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Executive Summary
The Water Innovation Network for Sustainable Small Systems (WINSSS) has continued to
make strides in achieving its goals in benefitting small drinking water systems throughout the
US. Outlined below is a summary of the progress that has been made on each of the individual
projects and from the Center as a whole.
The team working on ferrate treatment (Project A1) continued to show its viability as an
alternative to other pre- and intermediate oxidants in lab pilot scale. Work is underway to address
some of the most important remaining impediments to its use, including the awarding of contact
time (CT) credit. Funds have been secured by WINSSS to develop a statistical design for a CT
study. This was done with the help of EPA and the intent is that once the study is completed,
there will be impetus to fund and implement the study so that CT tables can be published.
The potential decrease in the EPA MCL of fluoride could mean that small drinking water
systems would struggle to meet the new limit. Project A2 focuses on the use of alum and iron
coagulation to remove fluoride and arsenic from source waters as this method is already utilized
to remove particulate matter and NOM. Results show that alum coagulation is an effective
possible treatment for the removal of both fluoride and arsenic. The upcoming year will focus
specifically on the use of iron coagulation for the removal of arsenic.
Progress on Project A3 during Year 2 has focused on the ion exchange pilot plant study and
creating the integrated decision-support tool. The pilot plant study data has shown that DOC can
be effectively removed such that the formation of DBPs upon chlorine disinfection is
significantly reduced. The integrated decision-support tool is being developed to allow drinking
water utilities to make informed decisions about their process configurations and operating
conditions. This work will continue throughout next year.
Riverbank filtration (RBF) was shown to be a method in reducing the risk of disinfection
byproduct formation (Project A4). Two RBF systems- Auburn and Nebraska City- resulted in the
improvement of the quality of source water by decreasing turbidity, total and dissolved organic
carbon, total coliform, and E. coli. Sampling and other analysis will continue in the upcoming
year.
Many steps have been made toward standardizing the process of approval of innovative
technologies (Project B1). Responses to a survey administered jointly by WINSSS, DeRISK, and
ASDