transformations to determine how processes happen and what controls rates.

Is there a need for fluid dynamics research along with other environmental chemistry research?

Yes – fluid dynamics is an essential component of environmental processes.  Linking fluid dynamics with other environmental chemistry research will allow exploration of processes at scales of interest.

Identify the processes that play a role in fate and transport of reuse water in rivers and wetlands.

Breakout session reports

Themes

Topical areas identified by the four breakout groups are presented in Table 3.  In preparing this report, these themes were condensed into the following topic areas:

· Environmental chemistry basic research;

· Modeling and computational chemistry;

· Occurrence, transport and detection of chemical compounds; and

· The chemistry of treatment and distribution.

Table 3:  Environmental Chemistry Breakout Session Themes

	A
	B
	C
	D

	Analytical chemistry

Engineered materials

Computational chemistry

Process pollutant dynamics

New concepts
	Water resources

Treatment

Distribution

Point of use

Hazardous materials

Big system chemistry
	Interfacial processes

Molecular modeling

Membrane materials and properties

Corrosion and coatings 

Natural organic material
	The organization of water at interfaces

Dissolution (corrosion, nutrients)

Highly saline water

Molecular dynamics

Coupling reaction rates and treatment processes


Breakout session results

Environmental chemistry applications and research areas identified by the breakout groups are presented in Table 11 - Table 14.  Comments generated at individual breakout sessions are found in Table 31 - Table 34.  Research questions related to environmental chemistry in treatment and distribution and larger societal questions related to drinking water chemistry are presented below.

How is water organized at surfaces and what are the ramifications?

Whether at membranes, on adsorptive materials, in sediments or on pipe surfaces, understanding the behavior of water at surfaces could lead to improved or lower cost treatment.  Questions related to the organization of water at surfaces include how solutes influence processes at surfaces and how can the performance of membranes, sorbents and polyelectrolytes be related to basic chemical properties?  Applications or processes that might be improved through better understanding of the behavior of water at surfaces include reactions at membrane surfaces, heterogeneous catalysis (e.g., oxidative and reductive catalysis for removal of natural organic material and selected inorganics and organics), and activated carbon adsorption.

For which drinking water processes are models deficient and what techniques should be explored for improving these models?

In general, modeling techniques for identifying molecular-level processes and fluids-chemistry interactions were identified as avenues through which modeling and understanding might be improved.  Molecular level modeling could be used for ab initio prediction of reactivity and fate.  Techniques such as quantitative structure activity relationships (QSAR) or other first-principles chemistry modeling could be used to answer questions such as “what happens at membrane surfaces?”  Coupling fluid-dynamic and chemistry modeling could lead to improved mass transfer processes, optimized process chemistry, and better understanding of diffusion and reaction at pipe walls.  Of particular interest would be mixing processes and capturing the scale of mixing at scales ranging from those encountered in membrane processes to those encountered in large tanks.

What is the nature of natural organic material (NOM) and how can it be removed? 

The question “can NOM be modeled?” is an open question.  NOM studies should be conducted using advanced analytical chemistry techniques.  Alternatively, biosensors might be used in characterization of NOM.  Novel processes for removing NOM (e.g., heterogeneous catalysis) should be explored.

Can we better characterize the movement of chemicals through the atmosphere, the stock of chemicals in commerce, and the chemicals “stored” in the environment due to past practices?

Numerous techniques for identifying sources of chemical contaminants and monitoring contaminants in watersheds and source waters were discussed in breakout sessions.  Monitoring techniques such as remote imaging, use of real time data, and chemical source tracking were mentioned.  Data of interest include sources of DOC/NOM and direct and indirect contaminant releases (e.g., pharmaceutically active compounds and production of toxins by algae).  Watershed features closely related to water quality are land use practices, use of brackish groundwater, and potential impacts of climate change on water chemistry.

Is “green chemistry” a practical and effective means for reducing contaminant loads and treatment needs?

Breakout groups explored the potential for control of industrial chemical outputs in protecting water quality and the costs related to introduction of chemicals into the environment.  Are there certain bonds and structures so strong that they should not be made because of their persistence?  What should the lifetime of chemical products be?  Goods should be priced to reflect environmental cost (e.g., via an eco-tax).  

Novel Materials

Resource speaker themes

Dr. Mark Weisner, Professor in the Departments of Civil and Environmental Engineering and Chemical Engineering, and Director of the Environmental and Energy Systems Institute at Rice University, delivered the resource presentation on novel materials.  The presentation’s themes are listed below.

· Nanomaterials and nano-scale materials constitute a set of materials whose properties and uses vary widely.  The arrangement of the materials (nanotubes with varying wrapping angles, particles) and their constituent materials influence their properties and uses.

· Nanomaterials can be produced for use in many water treatment processes.  These include membrane fabrication, production of highly efficient and selective adsorbing materials, promotion of oxidation, catalysis (e.g., by particles embedded on membrane surfaces), and sensing and analytical applications. 

· Long term nanomaterial research relevant to water treatment might include use of materials for source water treatment, use of particles in distribution systems for distributed treatment or tracking, reduction in the need for chemical additives for distribution system protection, or use in cogeneration of electricity and water.

· In development and application of nanomaterials in water treatment, issues that must be considered include risks posed by nanomaterials or facilitated transport by nanomaterials, the relatively low solubility of some nanomaterials, and non-intuitive transport of some nanomaterials through porous media.

Question and answer and discussion

How are nanoparticles detected?

Two methods currently used are light absorption or, for mixtures, extraction and light absorption.  Absorption peaks occur in the 240 nm range.

Are nanomaterials hydrophobic and, if so, how will water pass through them?

Nanomaterials are diverse; nanomaterials for membranes will be those whose properties allow adequate flux.

What pressures are required to drive water through nanomaterials?

Pressures are in the same ballpark as for other membrane materials.  Reverse osmosis performance has yet to be achieved with nanomaterials.

Is there a natural reservoir of Fullerenes we have not yet detected?

Fullerenes are common in soot and can be found in some geological formations.

How do Fullerenes behave in “real” waters where surface properties are different from laboratory conditions?

Experimental programs are underway to determine the behavior of Fullerenes in complex matrices. 

Will nanomaterials be the next endocrine disrupter? There may be an analogy with perfluorinated organics – very stable compounds that are showing up everywhere and some of which are toxic.  How can toxic nanomaterials be destroyed or can materials be designed to not be toxic?

Nanomaterials are diverse and have widely varying human health effects. Stakeholders need to be assembled to identify studies necessary to explore this question.  In nanomaterials, if a particular material is found to be toxic or problematic, there are many alternatives.  As a group, nanomaterials cannot be classified as “risky.”

What are the energy requirements for making nanomaterials?

The requirements are variable.  Nanotubes are low entropy materials requiring high energy input for their creation and for purification and separation of like tubes.  By contrast, some nanoparticles require relatively little energy to produce.

Breakout session reports

Themes

Topical areas identified by the four breakout groups are presented in Table 4.  In preparing this report, these themes were condensed into the topic areas:

· Desirable properties and functionality of novel materials;

· Novel materials safety and societal issues;

· Novel materials fundamental research; and

· Promising novel materials and their use in treatment and delivery.

Table 4:  Novel Materials Themes

	Group
	A
	B
	C
	D

	Themes
	Research and development of multifunctional materials (e.g., immobilized catalysts)

Use of novel materials in novel treatment process designs

Interface science
	Use of novel materials in treatment

Matrix effects on novel materials

Membranes

Detection, fate and transport of new materials
	Health effects and micropollutant uptake of nanomaterials

Use of nanomaterials for improved treatment

Use of nanomaterials in detection and tracking

Cogeneration of energy and water
	Health risks associated with new materials

New materials in detection schemes

Combined processes through use of new materials

Potential treatment applications


Breakout session results

Novel materials applications and research areas identified by the breakout groups are presented in Table 15 - Table 18 and Table 35 - Table 38.  Although all novel materials were considered, the majority of comments and questions related to the production and use of nanomaterials.

What properties or functionality should novel materials be designed to have?

The utility of novel materials in water treatment lies in their ability to perform functions more efficiently or to perform multiple functions.  Such materials could lead to smaller or fewer reactors.  Numerous properties or functionalities desirable for novel materials were identified in breakout sessions.  Processes for which novel materials could be developed for improving efficiency include highly-selective adsorbents, use of oxidative potential to surpass conventional oxidants such as ozone, efficient free radical production and ability to release constituents (e.g. chlorine) at a desired rate. Multifunctional materials might include reactive adsorbents, materials with immobilized catalysts, oxidative catalysts, and combined adsorption and/or disinfection and/or catalytic oxidation.  These multifunctional materials might be used for removal or transformation of organics (e.g., NDMA, NOM) or for soluble microbial products in bioreactors. The photo-oxidative and electrochemical properties of nanomaterials offer potential in achieving multi-functionality.  Other desirable properties of novel materials would be the ability to be assembled into a single, large membrane and the ability to stay in suspension or prevent aggregation.

What factors influence or limit the performance of nanomaterials?

Questions related to the performance of nanomaterials ranged from questions about the properties of the nanomaterials to questions about their transport.  As with biomaterials, the performance of nanomaterials in real water matrixes generally is not understood.  Of particular interest are the solubility of nanomaterials, the impact of metals and clays on nanomaterial performance, the aggregation of nanoparticles, and the change in nanomaterial performance or transport following sorption of NOM or other water matrix constituents.  Understanding the performance of nanomaterials could lead to design of materials capable of in situ regeneration (for example, using C60 to trap and oxidize a contaminant).  The durability of nanomaterials, regardless of application, should be established.

How can new materials be employed in detection of specific biological and chemical agents?

Use of nanomaterials for detection involves identifying the sensory component of the materials and developing a means for communicating signals from the materials for practical use.  Examples of detection schemes employing new materials (especially nanomaterials) presented in breakout sessions were swarming sensors deployed in distribution systems, detection of DNA or microbes, quantum dots as specific chemical indicators, electrochemical probes, and incorporation of nanomaterial sensors in distribution system monitoring in conjunction with hydraulic modeling. Nanomaterial sensors might be used for developing chemical specific probes for point of use testing (e.g., for lead).  The small pore sizes of nanomaterials might lend themselves to selective detection.  In general, the ability of nanomaterial sensors to detect materials with sufficient sensitivity must be established.  

Should an exposure assessment of nanomaterials be conducted?  How would it be conducted?
Parallel with development of nanomaterials, risk analyses for nanomaterials should be conducted.  Prior to such analyses, techniques should be developed for measuring nanoparticles (separation, identification and quantification) and limits on the ability to quantify nanomaterial loads in aquatic environments should be established.  Natural and anthropogenic (human engineered) nanomaterials currently in the environment should be catalogued with particular attention paid to personal care products.  The routes of exposure to nanomaterials should be identified; these routes may differ from those of other materials.  The fate and transport of nanomaterials and their breakdown products in water treatment, sludges, and residuals should be investigated and modeled.  The propensity of nanomaterials for the uptake of micropollutants should also be explored.

What are the health effects associated with new materials, especially nanomaterials?

As a diverse group of materials, the health effects of nanomaterials will likely be highly varied.  Particular concerns raised in breakout sessions related to the health effects of C60, concern over heavy metals (e.g., Cd), and the size of nanoparticles.  The size of the particles relates to exposure routes (analogous to PM 10/2.5 sizes), the uptake of materials through cell membranes, and the ability of materials to cross the blood-brain barrier.  Assessing the health effects of nanomaterials may require development of new approaches to modeling toxicity.

Is cogeneration of energy and water feasible?

As the United States explores alternative energy production schemes, particularly hydrogen-fueled schemes for which water is a byproduct, there is the potential for cogeneration of energy and water.  The feasibility of cogeneration should be explored including estimation of the quantity of water that could be produced, the quality of water that would be produced, and a life cycle assessment of the process.

Cyber Infrastructure

Resource speaker themes

Dr. Willaim Kaiser, UCLA Professor of Electrical Engineering, made the cyber infrastructure resource presentation. The presentation’s themes are listed below.

· Embedded network sensors are being deployed and are operating in environmental monitoring and control schemes.  Recent technological developments that have made these networks a reality include embedded computing on monitoring devices, scalable network access, and engineering related to field deployment of monitors.

· Features of an operational embedded sensor network include sensor mobility, onboard power supply for sensors, and unmanned sampling and analysis.

· Challenges in developing sensor networks for complex environmental systems include development of deployable sampling, in-situ calibration, and sensing uncertainty in complex, three-dimensional environments.

· Multi-scale sensor networks are best suited for monitoring and control of large, complex environmental systems.   Areas of research in developing multi-scale networks are integration of sensors deployed with multiple objectives, data management, and evaluation of data at all relevant scales.

Question and answer and discussion

What are the merits of sensors communicating with each other rather than handling all communication centrally?

Some systems work well with central coordination.  However, if variations in the system being monitored changes the need for sampling, local communication could facilitate modified sampling schedules.  An example of an application in which sensors must communicate with each other is bird detection with acoustic sensors.  Another reason for allowing sensors to communicate directly would be for achieving energy or bandwidth benefits.

How does sampling rate influence data collection?

Sampling rate is limited by storage considerations, energy, bandwidth and calculation limits.  For example, some chemical and biological sensors require an energy source to achieve high sampling rates.  There are means for overcoming limitations in sensor sampling rates.  These are use of mobile sensors or higher-density sensor networks.

Is the error associated with signal transmission significant?

If a data converter has sufficient sensitivity and sampling rate, there should be a good signal at the sensor.  This signal is converted to a digital response at the sensor and is transmitted very reliably as a digital signal.

Have you performed in-stream measurements?

To date, no in-stream measurements have been performed.  However, in-stream measurements are planned in upcoming projects including a sediment-monitoring project and a large geographic area-monitoring project.

There are marketplace and regulatory influences that produce shared data needs and opportunities to share sensor network implementation costs.

There are some examples in which network implementation costs have been shared.  For instance, American Electric Power (AEP) bore part of the network implementation cost for carbon dioxide monitoring for forest management in a Louisiana forest.  Another example is cooperation in urban environments.

Is the NAWQA (US Geological Survey) program using any of the techniques presented by the resource speaker?

The USGS does not currently use mobile sensors, though some sensors are triggered by events such as storms.  Before adoption of the techniques described in the resource presentation, the durability and reliability of the sensors would have to be established.

Breakout session reports

Themes

Topical areas identified by the four breakout groups are presented in Table 5. In preparing this report, these themes were condensed into the topic areas:

· fundamental research on cyber infrastructure and detection;

· enabling research and development for practical application of large scale monitoring and cyber infrastructure; and

· promising applications of cyber infrastructure 

Table 5:  Cyber Infrastructure Themes

	Group
	A
	B
	C
	D

	Themes
	Uses for data

Applying cyber infrastructure in water treatment

Applications
	Monitoring networks

Data access and interpretation

Applications

Prototype/template
	General features of monitoring networks

Using data effectively

Implementation

Applications
	Practical application of monitoring networks in water treatment

Applications

- Distribution

- Source waters

- Treatment systems


Breakout session results

Cyber infrastructure research areas identified by the breakout groups are presented in Table 19 - Table 21 and Table 39 -  Table 41.  Cyber infrastructure was taken to be the hardware, software and middleware employed in information collection, processing, storage and retrieval, and visualization.  Other components of cyber infrastructure were identified as data management (e.g., merging data sets from different communities), high performance computing, harvesting computing, modeling, and teragrid computations.

How can advances in sensors, sensor technology and cyber infrastructure be applied to increase the efficiency and reliability of water supply, treatment and distribution?

In general, it is believed that richer data will allow more questions and currently unforeseen questions to be asked.  Sensors and monitoring networks can be used for improvement of process control, development of better models, and for investigating fundamental science.  To be of significant value, systems must be reliable, self-aware, adaptive and collaborative.  The cost functions associated with implementation of the networks should be evaluated.  

What enabling research and development must occur prior to effective application of widespread monitoring and cyber infrastructure in drinking water treatment?

Information processing, data archiving and decision support tools should be developed.  These might include data interpretation tools (trend analysis, pattern recognition), standards and protocols for data and models, remote, wireless access (with attendant infrastructure needs), and invention of automated sampling systems.  Investigations should be made into optimal network designs, considering spatial and temporal data needs, sampling frequency, the reliability and sensitivity of available sensors, and the potential application of mobile sensing devices.  The objectives of the monitoring network and parameters that will be monitored should be identified clearly.  Sensors, sampling mechanisms and other hardware may also need to be developed to produce data of sufficient quality and quantity to achieve the objectives of the monitoring network.

What benefit would a prototype system (a highly-instrumented and modeled real system) provide?

A practical means for determining the benefits of cyber infrastructure and the technical hurdles that must be overcome in application of widespread monitoring would be development and operation of a prototype system. For example, an existing distribution system could be instrumented and monitored.  Operation of a prototype system would demonstrate the use of real time data, would identify data collection, storage and retrieval needs, and would quantify the required spatial and temporal resolution of data.  Beyond enabling application of monitoring networks, data produced from the prototype network could be provided to researchers conducting fundamental research on the system.  Analysis of prototype system data might also provide an opportunity for investigating integration of data from the monitoring network with existing data (e.g., USGS source water quality data).

How could monitoring and cyber infrastructure be applied for better characterization, understanding and control of source water quality?

Monitoring of source water quality is familiar to the water industry (early warning systems).  Beyond early warning, monitoring networks might be used to develop an understanding of algal blooms, in the choice of withdrawal points from reservoirs, to validate knowledge of reservoir hydraulics, in monitoring source water quality (particularly taste and odor compounds, algal toxins, DOC/specific ultraviolet absorbance, and turbidity).  Data might be collected for large scale modeling purposes (e.g., qualitative and quantitative water resources assessment) or relatively small-scale purposes (e.g., collection of real time data in an individual reservoir).  Data from multiple water treatment plants or wastewater treatment plants might be networked.

How could monitoring and cyber infrastructure be applied for improving water treatment processes?

Generally, cyber infrastructure has less application in water treatment than in source water or distribution system monitoring because of conservatism.  Application of cyberinformatics in water treatment would require a change in philosophy to emphasize site-specific optimization and efficiency to an extent beyond current practice.  None-the-less, several potential cyber infrastructure applications were identified during breakout sessions.  For example, cyber infrastructure appears well suited for use in distributed treatment systems and rural applications (monitoring of wells). Two detection technologies that might be employed in monitoring of water treatment processes are particle counting and acoustic detection of membrane failures.  Water treatment process diagnostic systems might include condition-based monitoring (e.g., mining operations) or performance monitoring (e.g., water quality or hydraulics monitoring).

How could monitoring and cyber infrastructure be applied for improving water distribution?

Distribution monitoring might be employed for optimizing either hydraulics or water quality.  Monitoring could be real time and on-line or performed for discrete samples.  Sample locations could be fixed or mobile and might include monitoring at customers’ taps.  Networks could be designed to detect infiltration, formation of scales or corrosion, biofilms, or intrusions or other security breaches.  In addition to water quality and hydraulics monitoring and control, distribution system monitoring might be performed for surveillance and epidemiological research or behavioral research.  Facilitated data gathering and storage could be conducted on home computers.

Novel Processes

Resource speaker themes

Dr. Charles O’Melia, Professor in the Department of Geography and Environmental Engineering Aquatic Chemistry and holder of the Abel Wolman Chair in Environmental Engineering at Johns Hopkins University, made the novel processes resource presentation. The presentation’s themes are summarized below.

· Agriculture is an important consideration in development of water supplies because of its fundamental role in sustainability and because of its impacts on source water quality.

· Research should target NOM – NOM impacts the design and performance of all processes from the watershed to the tap.

· The novel technologies of greatest current interest are membrane processes and advanced oxidation processes.  Impediments to greater adoption of membrane processes include fouling, pretreatment needs, regulatory impediments, cost, impacts on distribution, and handling of residuals.

· Other novel processes and technologies worthy of research are automated process control, sensors, biological processes for chemicals and pathogens, water reuse, point of use treatment schemes, dual systems, corrosion (pipe materials and corrosion control), and security.  Sustainability should be considered when novel techniques are assessed.

Question and answer and discussion

Globally, about 40% of water goes to industrial uses.  In less technologically developed countries only about 15% goes to industry.  Will water availability prevent industrial development in some countries?

If no industry is present, there isn’t any industrial water need.  So some countries may not have developed water resources because there is no demand (rather than the converse).  Another question in the same vein is “do countries want water intensive industries?”  In most countries, the more likely impediments to industrial development are political.  An example of this reality is Bolivia, a water rich but industrially poor country.

Is removing NOM from source waters a practical approach?

Arsenic provides an example of a natural material that can be reduced based on choice of source.  NOM contributions from forests and farms could be reduced using techniques like reverse riverbank filtration.  Or, best management practices (BMPs) and other techniques could be employed to divert NOM to groundwater and significantly reduce loadings to surface waters.  

The objective of using new technologies is to improve water safety.  It is better to invest in a strong offense (preventing harmful chemicals from entering the source water or product stream) than a strong defense (addition of processes to the treatment train and addition of regulations).

The approach of developing water safety chemical-by-chemical is troubling.  Membranes might be adopted as a technology that establishes a strong defense against many of the materials of current concern.  The water treatment community’s efforts should be linked with those of the health community and the wastewater treatment industry in an effort to establish a better offense against unsafe water.

What is the ideal water treatment plant of the future?

Membranes are here to stay and their use is expanding.  A research topic related to membrane use is exploration of thermodynamic driving force related to passage of substances through membranes.  The ideal future plant will be well maintained and well controlled. 

Separation is only half of the story.  It must be combined with destruction of the waste stream. This is an in-road for novel processes.

Membrane retentate is concentrated, presenting a problem for disposal, but presenting an opportunity in that it is more reactive than more-dilute waters.

Some industries require higher quality than potable water.  Is there anything the drinking water community can capture from these industries?

This is partially an economic question – the industries can afford to produce very high quality water.  In producing high-quality water, the industries are using all the technologies at their disposal.  In addition, industries do not have to pass their water through distribution systems.

Breakout session reports

Themes

Topical areas identified by the four breakout groups are presented in Table 6.  In preparing this report, these themes were condensed into the topic areas:

· Novel processes overarching topics;

· Promising technologies and combinations of technologies;

· Distribution system process improvement and research;

· Watershed management; and

· Novel processes fundamental research.

 Table 6:  Novel Processes Breakout Session Themes

	Group
	A
	B
	C
	D

	Themes
	Motivations for novel processes

Role of DOC

Membranes, desalination and concentrates

Novel processes for small water systems
	Over-arching objectives

Fundamentals 

Membrane processes

Process combinations

Future processes

Delivery
	Watershed management

Promising treatment processes

Distribution systems and consumers
	Membranes

Biological processes

Integrated systems

Reductive processes

Advanced oxidation

Watershed management


Breakout session results

Novel process applications and research areas identified by the breakout groups are presented in Table 22 - Table 26 and Table 42 - 
Table 46
.  Treatment processes discussed in the resource presentation and breakout sessions included processes in treatment plants as well as processes that might be developed for source water quality control and water distribution.  Membrane processes, oxidation processes, and point of use (POU) systems were discussed in detail in several breakout groups.

What approach should be used in developing novel processes and what goals should be set for the new processes?

Current practice tends to favor design of new processes as additional treatment processes that address a “contaminant du jour.”  This approach, partly driven by regulatory requirements, leads to large and potentially inefficient water treatment plants.  Generally, the breakout groups agreed that a better approach would be to develop processes that can remove entire classes of contaminants or multiple classes of contaminants.  One group took this approach to its logical conclusion, asking “can a single process that removes all contaminants be developed?”  The objective of novel processes should be the production of safe, palatable, potable water.  Novel processes should be lower cost than traditional alternatives and simple.  They should offer improved performance, a smaller footprint, or reduced energy or chemical requirements.  The shift of small water systems from groundwater use to surface water sources presents an opportunity for developing simple, efficient novel processes.

What obstacles must be overcome for development of distributed treatment systems (including POU devices)?

Adoption of distributed treatment may not be possible due to conflicts with social norms or economic reality.  If social obstacles to distributed treatment can be overcome, there are also technical obstacles to pass.  Distributed treatment has greater monitoring requirements than centralized treatment and requires central agency/control infrastructure.  

Are there hybrid processes that combine traditional processes with emerging ones or that combine existing processes in novel ways?

As pointed out earlier in this report, hybrid processes offer the potential for greater efficiency and fewer processes in the treatment train.  Examples of hybrid processes that should be explored are combined membranes and adsorbents, combined membranes and catalysts, bio/chemical catalysts, biological controls for soluble microbial products, ion exchange combined with advanced oxidation, and development of other processes that complement membrane processes.  

What novel processes under development offer the greatest promise?

The novel processes under development that were mentioned in breakout sessions include ultrasound, radiation (UV and electron beam), on-site water production (e.g., from condensates, as a byproduct of energy production, or from high-technology cisterns), physicochemical and biological residuals treatment (with goals of recovering valuables or the production of insoluble solids), and biological processes tailored to treat specific contaminants.  In addition to these processes, oxidation and reduction processes were discussed in detail and research areas identified for development of improved oxidative and reducing processes include photocatalysis, improved process control, and catalysis for improved contaminant destruction (including potentially dangerous daughter products of oxidation or reduction).  

What new approaches to distributing drinking water should be explored?

Novel water distribution processes identified in breakout sessions were multiple systems (not limited to dual systems), use of reactive pipes (e.g., to control biological activity), use of distribution systems as intelligent (adaptive) reactors that provide additional treatment when water quality must be augmented, and design of distribution systems to facilitate distributed treatment.  

What engineering interventions could be made in the watershed to control source water quality?

If DOC could be controlled effectively and cheaply at the source, could water treatment processes be run more efficiently (e.g., less fouling of membranes, lower and less variable coagulant doses, reduced disinfection byproduct formation)?  If it is found that DOC removal results in significantly improved performance or reduced costs, engineering interventions in the watershed for reducing DOC might be construction of wetlands or application of agricultural Best Management Practices.  Watersheds offer natural processes that may be exploited to reduce contaminant loads.  Examples are chemical transformation or separation processes in streams and reservoirs, and contaminant attenuation in groundwater flows.  Prior to effective interventions in watersheds, interdisciplinary modeling should be performed to ensure that planned interventions will produce desired effects.  Ecologists, organic chemists and microbiologists should be consulted during model development.  Models should also be applied to predict source water quality that will accompany climate change.

 What basic research could be performed to support or spur the development of novel water treatment processes?

Knowledge gaps in the current understanding of the physics, chemistry and biology of water treatment include fundamental knowledge of process performance (e.g., membrane permeation), comprehensive understanding of membrane fouling and cleaning processes, the toxicity of emerging contaminants (e.g., endocrine disrupters) and potential daughter products, and the fate and transport of endocrine disrupters and pharmaceuticals.  Approaches that should be used in filling these knowledge gaps are first principles modeling, application of quantitative structure-property/activity relationships (QSPR/QSAR), and study of water treatment experiences in European, Pacific, and other communities. 

Crosscutting Topics

Four topics were discussed by breakout groups in nearly all sessions.  These topics were:

· Membranes;

· The composition and behavior of natural waters;

· Distribution; and 

· Matching water treatment research to societal needs.

Questions and research areas related to these four areas are summarized below.

Membranes

As a rapidly emerging technology capable of removing multiple classes of contaminants, membranes and their limitations and potential improvements were topics of discussion for all resource areas.  The scope of the discussion of membranes included membrane fabrication, fundamental understanding of membrane operation (especially fouling and cleaning), the influence of membranes on downstream water quality, and treatment requirements for membrane retentate.  Discussions about membranes are summarized below.

What are the fundamentals of membrane fouling, how can it be predicted and what are promising avenues for doing something about it?

Participants identified the need for research to establish relationships between source water quality and fouling.  It was noted that these relationships will vary with membrane material and should influence the development of novel materials (especially nanomaterials) for membranes.  All of the important fouling mechanisms should be identified and studied.  An avenue for study of biofouling might be use of biotechnology for developing sensors to monitor the presence and growth of biological material on membrane surfaces

Fabrication of membranes containing novel materials or desirable properties was the most frequently posed solution to biological and chemical fouling.  These novel materials may be biocides, materials with specialized surfaces (e.g., reduced roughness), oxidizing surfaces, and catalytic surfaces.  Use of biotechnology to manipulate biofouling properties was also posed as an approach for controlling biofouling.

What treatment problems do membrane residuals pose and what are the most promising research areas in developing effective residuals treatment?

As membranes gain wider use, increasing volumes of retentate will have to be treated.  Current trends are toward zero-discharge requirements for retentate from membrane plants.  Ideally, the result of retentate treatment should be an insoluble, solid waste stream that does not return to solution when returned to the environment.  Membrane retentate is far more concentrated than waters the industry is accustomed to treating, presenting a challenge (working with complicated streams) and an opportunity (greater reactivity).  Biotechnology and oxidative processes were both noted as promising avenues for residuals treatment.

What materials and process design changes could lead to better membrane performance or the ability for membranes to achieve multiple treatment objectives?

Membrane materials and process designs were discussed in breakout sessions in the context of improving membrane performance as well as in the context of developing membranes that can achieve multiple objectives (e.g., catalyze and separate).  The durability of membranes should be quantified and improved.  For example, nanomaterials might be assembled into a single, large membrane less prone to failure.  Nanomaterials might also be used in development of improved ceramic membranes (small volume, high surface area).  Biocides could be incorporated into membranes to reduce biofouling.  Catalysts or reactive materials might also be incorporated into membranes.  Examples of novel membrane processes that could perform multiple functions are membranes with catalytic functions (e.g., via embedded catalysts), membrane/sorption processes and membrane/oxidation processes.  Finally, separation with multiple membranes (MF/UF, NF/RO) should be explored in an attempt to optimize membrane process designs.

What fundamental research would facilitate development of better membranes and membrane treatment processes?

Participants identified a general need to better understand membrane processes and numerous specific research areas in which current knowledge is lacking.  How contaminants and water are transported through nanomaterial membranes is not fully understood.  The influence of membrane-solute interactions, the role of colloids with active surfaces, the selectivity of membranes for trace organics, and how water chemistry relates to membrane performance should also be investigated.  A better understanding of transport in membranes could lead to improved membrane or process design or a clear picture of the limitation of membranes.  Tools that could be used to perform this basic research could be advanced spectroscopy, microscopic methods for structural elucidation of membranes, and molecular dynamic modeling with experimental verification.

The composition and behavior of natural waters

In source waters, treatment processes, and residuals treatment, the water matrix may impact the behavior of water and the effectiveness of treatment.  Understanding and documenting the makeup and properties of natural waters and the influence of the water matrix on transport, reactivity and process performance could lead to improvements in performance, better process design, and direction in the design of novel materials. Comments on the water matrix in breakout sessions related to monitoring and more complete characterization of natural waters, quantification and description of water matrix components (particularly NOM), the role the water matrix plays in determining process performance, and the fate and transport of pollutants in the water matrix.

How robust are sensors in complex, environmental matrices?

For both biosensors and nanomaterial detection schemes, most of the published performance data have been taken in laboratory waters.  The performance (sensitivity, selectivity and operational considerations such as tendency to foul) of these detection schemes should be quantified for natural waters.  If biosensors perform adequately in complex environmental matrices, they might be used to probe fundamental biological processes or to understand and control basic biological processes as they occur at environmentally relevant conditions.  If the composition of the water matrix were known more specifically, chemical sensors could be designed or selected to monitor classes of chemicals rather than individual chemical species. 

What constituents of natural waters play the most important role in determining how water must be treated?  Which constituents are not yet fully understood?

NOM was the most frequently mentioned water matrix constituent and numerous investigations of NOM were proposed.  The general question, “can NOM ever be modeled?” was asked.   New ways to characterize NOM should be developed and the reactive functionality of NOM should be investigated.  The influence of NOM on transport properties and functionality are poorly understood.  Investigation might be performed on the sorption of NOM or the role NOM and salts play in biofilm development and structure.  

The factors (water properties and composition) influencing aggregation should be identified.  The role of radical chemistry in natural waters could be investigated, especially the role of radical chemistry in oxidation processes and disinfection.  A knowledge gap exists for mid-range colloids and the impact of metals and clays on the performance of various processes and the behavior of water could be investigated.  As membranes gain wider application, the make-up and behavior of residuals should be better understood, both for assessing their impact on the environment upon release and as a step toward development of effective treatment processes.

Finally, the occurrence and transport of nanomaterials (naturally-occurring and human-introduced) should be documented and modeled.  Documenting the presence of nanoparticles may require the development of new analytical techniques or instruments..

What is the relationship between the water matrix and process performance?

In several breakout sessions, the ability to predict process performance ab initio based only on source water quality and hydraulics modeling was identified as a potential research effort.  Specifically, participants sought to relate basic chemical properties to performance of membranes, sorbents and polyelectrolytes.  Water matrix constituents also play a significant role in determining water quality, disinfection efficiency and corrosion in distribution system pipes.  Membrane processes are also influenced by the makeup of the source water via fouling and their ability to reject certain constituents.  If treatment processes can be designed around nanoparticles, the effect of the water matrix on the transport and functionality of the nanoparticles should be investigated.  The role of DOC in determining coagulant doses, membrane fouling and disinfection byproduct formation should be investigated if control of DOC in source water is contemplated.  

How are pollutants and other materials transported, converted and separated in natural water matrices?

The degree of interaction between matrix constituents (chemical and biological) is not yet fully understood.  Questions asked in breakout sessions related to the transport and fate of materials (particularly pollutants) in natural water matrices included “can we develop methods for predicting the behavior of aggregate mixtures of compounds from the behavior of specific compounds?” and “can chemical processes be separated from biological processes?”  To answer these questions, first-principles molecular modeling (e.g., QSAR) of homogeneous and heterogeneous chemistries with experimental validation could be performed.  Such studies could lead to better understanding and design of sorption processes, transport through membranes, and biological and chemical transformations.

Tailoring research to meet societal needs

The interaction of the water industry with society at large should be considered when developing the drinking water research agenda. 

How should drinking water treatment research funds be spent?

Numerous approaches were proposed for ensuring research funds to generate maximum benefit to the water industry and consumers.  Most generally, answering the question “how much are we willing to spend for safe drinking water or the perception of safe drinking water?” will identify the locus of projects that are reasonable to pursue.  It was noted that drinking water is a cheap commodity, perhaps limiting the opportunity for applying high technology in production.  Once the appropriate level of research funding is established, the sector of drinking water production (watersheds/source water protection, treatment or distribution) where research money can produce the greatest impact (improvement of water quality, reduction in cost, or reduction in energy consumption) should be identified. For the drinking water treatment portion of research funding, motivations for developing novel treatment processes should be lower costs, simplicity, improved performance, smaller footprint, and reliability.

The current paradigm for drinking water research project selection and novel process development is the “contaminant du jour” approach.  As additional contaminants are perceived or identified as public health risks, or additional contaminants are regulated, processes are added to the treatment train for removal of those contaminants.  This process is inefficient and leads to larger plants that are more complex.  A preferred alternative would be research and development of processes that remove multiple contaminants or classes of contaminants.  The question “are regulations the best drivers for development of novel processes?” should also be evaluated.

The development of new materials should be conducted in the context of the use of those materials in practical treatment processes and the willingness of consumers to pay for them.  Does the industry need sophisticated materials such as nanomaterials that may be targeted toward removal of a single contaminant when it wants to remove entire classes of contaminants?  Can biotechnological enhancements to treatment, distribution, or protection of source water quality be simple and cheap enough to justify for environmental applications?

Three trends were identified that might direct research funding.  First, as energy costs increase and the nation explores energy independence, lower-energy consumption schemes for water treatment should be explored.  An intriguing possibility is cogeneration of water and energy (e.g., via a hydrogen fueled energy source or from condensate).  Second, climate change is already changing treatment requirements in some regions; the impact of climate change on the drinking water treatment plant of the future should be examined.  Finally, there is a general trend of small systems changing from groundwater sources to surface water sources.

In what ways might the water research community work more effectively with other industries and research communities?

Other communities interact with the water production community either by demonstrating techniques that might be used in water treatment, by generating materials that must be removed from drinking waters, using finished waters or receiving the waste stream from water treatment.  One example of a linkage that could be exploited is application of techniques used in other industries (for example, monitoring and process control techniques used in food production).  In general, there may need to be a feedback mechanism for the basic science field to redirect research for better applicability.  The degree to which commercialization can lead to development of sensors for broader application by individual water consumers (e.g., to detect the efficacy of point of use devices) could be used to spur sensor development.  Finally, identifying and quantifying the links between water treatment and wastewater treatment would benefit both industries.

How can proactive (green) strategies be used to maintain source water quality?

Cooperative efforts and economic incentives were discussed as strategies by which the contaminant load in source waters might be controlled.  Research could be conducted on the viability of proactive approaches.  For example, the extent to which DOC can be controlled in source water is not yet known.  Additionally, the water community may not have the influence that industry and agriculture can exert and may have limited leverage in executing source control programs.  Land use practices and control of the chemical industry product stream are two examples of ways in which contaminant loads could be controlled.

Impacts on water quality should be considered when new materials are introduced into the product stream and subsequently into the environment.  Life cycle analysis including the potential fate, transport, and economic and health effects of new chemicals might be performed.  New materials should be priced to reflect their environmental (and water treatment) costs.  For example, personal care products are an example of a class of chemicals increasingly found in source waters and for which the price may not reflect the net cost to society.

What hazards do new materials pose?  What are current and potential exposures to these materials?

Nanomaterials and biologically engineered materials have the potential to affect human health or are perceived as risky by a portion of the public.  The health effects of nanomaterials should be researched, including risks associated with their size and those associated with their chemical properties.  The ability of nanoparticles, by virtue of their size, to enter cells or potentially cross the brain-blood barrier is of particular concern.  A portion of the public perceives biologically engineered materials negatively, indicating a need for research into the health effects of new biomaterials that might be employed in water treatment.

Exposure to both new and legacy materials should be researched.  The concentration of natural and human-introduced nanoparticles in the environment should be established and monitored as nanotechnology develops and the nanoparticle load on the environment increases. An inventory of chemicals currently in the environment should be made and new materials should be catalogued as they are developed.

If new, potentially hazardous materials are used in water treatment, fail-safe designs should be developed for retaining them in water treatment processes.  Bio-engineered organisms and nanomaterials are examples of new materials that may require containment.  For biologically engineered materials, containment might be accomplished by embedding or encapsulating the organisms.

What low technology and appropriate technology research is merited?

Although the National Science Foundation’s raison d’être is to enable high technology and science for the betterment of the United States, participants identified research in low technology drinking water treatment processes that might be employed in technologically undeveloped countries.  Low technology biosensors might be developed for remote monitoring of treatment processes in developing countries.  Appropriate technology membrane bioreactors might be developed for producing sufficient high quality water for small or remote communities.

Distribution systems

Given the cost of distribution systems relative to the overall production cost of drinking water, the age of the existing distribution system infrastructure, and the lead problems recently identified in Washington D.C., there is a clear need to allocate significant research efforts to answering water distribution questions. Questions and comments about distribution systems were grouped into four research areas – novel distribution system designs and processes, biofilms and their development and control, corrosion and deposition, and monitoring and control.

What are promising novel distribution system designs, uses and materials? 

Workshop participants identified potential methods for improving water quality in distribution systems, using distribution system pipes as reactors, applying distributed treatment, or researching dual or multiple distribution systems.  In the distribution systems, water quality might be improved via bioaugmentation, use of reactive pipes to control biological activity (within the constraints of low surface area to volume ratios encountered in pipes), or use of nanomaterials for disinfection in the distribution system.  New materials such as stable coatings and coatings to control biological activity should be developed for distribution system components.

The distribution system of the future might be an intelligent distribution system with treatment points for communities, at points of entry or at points of use.  Dual or multiple distribution systems that enable a level of treatment consistent with intended water use may also be designed.

What are gaps in fundamental knowledge of biofilms and how can biofilms be controlled or exploited?

Biofilms were discussed in many breakout sessions in the context of distribution systems, treatment systems, and other applications such as hospital plumbing.  There are gaps in the current understanding of biofilms, including the difference between biofilms present in high DOC and low DOC waters, the evolution of biofilms over time, and the role of soluble microbial products and endotoxins in biofilms.  Research projects that expose the behavior of biofilms might be monitoring of biofilms in situ and over time and use of biotechnology advances for characterizing biofilms.  Application of new knowledge about biofilms might lead to altering biofilms to make them bioadsorb or biodegrade target pollutants or control biofilms via optimization of pH, dissolved oxygen, salts, nutrients and ion ratios.

What are gaps in the fundamental understanding of corrosion and deposition and what research might lead to improved pipe performance and water quality protection?

To develop a better basic understanding of corrosion and water quality deterioration, participants recommended research into the chemistry of dissolution and deposition associated with pipe walls and the ecology of biochemically-induced corrosion.  Predictive models should be developed for the influence of disinfection (e.g., changeover to chloramine residual) on corrosion, metal dissolution and biofilms.

Distribution system monitoring and control

Sensor developers are producing a stream of improved sensors capable of detecting more drinking water contaminants with greater sensitivity.  These sensors will be employed in distribution systems for improving water security, detecting infiltration, ensuring adequate disinfectant residual in all of the distribution system, and monitoring disinfection byproduct concentrations or formation potential.  Research toward optimal sensor networks should be identification of the parameters that should be monitored and development of optimal spatial and temporal sensor deployment schemes.  Sensor data analysis could be coupled with distribution system hydraulic modeling for better management of flows or for maintaining residual disinfectant or disinfection byproduct concentrations within acceptable ranges.  A research project that could lead to practical, optimal monitoring network designs is construction of a highly-instrumented prototype distribution system monitoring system.  Nanomaterials might be used as swarming, mobile sensors in distribution systems for monitoring disinfectant residual (and optimizing delivery at booster stations). 

Appendix A:  Collated comments from breakout sessions

Table 7:  Research and Application of Biotechnology in Water Treatment

	Research areas and applications

	Can organisms be engineered to attack microbes or biofilms?

· Phages

· Predator organisms

	How can organisms or their properties be used in removal, transformation or separation of chemical contaminants?

· Selective control of metabolic products

· Removal of xenobiotics and other chemicals to low levels in complex matrices

· Biological role in particle removal (e.g., by production of new coagulants)

· Biocatalyst function embedded into surfaces currently used for phase separation

	What are promising biological treatment processes?

· Engineered biocollectors

· Fixed, immobilized and segregated biotreatment systems

· Biostabilization (e.g., for recalcitrant organics)

· Biofilters

· Improved membrane bioreactors

· On-site augmentation of non-point sources

	How can membranes be made less prone to biofouling?

· Manipulate biofouling properties

· Alter membrane surface properties

· Incorporate biocides in membranes

	What are potential roles for biotechnology in residuals treatment?

	How can desired organisms be kept in an engineered treatment system?  Embedding or encapsulation of genetically engineered organisms for their retention in treatment devices?

	What differences in pretreatment are required prior to membranes for WWTPs and WTPs (WWTPs for water reuse)?

	How can advances in understanding functional proteomics and microbial mechanisms lead to advances in non-chemical disinfection designs?

	What are potential low-technology applications of biotechnology?

· Appropriate technology membrane bioreactors

· Applications in different parts of the world


Table 8: Biotechnology for Sensing and Control

	Research areas and applications

	Are biologically-based sensors robust in complex environmental matrices (inclusive of chemistry, microbiology and sensitivity)?

· What are the different requirements for biologically-based sensors deployed in raw water, in treatment processes and in the distribution system?

· The effect of WTP oxidants on biotechnical sensor performance

· Accuracy of biosensors for different oxidation states, methylated vs. inorganic forms

	What are the most promising or useful applications of biosensors for monitoring source waters, treatment processes or distribution systems?

· Use of biosensors as screening tools that could indicate the need for more specific detection or implementation of controls or for regulatory compliance

· Detection techniques for emerging pathogens and pathogens without culture techniques

· Source tracking and watershed protection 

· Low cost, fast methods

· Sensor for odor producing compounds that could be deployed in the watershed

· Rapid development of libraries and development of transferable libraries

· Roles for biotechnology detection schemes in distributed systems (homes, communities)

· Low-tech biosensors

· Use of biosensors in control loops and interfaces with existing control technologies

· Use of biological logic systems to improve process reliability

	How could biosensors be used to perform basic research on biological and chemical processes in drinking water collection, treatment and delivery

· Detection of genes that confer antibiotic resistance

· Development of biotechnical sensors for probing fundamental biological processes (bioavailability, biotransformation, reactivity) under environmentally relevant conditions and application of these data for process optimization

· Creation of biosensors for speciation among chemical forms or microbial strains

· Compound analysis v. effect analysis

· The role of proteomics

	What basic research and development must be done to enable practical use of biotechnical detection schemes in water treatment?

· Increasing the speed, response and selectivity of biosensors

· Match sensor response times to applications for source water monitoring, process monitoring, exposure and applications for integrated measurement

· Establish whole cell monitoring approach limitations

· Device development

· How would data from biologically-based sensors be processed and what action would be indicated based on a positive detection (system analysis interface with biotechnology information)?

· Use multiple strains and modular systems for reliability, flexibility and broad spectrum capabilities


Table 9:  Biotechnology Topics Related to Human Health and Social Concerns

	Research areas and applications

	How can biotechnology be used in water treatment safely and in a way that is acceptable to the public?

· The release of bioengineered organisms

· Environmental safety

· If genetic engineering could be applied in water treatment, what are possible negative consequences for downstream processes or release into product water?

· Risk and perception issues associated with the use of biotechnology

· What are the social dimensions of having and using biologically-engineered organisms in water treatment plants or entering water treatment plants?

· Fail designs are necessary

	What is the level to which commercialization can lead to development of sensors for broader applications for individual water consumers (e.g., to detect efficacy of POU devices)?

	Can biotechnology be simple and inexpensive enough to justify for environmental applications?

	Does engineering need to provide feedback to basic science research efforts to redirect efforts for better applicability?

	What education will be necessary for WTP operators in use of Biotreatment (e.g., not killing the organisms intentionally introduced in treatment)?


Table 10:  Basic Biology and Biotechnology Research

	Research areas and applications

	How can biofilms be characterized, prevented, controlled or enhanced functionally?

· What are the roles of NOM and salts in biofilm development and structure?

· Can biofilms be characterized using biotechnology advances?

· How to engineer – 16SrNA may help in the understanding of what makes certain biofilms grow – these can be optimized by pH, DO, salts, nutrients and ion ratios.

· How to monitor biofilms in situ

· Biofilms may engineered to generate a signal when they are unhappy

· Biofilms often exist at low nutrient, low DO situations.  How do these differ from biofilms in high DO situations?

· What is the evolution of biofilms over time?  After backwashing?  Annually?  Seasonally?

· What can be done to biofilms to make them bioadsorb or biodegrade target pollutants more selectively?

· Are SMPs problematic?  Are endotoxins issues?

· Biofilms in household water systems, hospital water systems and other water systems are poorly understood

	What is the ecology of bio-corrosion?

	Can biodegradability be predicted?

	How could biotechnology be used to measure populations on surfaces used in treatment (e.g., on activated carbon, membranes and other novel surfaces)?

	What changes are global warming causing in algal growth and DOC?


Table 11: Environmental Chemistry Fundamental Research

	Research areas and applications

	What advanced analytical techniques should be used in water treatment research?

· MS/MS

· Isotopic fractionation methods

· Use of biotechnology and biochemistry advances and LC/MS/MS to explore NOM chemistry and removal (identifying reactive functionalities)

· Applying NMR to characterize large molecules

· Using advanced characterization methods (TEM, environmental SEM, nonlinear optical methods)

	How does matrix chemistry affect fate and transport?

· The chemistry of highly saline water

· Variations in water rheology with ionic composition

· Can methods be developed for predicting the behavior of aggregate mixtures of compounds from the behavior of individual compounds?

	How is water organized at interfaces and what are ramifications?

· How do solutes influence the organization of water at interfaces?

· Reactions at membrane surfaces

· Catalysis

· Activated carbon

· sediments

· Relating basic chemical properties to performance of membranes, sorbents and polyelectrolytes

· Surface characterizations

	What is the character of NOM and how can it be removed?

	What are knowledge gaps in the understanding of mid-range colloids and how can they be closed?

	What is the role of radical chemistry and water treatment and natural waters (oxidation, disinfection [biological resistance, natural attenuation])?

	Why do certain chemicals (trace organics) pass through membranes?


Table 12:  Modeling and Computational Chemistry

	Research questions and applications

	How can molecular dynamic modeling and other molecular-level modeling be used to promote better understanding and design of water treatment processes?

· Ab initio prediction of reactivity and fate

· Quantitative Structure Activity Relationship (QSAR)

· First principles molecular modeling of homogeneous and heterogeneous aqueous chemistries with experimental validation for predicting environmental fate (bio- and chemical transformations)

· What happens at membrane surfaces?

· What are current limits of molecular modeling techniques?

	What benefits would the coupling of computational fluid dynamics and other physics modeling with chemistry modeling produce in understanding and design of treatment processes?

· Integrated modeling experimental studies

· Coupling computational fluid dynamics and chemistry

· Optimizing process chemistry

· Capturing the scale of mixing from the hydrodynamics of membranes to large tanks; How much resolution is needed at each scale?  Do we know enough about the nanoscale?  What are the limits as we change scale?

· Improved understanding of mass transfer; Modeling diffusion and reaction at pipe walls.

· Can we predict transport of angular particles?

	Can NOM be modeled?

	What would be the benefits of establishing a database of compounds of concern?

· How would the database be constructed and maintained?

· Predicting products/metabolites, reactivity and health effects of the compounds in the database

	For which drinking water treatment processes are current models deficient?

· Activated carbon sorption

· Membrane separation

	What are appropriate system models (moving from quartz to minerals)?


Table 13: Occurrence, Transport and Detection of Chemical Compounds

	Research questions and applications

	What intersections between groundwater and drinking water should be researched?

· Impacts of aquifer storage and recovery, groundwater injection, groundwater reuse

· Brackish groundwater

· Matching water quality to the chemistry of the aquifer

· What are the chemistry needs associated with groundwater reuse?

· Are there materials going into the ground that could be legacy problems in the future?

· Is there a need for systematic studies on the effects of aquifer storage and recovery effects on groundwater quality?

	How does matrix chemistry influence chemical fate and transport?

· Can chemical processes be separated from biological processes (e.g., organometallics are involved in both simultaneously)?

· The chemistry of highly saline waters

	Can we better characterize the movement of chemicals through the atmosphere, the stock of chemicals in commerce and the chemicals “stored” in our environment due to past practices?

· Chemical source tracking

· Remote imaging

· Use of real time data and impacts on source selection

· Sources of DOC/NOM

· Changes in source water quality due to land use practices (modifications of agricultural practices, application of best management practices [BMPs])

· Contaminant releases

· Direct releases (e.g., PhACs)

· Indirect releases (e.g., production by toxic algae)

· Highly saline water chemistry

· Brackish groundwater

· Climate change impacts on water chemistry

	Is green chemistry a practical and effective means for reducing contaminant loads and treatment needs?

· Are there certain bonds and structures so strong that they should not be made because of their persistence?

· What should be the lifetime of products?

· Performing life cycle analysis of the potential fate, transport and ecological and health effects of new chemicals at the time of their introduction/certification for general use.

· Goods should be priced to reflect environmental costs (e.g., using an eco-tax).  The public needs to understand the downside of chemicals in commerce (e.g., the presence of personal care product chemicals in source waters).


Table 14: Chemistry of Treatment and Distribution

	Research questions and applications

	What do we wish to achieve using new chemicals, new processes or better understanding of chemistry?

· Predicting pollutant removal

· Use of benign chemicals and agents

· Decreased use of chemicals

· Faster-acting chemicals

· Novel point of use processes

	What novel or emerging water treatment processes hold the greatest promise?

· Improved oxidative processes

· Photo-oxidation/Photo-catalysis, Fenton chemistry

· Better understanding needed of electron transfer processes

· Immobilized bed systems

· Processes used in food and other industries

· Sorption and interfacial processes

· Membrane solute interactions

· Reactions at membrane surfaces

· Design of selective surfaces

	What basic processes should be better understood for improved treatment process design?

· Membrane-solute interactions

· Catalysis

· Heterogeneous catalysis: oxidative and reductive catalysis for removal of NOM and selected inorganics (
[image: image2.wmf]) and organics (chlorinated organics)

· Sorption on activated carbon, sediments

· Selectivity of membrane separation for trace organics

· The chemistry of disinfection and the use of mixed oxidants

	How can distribution of water be improved through application of new chemicals or materials or better understanding of chemistry?

· What is the best material for pipes?

· New materials, coatings for pipes

· How do changes in disinfection and other practices impact scale formation and material stability?

· Replacing distribution system infrastructure

	How much are consumers willing to pay for safer water or the perception of safer water?

· Water treatment uses poor man’s technologies because water is too cheap a commodity.

· Goods should be priced to reflect environmental costs (e.g., using an eco-tax).  The public needs to understand the downside of chemicals in commerce (e.g., the presence of personal care product chemicals in source waters).


Table 15: Desirable Properties or Functionality of New Materials

	Research questions and applications

	What properties or functionality should novel materials be designed to have?

· Multifunctional materials with immobilized catalysts

· Highly-selective adsorbents

· Oxidative catalysts

· Optimized catalytic function with separation

· Use of oxidative potential to surpass conventional oxidants such as ozone

· Ability to be assembled into a single, large membrane

· How can nanomaterials be kept in suspension despite aggregation?  Could surfaces be modified to prevent aggregation?

· Can nanomaterial function be inactivation of microbes in distribution systems, thus decreasing the reliance on chlorine for residual disinfection?

· Combined adsorption and/or disinfection and/or catalytic oxidation

· Reactive adsorbents.  Could such materials maintain OH- generation efficiency during simultaneous sorption and radical production?

· Efficient free radical production

· Purer, smaller TiO2
· Ability to release constituents at a desired rate (e.g., slow release of chlorine)


Table 16: Novel Materials Safety and Societal Issues

	Research questions and applications

	Should an exposure assessment of nanomaterial be conducted?  How would it be conducted?

· What natural and anthropogenic (human engineered) nanomaterials are currently in the environment?

· Is it necessary to determine the fate and transport of these materials?

· Do analytical limitations to detection of nanomaterials prevent our examination of aquatic environments?

· Are we exposed to nanomaterials from personal care products?

· What are current routes of exposure? Are we generating new, routes that are more dangerous?  What are the real routes of exposure?

· Are exposures to engineered nanomaterials different from exposures to natural nanoparticles?

	What are health effects associated with new materials, especially nanomaterials?

· Are health effects a universal concern (for all nanomaterials) or more specific to nanomaterials such as C60?

· Are heavy metals (e.g., Cd) a concern?

· Uptake of materials by cell membranes – not exposed to enzyme activity

· New approaches to modeling toxicity

· As we make particles, are we creating non-natural particles that have different types of risk?

· What are the health risks related to the size of nanoparticles?  Size may be important since it is a factor in cell responses and it relates to the passage of material through the blood-brain barrier.  Analogy to PM 10/2.5 sizes – how do nanoparticles compare?

· Risk related to chemistry of particles (aside from size-related risks)

	How are nanomaterials transported and transformed?

· What is the fate and role of nanoparticles in drinking water treatment (coagulation, filtration, membrane fouling, oxidation)?

· What breaks down nanomaterials?

· What effects do the breakdown products of nanomaterials have?

· Uptake of micropollutants by nanomaterials

· How could nanoparticles be handled in residuals/brines?

· What is the fate of nanomaterials in sludges?

	What guidelines should direct the creation and use of new materials?

· Do we need such sophisticated materials as nanomaterials to remove a single contaminant when we want to remove a broad range of contaminants (from an adsorption technology view)?

· Is life cycle analysis needed?  Is pollution generated through use of nanomaterials (energy requirements, byproducts) offset by the pollution controlled?

· Should nanomaterials be manufactured to be detectable and destroyable?

	What new materials will be required if the focus is changed from treatment to reuse of resources?


Table 17:  Novel Materials Basic Research

	Research questions and applications

	What factors influence or limit the performance of nanomaterials?

· How do constituents in natural water impact the transport and reactivity of nanoparticles?  Could materials lose the properties for which they were made?

· Factors influencing the aggregation of nanoparticles

· How does the sorption of NOM change nanomaterial surface properties, functionality and transport?  Would NOM coatings lead to natural coagulation?  

· What is the extent of fouling for different nanomaterials and different source waters (e.g., the fouling effect of NOM)?  What is the mechanism of NOM fouling of nanomaterials?

· Impacts of metals and clays on nanomaterial properties and performance

· Is solubility a controlling property of nanoparticles?

· How efficiently can nanomaterials produce OH- radicals?

· Is singlet oxygen useful?

· Can C60 trap a contaminant then oxidize it?  In situ regeneration.

	How can advances in fundamental science of transport at the nanoscale guide materials design (e.g., can nanoscale inorganic architectures reject ions and small molecular contaminants)?

· Interface science and control of corrosion and scale formation in distribution systems

· How are contaminants transported through nanomaterials membranes (homogeneous v. heterogeneous structures, surface functionalities)?

	What techniques can be developed for measuring nanoparticles (separation, identification and quantification)?

	What is the durability of nanomaterials, regardless of the application (particles, membranes, filter material)?

	How can nanomaterials be used in detection?

· Selectivity in size of pores may be useful for analytic purposes (maybe more so than for treatment)

	Is it possible to producer designer materials?

· New Fullerenes

· Smaller, purer TiO2
· Nitrogen-doped TiO2 for production of free radicals and investigation into the efficacy of using such materials in treatment

· How could materials be configured with a view to their performance in environmental systems?  


Table 18:  Promising Novel Materials and Their Application in Treatment and Delivery

	Research questions and applications

	How could novel materials (and particularly nanomaterials) be used to improve membrane performance?

· Reduce fouling (with and without pretreatment)

· Microbes and microbial products

· Chemicals (NOM, particles)

· Approaches to applying new materials for improving membranes include

· Changing surface chemistry

· Coatings

· Altering surface roughness

· Development of ultrahigh flux capabilities

· Stability in the presence of oxidants

· What is the extent of fouling for different source waters and different nanomaterials (e.g., the fouling effect of NOM)?

· How are contaminants and water transported though nanomaterial membranes (homogeneous v. heterogeneous structures, surface functionalities)?

· Materials that also oxidize

· Single adsorbed layer membrane to break down foulants of concentrates

· May break down and send products through membrane

· How do colloids with active surfaces play a role?

	Can nanomaterials play a role in disinfection?

· Bio-nanotechnology for targeted disinfection

· Is disinfection within the distribution system by nanomaterials a practical way to protect the consumer?

	How can new materials be employed in detection of specific biological and chemical agents?

· What is the practical sensory component of nanomaterials for use in water treatment plants or distribution systems?

· How can the signal from a nanomaterial be communicated back as useful information?

· Can the sensitivity of nanomaterial-based sensors be high enough for practical application?

· Could sensors be incorporated with hydraulic modeling of distribution systems to better manage flows and keep concentrations of disinfectants and DBPs within acceptable ranges?

· Can a nanomaterial sensor for chlorine be used to optimize delivery at chlorine booster stations to keep residuals and DBPs within acceptable ranges?

· Swarming sensors in distribution systems or moving sensors in complex environments

· Development of UV sensors

· Detection of DNA or microbes

· Electrochemical probe

· Specific chemical indicators (quantum dots)

· Adapting sensors from other industries to reduce the cost

· Inexpensive chemical specific probes for POU testing (e.g., for lead)

	Can we construct reactors smaller than those used in conventional processes (e.g., reactors for separation that have increased ability to adsorb compared with reactors using traditional sorbents) combined with oxidation or destruction?

· Materials for combined disinfection, adsorption and oxidation

	How can the photo-oxidative and electrochemical properties of nanomaterials be exploited?  

· Can sunlight be used to degrade NOM naturally (with immobilization/segregation)?

· Reactors with fullerenes exposed to light – suspended version with downstream separation or immobilized version

	What are promising techniques and applications for oxidative catalysis in water treatment

· Advanced oxidation of organics (e.g., NDMA)

· Advanced reduction

· Combined oxidation/reduction

· NOM (DBPs, fouling potential)

· SMPs in membrane bioreactors

	Is the application of nanomaterials more appropriate for decentralized water treatment (i.e., smaller scale operations)?

· Higher quality of water in POU systems will enable greater flexibility in materials design

	How can recent advances in biomaterials (scaffolding, coatings) be utilized in design of optimized supports for biologically-driven treatment strategies?

	How can new synthetic routes (dendrimers, nanoparticle assembly, templating) lead to improved filtration, separation, reaction and gas membranes?

	Is cogeneration of energy and water feasible?

· Is the amount of water produced significant?

· What is the life cycle assessment?

· What is the quality of the water produced?


Table 19:  Cyber Infrastructure and Detection Fundamental Research

	Research questions and applications

	What new information processing, data archiving and decision support tools should be developed?

· Access of data and retrieval of data for processes control and for enabling research

· Remote, wireless access (e.g., for chlorine residual and DBPs in distribution systems)

· Data interpretation (trend analysis, pattern recognition)

· Standards and protocols for data and models

	How should monitoring networks be developed?

· Can systems be developed that are reliable, self-aware, adaptive and collaborative?

· How adaptable would a network itself be?  Would it be disposable?

· Are adequate real time sensors available or can they be developed?

· Distinction between research to understand a complex system and solving real-world problems

· What are the relative cost functions?

	What roles can high performance computing, harvesting computing and the teragrid play?

	What modeling advances must occur for effective use of cyber infrastructure?

· Domain models for prediction


Table 20: Enabling Research and Development for Practical Application of Large Scale Monitoring and Cyber Infrastructure 

	Research questions and applications

	Could advances in sensors, sensor technologies and cyber infrastructure enable more efficient and reliable water supply, treatment and distribution systems?

· In general, richer data would allow more (and currently unforeseen) questions to be asked.

· What would you do with the data once you had it?  An example might be plant flow and load balancing.

· With regard to cyber infrastructure eliminating the dependence on human operators, what processes could be adapted to being run remotely and which cannot?

· Cost functions

· Point and non-point events

· Groundwater and surface water chemical and biological parameters (e.g., nutrient biosensors)

	How would optimal networks be designed?

· What is the value of the information obtained versus the cost of sensor networks?

· Spatial and temporal detail

· Location of monitors and sampling frequency

· Sensor sensitivity, availability (particularly for biological analytes) and reliability

· Identification of appropriate parameters to be monitored

· Use of optical sensors (fixed) – hyperspectral imaging

· Automated sampling systems

· Mobile devices

	What benefit would a prototype system (a highly-instrumented and modeled real system) provide?

· Provide a template for examining

· Use and benefits of cyber infrastructure

· Real time data monitoring (regulatory, emergency, control)

· Identify spatial and temporal sampling needs

· Data collection, storage, retrieval and analysis

· Provide data for other researchers and research communities

· Similar to a CLEANER site?

· How to integrate with existing data sets (e.g., USGS)

	Could monitoring and cyber infrastructure be used to improve modeling?

· Nested models

· Incorporate raw data with models for rainfall/runoff, algal activity, turbidity, etc.

· Use raw data for continuous calibration of distributed parameter models

· Modular domain models will allow system-specific application (e.g., GAC, membrane) of more general cyber infrastructure framework

· Use of cyber infrastructure to inform model development (e.g., disinfection contact chambers)


Table 21: Promising Applications of Cyber Infrastructure

	Research questions and applications

	How could monitoring and cyber infrastructure be applied for better characterizing, understanding and controlling source water quality?

· Understanding the dynamics of algal blooms

· Choosing point of withdrawal from reservoirs

· Validation of knowledge of reservoir hydrodynamics

· Source water quality parameters such as algal blooms (taste, odor, toxins), turbidity and DOC/SUVA

· Large scale assessment of water resources (qualitative and quantitative)

· Networking data from multiple treatment plants (using the same water source) to compare performance and develop self-learning network of water treatment plants.

· Real time data on reservoir water quality could suggest ways to better operate reservoirs (e.g., increase circulation, alter heights of discharges, etc.).  This is currently done on a limited basis without complicated cyberinformatics; the goal of adding cyberinformatics would be optimization.

· There is little opportunity for using cyberinformatics to control WWTP and storm water discharges and nonpoint source loadings.

	How could monitoring and cyber infrastructure be applied for improving water treatment?

· Particle counts in treatment systems

· Use in distributed treatment systems

· Highly-automated, “smart” diagnostic systems

· Condition-based monitoring (e.g., mining operations)

· Performance monitoring (e.g., water quality, leakage, reactor flow imaging and hydrodynamics monitoring)

· Acoustic detection of failures

· Rural applications (wells)

· Cyberinformatics has less application in treatment than in other domains of water treatment because of conservatism.  Application of cyberinformatics would require a change in philosophy of water supply operation to emphasize more site-specific optimization and efficiency.

· Could be useful in distributed systems, developing countries.

	How could monitoring and cyber infrastructure be applied for improving water distribution?

· Deployment of robotic sensors (diagnostic) in distribution systems (pigs? Acoustics?).

· Infiltration

· Scales and corrosion

· Biofilms

· Collect real-time data on water quality and hydraulic parameters throughout the distribution system for a better understanding

· Use of distribution system monitoring and data for optimizing flow, chemical additions, etc.

· Monitoring for security (detecting terrorist attacks on water system infrastructure

	How could monitoring and cyber infrastructure be applied for consumers or at taps?

· Point of use sensors (two-way) for detecting contaminants of concern (e.g., Legionella) or contaminant surrogates

· Surveillance and epidemiological research

· Security (rapid response)

· Behavioral research

· Facilitated data gathering and storage on home computers


Table 22:  Novel Processes Overarching Topics

	Research questions and applications

	What should be the goals in development of novel processes?  What are incentives for thinking outside the box?

· Environmentally benign production of safe, palatable, potable water

· Lower costs (including manufacturing costs)

· Simplicity

· Improved performance (e.g., higher rejection, higher flux, lower pressure)

· Smaller footprint

· Meeting new regulations (is this the best motivator?).

· Reduced energy use

· Minimal chemical use

	Can we develop a single process that removes all contaminants?

	What are the influences enabling or discouraging adoption of new processes?

· New technology may fail due to incorrect installation

· Do regulations limit the application of new technology?

· Are we limited by too few technology options?

	How can we move beyond a “contaminant du jour” approach to comprehensive water quality control?

	What the relative merits of centralized and distributed systems?

· Safety/use

· Reuse

	What obstacles must be overcome in development of POU technologies?

· Are there better ways of engineering point smart plumbing?

· Sensors are needed for quality control

· Central agency/control needed

· POU targets are aesthetics, chlorine and color

· Targets not suitable for POU treatment: pathogens and acute toxins

· Transitioning from current treatment mode to POU may conflict with social norms or economic reality.

	Can we develop novel processes and management strategies that improve water quality while reducing energy requirements?  How does energy cost influence competitiveness of new processes?

	Where in the environmental engineering community is there the expertise AND interest to tackle critical problems that lie on the periphery of process research that may be of higher priority in the next research investment to address water sustainability?

· Energy flow (life cycle assessment related to development of novel processes)

· Alternative food production methods to limit land and water pollution

· Control of the development of new chemicals

	Where are the next research investments best spent?  Watersheds?  Treatment?  Distribution systems?


Table 23:  Promising Technologies and Combinations of Technologies

	Research questions and applications

	What advances can or should be made in membrane processes?

· Treatment of concentrates

· What is the fate of concentrates in land disposal?

· How can zero liquid discharge be achieved?

· Decentralized systems may be a way to reduce total concentrate volume where membrane is only used for potable water – dual water concept

· Can oxidation processes be used for concentrate treatment?

· Can biological processes be used (e.g., Se reduction to elemental Se in agricultural drainage water)

· Desalination

· It is difficult to see how membranes can be further improved to reduce costs; the performance is already high in terms of rejection and high flux.

· Should the direction be toward capturing economies of scale?

· Catalysis

· Are there alternative activations of catalysts (e.g., ultrasound) that would be more practical than light for catalytic membrane surfaces?  What are the effects of membrane surfaces?

· Membrane/oxidation processes

· Can we exploit membrane processes using gradients other than pressure (move chemicals, not water)?

· Active transport

· Pervaporation

· Electrodialysis

· Membrane/sorbent processes

· Separation with multiple membranes (MF/UF, NF/RO)

· Start at WWTP + liquid residue

· New materials and composite materials

· Lower cost membrane processes (higher water permeability with enhanced general rejection)

· Fundamental understanding of function, limitations and fouling mechanisms of membranes

· The relationship between source water quality and fouling

· Study on the impact of RO treated water on distribution systems and aquifers.

	Are there hybrid processes that combine traditional treatment processes with emerging ones?  Can we combine existing processes in novel ways?

· Membranes/adsorbents

· Bio/chemical catalysts

· Biological controls with SMPs

· Ion exchange with advanced oxidation

· Development of processes that complement membrane processes

· Catalysis and membrane technologies

	What are promising research areas and applications of oxidation and reduction processes?

· Catalysts

· Photocatalysts

· Better process control

· Catalysts for maximizing contaminant destruction

· Kinetics and product formations (e.g., triazine oxidation is incomplete – daughter products may be as hazardous)

	What other novel processes are promising?

· Ultrasound

· Radiation (UV and electron beam)

· On-site water production

· Condensates

· High-technology cisterns

· Water from power production

· Fuel cells

· Cooling towers

· Physicochemical and biological liquid residual treatment

· Valuable recovery

· Production of low solubility solids (rocks)

· Biological processes tailored to treat specific contaminants

· Reduction may require the elimination of oxygen

· Biologically-engineered organisms may circumvent the need to eliminate oxygen

	Can we develop new, simple processes for small water systems?  While most systems are currently using groundwater, the future portends for more use of surface water to prevent “groundwater mining.”


Table 24:  Distribution System Process Improvement and Research

	Research questions and applications

	Can we develop new approaches to distribute drinking water?

· Multiple systems (not restricted to dual systems)

· Reactive pipes

· Control biological activity

· Exploit residence time

· Are reactive pipes limited by low surface area to volume ratio or by reaction products?

· Distribution systems as intelligent reactors

· Intelligent distribution systems with treatment points (security, community, POE)

· Distributed treatment

	Can we develop predictive tools for disinfection without causing corrosion/metal dissolution/biofilms (nitrification)?


Table 25:  Watershed Management

	Research questions and applications

	What is the role of DOC and to what extent and cost can it be controlled at the source?

· If DOC is controlled at the source, what is the impact on the cost of water treatment (e.g., membrane fouling, coagulant dose, production of DBPs)?

· Alum dosing requirements for waters with different DOC contents may be counterintuitive.  What do we know about DOC?

· Have science and engineering accepted the concept that DOC increases to a significant extent with human activity or is this still a researchable question?

	What engineering interventions could be made in the watershed to control source water quality?

· Groundwater recharge

· Applications of bio/nanotechnology

· Avoid introducing DOC (wetlands)

· Use natural processes in rivers, reservoirs and groundwater for natural contaminant attenuation

· Intelligent management decisions (timing and selection)

	What predictive tools should be developed to enable effective watershed management?

· Apply interdisciplinary approach

· Create interaction with ecologists, organic chemists (GIS-DOM, nitrogen, global cycles) microbiologists and others for development of predictive reactive transport models (chemicals and pathogens) for entire watersheds.

· Predictive models for recharge (storage and treatment)

· Better connections with WWTPs and consumers

· Water quality impact of climate change


Table 26:  Novel Processes Fundamental Research

	Research questions and applications

	What are knowledge gaps in our understanding of the physics, chemistry and biology of water treatment and techniques we should use to fill these gaps?

· Develop fundamental knowledge of process performance (e.g., membrane permeation)

· First principle modeling

· Assess performance for new chemicals

· Quantitative structure-property/activity relationships (QSPR/QSAR)

· Fouling and cleaning

	How can catalytic and biological reductive processes be better used in water treatment?

· Fundamental understanding for water of different quality

· Many emerging contaminants occur in oxidized forms and can be removed by reduction (selenate, perchlorate, oxyanions, chlorinated solvents)

· Risk of forming more toxic contaminants

· European perspective: many biological processes have been used for a long time

	What are the fate and properties of endocrine disrupters and pharmaceuticals? 

	Which contaminants should be removed to very low concentrations and how can this be accomplished?


Appendix B:  Unedited comments from breakout sessions

Table 27:  Research Related to Applying Biotechnology to Treatment Processes

	Group
	Research areas and applications

	Elimelech
	Appropriate technology membrane bioreactors

Manipulation of biofouling properties (basic understanding of surface interactions)

Selective control of metabolic products

Engineered bio-collectors

How to keep desired organisms in an engineered treatment system

Anti-pathogenic organisms (predators)

Role of proteomics

On site bio-augmentation of non-point sources

Removal of xenobiotics at low levels in complex matrices

	Kilduff
	Fixed, immobilized and segregated biotreatment systems

Destroy pathogens in biological treatment processes

Use of new materials for contaminant removal

Biostabilization (e.g., for recalcitrant organics)

Biological role in particle removal (e.g., production of new coagulants)

Residuals treatment

	Mariñas
	Can biotechnology be used for improving our understanding of treatment processes?  Microbiology is part of many existing processes (e.g., ozone oxidation – attached growth systems [biofilters] and control of biofilms on membranes).

Can biotechnology be used to modify existing technology (e.g., biocatalyst function embedded into surfaces used currently for phase separations [no destructive component])?

Can a phage be designed to attack a specific bacterium?  Could it be used to kill biofilms?

Can genetic engineering principles for sensors be applied for treatment (e.g., for destruction of specific microbes or for modification of trace organic chemicals)?

Embedding or encapsulating genetically-engineered organisms for retention in treatment devices

	Snoeyink
	How to develop new membrane materials that are less prone to biofouling?

What differences are required for pretreatment prior to membranes between WWTPs and WTPs (WWTPs for water reuse)?

Can biotechnology improve membrane retentate quality?

Can biocides be incorporated into membranes?

How can membrane bioreactors be better engineered?

How can advances in understanding functional proteomics and microbial mechanisms lead to advances in non-chemical disinfection designs?

Low technology versus high technology for different parts of the world.


Table 28:  Research Topics Related to Use of Biotechnology in Sensors and Control

	Group
	Research areas and applications

	Elimelech
	Increasing the speed, response and selectivity of biosensors

Detection of genes that confer antibiotic resistance

Creation of biosensors for speciation among chemical forms and microbial strains

Cell systems that provide an integrated response to contaminants (mixture)

Exploration of roles of biological detection schemes in distributed systems (homes, communities) and treatment plants

Source tracking and watershed protection

Rapid development of libraries, development of transferable libraries

Other fast, low cost source tracking approaches

Sensor for odor-producing compounds for deployment in watersheds

Low-tech biosensors

	Kilduff
	Application of biosensors in control loops or other control schemes

Interface biosensors with existing control technologies

Use biological logic systems to improve process reliability

Use biosensors to monitor individual chemical or classes of chemicals, waste water indicators and pathogens

Use multiple strains and modular systems to provide reliability, flexibility and broad spectrum capabilities

Monitor biological effects using sensor arrays capable of detecting toxic responses or stress responses

Monitor long term, integrated biological effects using individual agents or multiple agents (synergistic effects)

Match sensor response time to applications for source water monitoring, process monitoring, exposure, biosensor applications for integrated measurements

Compound analysis vs. effect analysis

Establish whole cell monitoring approach limitations

Device development

	Mariñas
	Are biologically based sensors robust in complex environmental matrices (accounting for the chemistry, microbiology and sensitivity)? 

What are the different requirements for biologically based sensors deployed in raw water, treatment processes and the distribution system?

How can biologically based sensors be used within the operational requirements of the water treatment process (matching response time to application, qualitative vs. quantitative measurements, required sensitivity)?  Sensors with qualitative output could be used as screening tools that indicate the need for more specific detection or the implementation of controls.

How would data from biologically based sensors be processed and what action would be indicated based on positive detections by the sensors (system analysis interface with biotechnology information)?

New techniques for emerging pathogens and pathogens for which no culture techniques are available

Treatment process control and better understanding of why a process works so that the process can be optimized

	Snoeyink
	Development of biotechnical sensors for probing fundamental biological processes (bioavailability, biotransformation, reactivity) under environmentally relevant conditions

Using biosensors to screen/quantify compounds and organisms for subsequent chemical analysis, process optimization and regulatory compliance at environmentally relevant concentrations and in WTP matrices

How can we use biosensors to understand and then control basic biological processes at environmentally relevant concentrations?

How can biosensors be used or developed for use in water matrices and oxidants typical of water treatment plant operations?

How accurate are biosensors for different redox states, methylated vs. inorganic forms?


Table 29:  Research topics Related to Human Health and Social Concerns

	Group
	Research areas and applications

	Elimelech
	Role of proteomics

	Kilduff
	Release of bioengineered organisms

	Mariñas
	Environmental safety of biotechnology applications in drinking water

Level to which commercialization can lead to development of sensors for broader application by individual water consumers (e.g., to detect efficacy of POU devices)

If genetic engineering could be applied in water treatment, what are the possible negative consequences for downstream treatment or release into product water?

Can biotechnology be simple and inexpensive enough to justify for environmental applications?

Does the engineering community need to provide feedback to basic science research efforts to redirect research for better applicability?

	Snoeyink
	Risk and perception issues associated with use of biotechnology

Education of WTP operators in use of biotreatment (bugs are there to help you – don’t kill them!)

What are the social dimensions of having and using biologically engineered organisms in WTPs or entering WTPs?

Fail-safe designs are necessary


Table 30:  General, Basic or Other Biotechnology Research Areas

	Group
	Research areas and applications

	Elimelech
	Bioaugmentation for distribution system management

Ecology of bio-corrosion

	Kilduff
	Predictions of biodegradability

Engineering call populations using logic gates

	Mariñas
	Use of biotechnology to measure populations on surfaces used in treatment (e.g., on activated carbon, membranes or other novel surfaces).

Exploration of biotechnology for use in engineering processes (as well as for detection/sensing).

	Snoeyink
	Biofilm questions (characterizing and potentially preventing, controlling or enhancing biofilm functionality):

· How to characterize biofilms using biotechnology advances

· What is the role of NOM and salts on biofilm development and structure?

· How to engineer – 16SrNA may help understand what makes certain biofilms grow – these can be optimized by pH, DO, salts, nutrients, ion ratios

· How to monitor biofilms in situ

· Biofilms may be engineered to generate a signal when they are unhappy

· Biofilms often exist at low nutrient, low DOC situations – how do these differ from high DOC?

· What is the evolution of biofilms over time?  After backwashing?  Annually?  Seasonally?

· What can be done to biofilms to make them bioadsorb or biodegrade target pollutants more selectively?

· Are SMPs problematic?  Are endotoxins issues?

· Biofilms in household water systems, hospital water systems and other water systems are poorly understood.

Northern watersheds are experiencing differences in algal growth and DOC with global warming.


Table 31:  Basic Chemistry Research

	Group
	Research areas and applications

	Elimelech
	The chemistry of NOM

MS/MS

Isotopic fractionation methods

Surface characterizations

Relating basic chemical properties to performance of membranes, sorbents and polyelectrolytes

Effects of matrix chemistry on fate and transport

	Kilduff
	What are the properties of hazardous chemicals that make them harmful?

What characteristics of hazardous chemicals allow them to be removed?

What characteristics of hazardous chemicals determine their reactivity?

Can methods be developed for predicting the behavior of aggregate mixtures of compounds from the behavior of individual compounds?

Better understanding of corrosion and water quality deterioration

	Mariñas
	Use of advanced  (nano- and molecular scale) spectroscopy (nonlinear optimal, synchrotron based) and microscopic methodologies for structural elucidation of environmental materials (membranes, adsorbents, natural nano-particles)

Closing knowledge gaps in understanding of mid-range colloids

Corrosion chemistry and biochemically induced corrosion

NOM chemistry and removal (identifying reactive functionalities, use of biotechnology and biochemistry advances [LC/MS/MS])

Role of radical chemistry in natural waters and treatment (oxidation, disinfection [biological resistance, natural attenuation])

Applying NMR to characterize large molecules

Using advanced characterization methods (TEM, environmental SEM, nonlinear optical methods)

Sorption and interfacial processes (membrane solute interaction, reactions at membrane surfaces, catalysis, activated carbon, sediments).  Selectivity of membrane separation for trace organics (why do certain chemicals pass through membranes?).

Replacement of distribution system infrastructure

	Snoeyink
	The organization of water at interfaces and ramifications

· How does the organization of water molecules affect reaction rates and solute concentration; why do solutes concentrate at interfaces?

· What happens at membrane surfaces?  How can we engineer at this scale? 

The resolution of the reaction environment at the nanoscale

Corrosion; chemistry of dissolution and deposition

· What factors cause formation of scale of different structures (stable v. unstable scale)?  What stabilizes scale?  How do changes in disinfection and other practices affect scale and material stability?

· How can we predict and control dissolution rates?  What factors limit dissolution?

· How does scaling/corrosion link to microbial physiology?  What are the limiting nutrients for microorganisms?

· What is the best material for the distribution of water?  Can better pipes be made with new materials or coatings?

Diffusion and reaction at pipe walls

The chemistry of highly saline water

Variations in water rheology with changes in ionic composition

How does energy limit what is and can be done?

NOM interactions with other materials - mobilization


Table 32:  Modeling and Computational Chemistry

	Group
	Research areas and applications

	Elimelech
	Ab initio prediction of reactivity and fate

Molecular dynamics and other molecular level modeling

Can NOM be modeled?

	Kilduff
	Establishing a database of compounds of concern; predicting products/metabolites of these compounds and their reactivity and health effects

	Mariñas
	First principles molecular modeling of homogeneous and heterogeneous aqueous chemistries with experimental validation for predicting environmental fate (bio- and chemical transformations)

Integrated modeling experimental studies

QSAR (empirical)

Modeling activated carbon sorption

Membrane separation

Identification of appropriate model systems – how to move from quartz to minerals

	Snoeyink
	Challenges in applying molecular dynamics in environmental systems

· What happens at membrane surfaces?

· What are the current limitations?

Modeling diffusion and reaction at pipe walls

Coupling computational fluid dynamics and chemistry; optimizing process chemistry; capturing the scale of mixing from the hydrodynamics of membranes to large tanks to estuaries; improved understanding of mass transfer.

· How much resolution is needed to solve problems at different scales?

· Do we know enough about the nanoscale?  What are limits as we change scale?

· Can we predict transport of angular particles?


Table 33:  Occurrence, Transport and Detection of Compounds

	Group
	Research areas and applications

	Elimelech
	Impact of aquifer storage and recovery (ASR)

Effects of matrix chemistry on fate and transport

Remote imaging

Use of real time data and impacts on process selection

Climate change and impacts on water chemistry

	Kilduff
	Chemical source tracking

Sources of DOC/NOM

Change of source water chemistry via land use practices (modifications of agricultural processes, application of best management processes [BMPs])

Direct release of contaminants (e.g., PhACs)

Indirect sources of contaminants (e.g., production by toxic algae)

Can we better characterize the movement of chemicals through the atmosphere, the stock of chemicals in commerce and the chemicals “stored” in our environment from past practices?

Performing life cycle analysis of the potential fate, transport and ecological and health effects of new chemicals at the time of their introduction/certification for general use (green chemistry)

	Mariñas
	Can chemical processes be separate from biological processes (organometallics are involved in both simultaneously)?

Exploration of the link between wastewater and drinking water

	Snoeyink
	Land use practices and geochemistry and their affect on water quality

· Highly saline water chemistry 

· Brackish groundwater

· Brine treatment - desalination

Water reuse through groundwater injection

· Matching water quality to the chemistry of the aquifer

· What are possible long-term currently unanticipated consequences?

· What chemistry needs are associated with groundwater reuse?

· Are there materials going into the ground that could be legacy problems in the future?

· Is there a need for systematic studies on the effects of aquifer storage recovery effects on groundwater quality?

Green chemistry: proactive strategies for protecting water

· Are certain bonds and structures so strong that they should not be made because of their persistence?

· What should be the lifetime for products?


Table 34:  Treatment and Distribution

	Group
	Research areas and applications

	Elimelech
	Predicting pollutant removal

Photo-oxidation

Immobilized bed systems

Processes used in food and other industries

	Kilduff
	Use of benign chemical agents

Decreased use of chemicals

Faster-acting chemicals with no residuals

Novel processes

Understanding the behavior of pipe materials used in distribution systems

Novel point of use processes

Sensors for use in distribution systems or point of use applications

The economics of water treatment

· How much are consumers willing to pay for safer water or the perception of safer water (water treatment uses poor man’s technologies because water is too cheap a commodity)

· Goods should be priced to reflect their environmental costs (e.g., an ecotax).   The public needs to understand the downside of chemicals in commerce (e.g., the occurrence of personal care product chemicals in source waters).

	Mariñas
	New materials and stable coatings for constructing distribution systems 

Heterogeneous catalysis: oxidative and reductive catalysis for the removal of NOM and selected inorganics (NO3-) and organics (chlorinated organics)

Sorption and interfacial processes

Membrane solute interactions

Reactions at membrane surfaces 

Catalysis

Activated carbon, sediments

Selectivity of membrane separation for trace organics (why do certain chemicals pass through membranes?).

The chemistry of disinfection and use of mixed oxidants

Replacing distribution system infrastructure

	Snoeyink
	Coupled modeling of hydrodynamics with chemical reaction rates for chemical addition minimization, more compact facilities, more efficient processes. 

What new or improved oxidative processes are possible?

· Photocatalytic?  Fenton chemistry?  

· Better general understanding needed of electron transfer reactions.

Designing selective surfaces

What is the best material for the distribution of water?

· New materials, coatings for existing pipes

· How do changes in disinfection & other practices affect scale & material stability?


Table 35:  Desirable Properties or Functionality of Novel Materials

	Group
	Research areas and applications

	Elimelech
	Multifunctional materials with immobilized catalysts

Highly selective adsorbents 

	Kilduff
	Oxidative catalysts

	Mariñas
	How to optimize the catalytic function [of novel materials] with separation

Use of oxidation potential to surpass conventional oxidants such as ozone

Ability to be assembled into a single, large membrane

How can nanomaterials be kept in suspension despite aggregation?  Could surfaces be modified to prevent aggregation?

Can nanomaterial function be inactivation of microbes [in distribution systems], thus decreasing reliance on chlorine for residual disinfection?

	Snoeyink
	Combined adsorption and/or disinfectant and/or catalytic oxidation

Reactive adsorbents – Maintain OH- generation efficiency if material sorbs and produces radicals simultaneously?

Efficient free radical production

Purer, smaller TiO2
Ability to release constituents at a desired rate (e.g., slow release of chlorine)


Table 36:  Health and Societal Effects

	Group
	Research areas and applications

	Elimelech
	The change of focus from treatment to reuse of resources will require tailored materials (e.g., highly selective adsorbents for mining in water).

	Kilduff
	Life cycle analysis – how to handle nanoparticles in residuals/brines

What is the fate of nanoparticles in drinking water treatment (coagulation? filtration? membrane fouling? oxidation?)

Proactive strategies in novel materials development

· Assess materials currently in the environment

· Catalog materials as they are developed

· Patent literature

· Production data

· Characterize structures

· Characterize properties

· X-ray spectroscopy

· Borrow techniques from aerosol science?

· Risk assessment

Uptake of nanomaterials by cell membranes – not exposed to enzyme activity

What are susceptibilities?

What breaks down nanomaterials?

What effects do breakdown products have?

New approaches to modeling toxicity?

Environmental and material science education

	Mariñas
	Health effects –

· Are health effects a universal concern (for all nanomaterials) or more specific to nanomaterials such as C60?

· Are heavy metals (e.g., Cd) a concern?

How might an exposure assessment be conducted?  

· What natural and anthropogenic (human engineered) nanomaterials are currently in the environment?  

· Is it necessary to determine the origin and fate of these materials?  

· Do analytical limitations to detection of nanomaterials prevent our examination of aquatic environments?

Uptake of micropollutants on nanomaterials

Do we need such sophisticated materials [as a nanomaterials] to remove a single contaminant when we want to remove a broad range of contaminants (from an adsorption technology view)?

Is life cycle analysis needed?  Is pollution generated using nanomaterials (energy byproducts) offset by pollution controlled?

	Snoeyink
	What is known about current exposure to nanoparticles from natural and anthropogenic activities?  

· Are we exposed to nanomaterials from personal care products?  

· What are the current routes of exposure?  

· Are we generating new, more dangerous routes?  

· Are these exposures different from exposures to natural nanoparticles?

· What are the real routes of exposure to nanomaterials?

How are nanoparticles transported through water treatment?

Should nanomaterials be manufactured to be detectable and destroyable?

As we make particles, are we creating non-natural particles that have different types of risk?

· What are the health risks related to the size of nanoparticles?  Size may be important since it is a factor in cell responses and it relates to passage of materials through the blood-brain barrier.  Analogy to PM 10/2.5 sizes – how do nanoparticles compare?

· Risk relative to chemistry of particles (aside from size-related risks)? 


Table 37:  Fundamental Research on Novel Materials

	Group
	Research areas and applications

	Elimelech
	Development of new synthetic routes (dendrimers, nanoparticle assembly, templating) for filtration, separation, reaction and gas membranes

Advances in fundamental science of transport at the nanoscale are needed to guide materials design (e.g., can nanoscale inorganic architectures reject ions and small molecule contaminants?).

Interface science and control of corrosion and scale formation in distribution systems

	Kilduff
	Mass transfer effects related to use of sunlight and photosensitizer/catalysts in degrading NOM

How do constituents of natural water impact transport and reactivity of nanoparticles?

Sorption of NOM – 

· Changes in surface properties

· Changes in functionality

· Affects on transport

· Impacts of metals and clays on nanomaterials properties and performance

· Factors influencing the aggregation of nanoparticles

· Development of techniques to measure nanoparticles (separation, identification and quantification)

· Is solubility a controlling property of nanoparticles?

Fate of nanoparticles in sludges

	Mariñas
	Nanomaterials vs. nano-scale structures (less well-defined structure)

How efficiently are OH radicals produced?

Is singlet oxygen useful?

Can C60 be used to trap a contaminant and then oxidize it at site?  In situ regeneration

Selectivity in size of pores may be useful for analytic purposes (maybe more so than for treatment)

Uptake of micropollutants on nanomaterials

What is the durability of nanomaterials, regardless of the application (particles, membranes, filter material)

How are contaminants and water transported through nanomaterial membranes (homogeneous v. heterogeneous structures, surface functionalities)?

· What is the extent of fouling for different nanomaterials and different source waters (e.g., the fouling effect of NOM)?  What is the mechanism of NOM fouling of nanomaterials?

	Snoeyink
	Most nanomaterial work has been done in clean environments.  What about natural systems?

Would NOM coatings lead to natural coagulation 

Can materials lose the properties for which they are made?

Production of designer materials such as 

· new fullerenes, purer and 

· smaller, purer TiO2
· nitrogen-doped TiO2 for production of free radicals and investigation into the efficacy of using such materials in treatment

Chemistry and physics of nanoparticles in water

How good are nanomaterials at producing free radicals?  What is their efficiency?

How could materials be configured with a view to their performance in environmental systems?  Chemists are not currently tuned in to this.


Table 38:  Nanomaterials and Novel Materials Applications for Novel Water Treatment Processes or Detection Schemes

	Group
	Research areas and applications

	Elimelech
	Higher quality of water in point of use systems will enable greater flexibility in materials design

Recent advances in biomaterials (scaffolds, coatings) should be utilized in the design of optimized supports for biologically-driven treatment strategies

Bio-nanotechnology for targeted disinfection

	Kilduff
	How can the photo-oxidative and electrochemical properties of nanoparticle devices be exploited?  Can sunlight be used to naturally degrade NOM (with immobilization/segregation)?

Oxidative catalysis in water treatment

· Advanced oxidation of organics (e.g., NDMA)

· Advanced reduction

· Combined oxidation/reduction

· NOM (DBPs, fouling potential)

· SMPs in membrane bioreactors

· How can new materials be employed to improve membrane properties?

· Need to reduce fouling (with or without pretreatment)

· Microbes and microbial products

· Chemicals (NOM, particles)

· Approaches to applying new materials for improving membranes include

· changing surface chemistry

· coatings

· altering surface roughness

· Development of ultra-high flux capabilities

· Stability in the presence of oxidants

How can new materials be employed to detect specific biological or chemical agents of concern

· Electrochemical probe

· Specific chemical indicators for control (quantum dots)

· Adapting sensors from other industries to reduce cost

· Inexpensive chemical specific probes for point of use testing (e.g., for lead)

	Mariñas
	Sensors

· What is the practical sensory component of nanomaterials for use in water treatment plants and distribution systems?

· How can a signal from a nanomaterial be communicated back as useful information?

· Can the sensitivity of nanomaterial-based sensors be high enough for practical application?

· Could sensors be incorporated with hydraulic modeling of distribution systems to better manage flows and keep concentrations of disinfectant and DBPs in acceptable ranges?

· Can a nanomaterial sensor for chlorine be used to optimize delivery at chlorine booster stations to keep residuals and DBPs within acceptable ranges?

Can we construct reactors smaller than those used in conventional processes (e.g., reactors for separation that have increased ability to adsorb compared with reactors using traditional sorbents) combined with oxidation or destruction (more efficient because of higher concentrations of reactant)?

Membranes

· What is the extent of fouling for different nanomaterials and different source waters (e.g., the fouling effect of NOM)?

· How are contaminants and water transported through nanomaterial membranes (homogeneous v. heterogeneous structures, surface functionalities)?

Is the application of nanomaterials more appropriate for decentralized water treatment (i.e., smaller scale operations)?

Is disinfection within the distribution system by nanomaterials a practical way to protect the consumer?

Cogeneration of energy and water

· Is the amount of water produced significant?

· What is the life cycle assessment?

· What is the quality of water produced?

	Snoeyink
	Sensors

· Designing sensors for detection, collection and biodegradable

· Swarming sensors in distribution systems or moving sensors in complex environments

· Possibilities of micropollutants – bio-amplified nanomaterials

· Development of UV sensors

· Detection of DNA or microbes

Materials for combined disinfection, adsorption and oxidation

Membranes

· Materials that also oxidize

· Single adsorbed layer membrane to break down foulants or concentrates

· May break down and send products through membrane

· How do colloids with active surfaces play a role?

Reactors with fullerene material exposed to light 

· Suspended version – membrane separation downstream

· Immobilized version


Table 39:  Cyber Infrastructure Fundamental Research

	Group
	Research areas and applications

	Elimelech
	Standards and protocols for data and models

How adaptable would a network itself be?  Would it be disposable?

	Kilduff
	High performance computing, harvesting computing, teragrid.

Domain models for prediction

Data interpretation

· Access of data and retrieval of data for process control or enabling research

· Remote, wireless access (e.g., for chlorine residual and DBPs in distribution systems)

· Data interpretation (trend analysis, pattern recognition)

	Mariñas
	Can systems be developed that are reliable, self-aware, adaptive and collaborative?

What new information processing, data archiving and decision support tools should be developed?

What are the relative cost functions?

	Snoeyink
	Availability and development of real time sensors

Distinction between research to understand a complex system and solving real-world problems


Table 40:  Monitoring and Cyber Infrastructure in Drinking Water Treatment

	Group
	Research areas and applications

	Elimelech
	In general, richer data streams would allow more (and currently unforeseen) questions to be asked

What would you do with the data once you had it?  An example might be plant flow and load balancing.

What is the value of information obtained versus the cost of sensor networks?

Could advances in sensors, sensor technologies and cyber infrastructure enable more efficient and reliable water supply and treatment systems?

	Kilduff
	How to design optimal sensor networks

· Spatial and temporal detail

· Nested models

· Incorporate raw data with models for rainfall/runoff, algal activity, turbidity, etc.

· Use raw data for continuous calibration of distributed parameter models

Modular domain models will allow system-specific application (e.g., GAC, membrane) of more general cyber infrastructure framework).

Prototype system

· Real system highly-instrumented and modeled

· Provide a template

· Use and benefits of cyber infrastructure

· Real time data monitoring (regulatory, emergency, control)

· Identify spatial and temporal sampling needs

· Data  collection, storage, retrieval and analysis

· Provide observational data for other researchers and research communities

· Similar to a CLEANER site?

· How to integrate with existing data sets (e.g., USGS data).

	Mariñas
	Mobile devices to measure water quality parameters

· Point source and nonpoint events

· Groundwater and surface water chemical and biological parameters (e.g., nutrients, biosensors)

Issues in application of cyber infrastructure and monitoring networks in water treatment

· Location of monitors and sampling frequency

· Sensor sensitivity, availability (particularly for biologicals) and reliability

· Identification of appropriate parameters to be monitored

· Use of optical sensors (fixed) – hyperspectral imaging

· Automated sampling systems

· Cost functions

	Snoeyink
	With regard to cyber infrastructure eliminating dependence on human operators, what processes can be adapted to being run remotely and which processes cannot?


 Table 41:  Potential Applications

	Group
	Research areas and applications

	Elimelech
	Understanding the dynamics of algal blooms

Deployment of robotic sensors in distribution systems

Use cyber infrastructure to inform model development (e.g., disinfection contact chambers)

Networking data from multiple treatment plants (using the same water source) to compare performance and develop self-learning network of water treatment plants

Choosing point of withdrawal from reservoirs

Validation of knowledge of reservoir hydrodynamics

Distributed treatment systems

	Kilduff
	Particle counts in treatment plants or distribution

Algal blooms (taste, odor, toxins), turbidity and DOC/SUVA in source waters

	Mariñas
	Large scale assessment of water resources (quality and quantity)

Use in water treatment

· Highly automated “smart” diagnostic systems

· Condition-based monitoring (e.g., mining operations)

· Performance monitoring (e.g., water quality, leakage, reactor flow imaging and hydrodynamics monitoring)

· Acoustic detection of failures

· Rural application (wells)

Use in distribution systems 

· Diagnostic systems (Robotics [pigs!] and acoustics)

· Security

· Infiltration

· Scales and corrosion

· Biofilms

Uses for consumers or at taps

· Point of use sensors (two-way) for detecting contaminants of concern (e.g., Legionella) or contaminant surrogates

· Surveillance and epidemiological research

· Security (rapid response)

· Behavioral research

· Facilitated data gathering and storage using home computers

	Snoeyink
	Distribution system applications

· Collect real-time data on water quality and hydraulic parameters throughout the distribution systems for better understanding

· Use of distribution system monitoring data and models for optimizing flow, chemical additions etc.

· Use of distribution system monitoring data for detecting terrorist attacks on water system infrastructure

Source water applications

· Real-time data on reservoir water quality could suggest ways to better operate reservoirs (e.g., increase circulation, alter heights of discharges, etc).  This is currently done on a limited basis without complicated cyberinformatics – so the goal of adding cyberinformatics would be optimization.

· There is little opportunity for using cyberinformatics to control WWTP and stormwater discharges and nonpoint source loadings.

Treatment system applications

· Cyberinformatics has less potential because of conservatism.  Application of cyberinformatics would require a change in philosophy of water supply operation to emphasize more site-specific optimization and efficiency.

· Could be useful in decentralized systems, developing countries.


Table 42:  Novel Processes Overarching Topics

	Group
	Research areas and applications

	Elimelech
	Motivations for novel processes?

· Lower costs (including manufacturing costs)

· Simplicity

· Improved performance (e.g., higher rejection, higher flux, lower pressure)

· Smaller footprint

· Regulatory driven?  Is this the best motivator?

· What are the incentives for thinking outside the box?  Is the water treatment industry too parochial in its thinking?

Where are the next research investments best spent?  Watersheds?  Treatment?  Distribution systems?

Where in the environmental engineering community is there the expertise AND interest to tackle critical problems that lie on the periphery of process research that may be of higher priority in the next research investment to address water sustainability?  

Energy flow (life cycle assessment related to development of novel processes)

Alternative food production methods to limit land and water pollution

Control of the development of new chemicals

Can we develop a single process that removes all contaminants?

How do we design a robust process that deals with heterogeneous composition that is dynamic

	Kilduff
	The over-arching objective in developing novel treatment processes is environmentally benign production of safe, palatable potable water.

Low energy use

Minimal use of chemicals

Can we develop novel processes and management strategies that improve water quality while reducing energy requirements?  How does energy cost influence competitiveness of new technologies?

New technology may fail in trials due to incorrect installation.

Do regulations limit application of new technology?

Are we limited by too few technology options?

	Mariñas
	Comprehensive water quality control rather than a “contaminant du jour” approach

The merits of centralized vs. distributed systems (dual use)

· Safety/use

· Reuse

	Snoeyink
	Socio-economic issues

· Point of use technologies

· Are there better ways of engineering point smart plumbing

· Sensors are needed for quality control

· Central agency/control needed

· POU targets are aesthetics, chlorine and color

· Not-suitable targets:  pathogens and acute toxins

Segregation of waste streams at the source

Transitioning from current treatment mode to POU may conflict with social norms or economic reality


Table 43:  Promising Treatment Technologies, Combinations of Technologies and Related Research

	Group
	Research areas and applications

	Elimelech
	Membranes

· Treatment of concentrates

· What is the fate of concentrates in land disposal?

· How can zero liquid discharge be achieved?

· Decentralized systems may be a way to reduce the total concentrate volume where membrane is only used for potable water – dual water concept

· Can oxidation process be used for concentrate treatment?

· Can biological processes be used (e.g., Se reduction to elemental Se in agricultural drainage water)

· Desalination

· It is difficult to see how membranes can be further improved to reduce costs; the performance is already very high in terms of rejection and high flux.

· Should the direction be toward capturing economies of scale?

Are there alternative activations of catalysts (e.g., ultrasound) that would be more practical than light for catalytic membrane surfaces?  What are the effects of membrane surfaces?

Are there hybrid processes that combine traditional treatment processes with emerging ones?

Novel processes for small water systems

Can we develop new, simple and reliable processes?

While most small systems are currently using groundwater, the future portends for more use of surface water to prevent “groundwater mining.”

	Kilduff
	Membrane processes

· Can we exploit membrane processes using gradients other than pressure (move chemicals, not water)?

· Active transport

· Pervaporation

· Electrodialysis

Can we combine existing processes in novel ways?

· Membrane/sorbent processes

· Membrane/oxidation processes (e.g., catalysis)

Advanced oxidation processes

Ultrasound

Radiation (UV and electron beam)

On-site water production

· condensates (e.g., air condition, evaporative systems)

· High-technology cisterns

· Water from power production

· Fuel cells

· Cooling towers

	Mariñas
	Membranes

· Separation with multiple membranes (MF/UF, NF/RO)

· Start at wastewater treatment plant + liquid residue

· New materials and composite materials (membrane coatings)

· Lower cost membrane processes (higher waterpermeability with enhanced general rejection)

New oxidation/reduction processes

· Catalysts

· Photocatalysts

Hybrid processes

· membranes/adsorbents

· bio/chemical catalysts

· biological controls with soluble microbial products

Physicochemical and biological liquid residue treatment

· Valuable solid recovery

· Production of very low solubility solids (rocks)

	Snoeyink
	Membranes

· Fundamental understanding of function and limitations

· Fouling mechanisms

· the relationship between source water quality and fouling

· Study on the impact of RO treated water on the distribution system and aquifers

Biological processes tailored to treat specific contaminants

· Reduction may require elimination of oxygen

· Biologically engineered organisms may circumvent the need for oxygen removal

Design of integrated systems

· Ion exchange – advanced oxidation

· Development of processes that compliment membrane processes

· Combine new and old technologies

· Catalysis and membrane technologies

Advanced oxidation

· Better process control

· Catalysts for maximizing contaminant destruction

· Kinetics and product formations (e.g., triazine oxidation is incomplete – daughter products may be as hazardous)


Table 44:  Distribution System Technologies and Research

	Group
	Research areas and applications

	Elimelech
	

	Kilduff
	Can we develop new approaches to produce and distribute drinking water?

· Multiple systems (not restricted to dual systems)

· Reactive pipes

· Control biological activity

· Exploit residence time

· Are reactive pipes limited by a low surface area to volume ratio or by reaction products?

· Distributed treatment

	Mariñas
	Predictive tools for disinfection without causing corrosion/metal dissolution/biofilms (nitrification)

Intelligent distribution systems with treatment points (security, community, POE)

Future distribution systems as intelligent reactors

	Snoeyink
	


Table 45:  Watershed Management

	Group
	Research areas and applications

	Elimelech
	The role of DOC

· To what extent and at what cost can we control DOC at the source?  

· If DOC is controlled at the source, what is the impact on cost of water treatment (e.g., membrane fouling, coagulant dose, production of DBPs)?

· Alum dosing requirements for waters with different DOC contents may be counterintuitive.  What do we know about DOC?

· Have science and engineering accepted the concept that DOC increases with human activity to a significant extent or is this still a researchable question?

	Kilduff
	Engineering intervention in the watershed

· Groundwater recharge

· Applications of bio/nanotechnology

	Mariñas
	Predictive tools

· Apply interdisciplinary approach

· Create interaction with ecologists, organic geochemists (GIS-DOM, nitrogen, global cycles) microbiologists and others for development of predictive reactive transport models (chemicals and pathogens) for entire watersheds.

· Better connections with waste water treatment plants and consumers

· Water quality impact of climate change

· Better understanding of soil-aquifer processes

· Predictive models for recharge (storage and treatment)

· Include geochemistry and microbiology

· Intelligent management decisions

· Timing and selection

Emergency response and security

	Snoeyink
	DOC

· Avoid DOC introducing paths (wetlands)

· What are other water quality implications associated with reducing DOC loads?

Use natural processes in rivers, reservoirs and groundwater for natural contaminant attenuation

Groundwater recharge


Table 46:  Basic Research

	Group
	Research areas and applications

	Elimelech
	

	Kilduff
	Develop fundamental knowledge of process performance (e.g., membrane permeation)

First principle modeling

Assess performance for new chemicals

Quantitative structure-property/activity relationships (QSPR/QSAR)

Fouling and cleaning

Fate and properties of pharmaceuticals and endocrine disrupters

	Mariñas
	

	Snoeyink
	Catalytic and biological reductive processes (fundamental understanding for optimization for waters of different quality)

· Many emerging contaminants occur in oxidized forms and can be removed by reduction (selenate, perchlorate, oxyanions, chlorinated solvents)

· Risk of forming more toxic contaminants

· European perspective: many biological processes have been used for a long time

Removal to very low concentrations
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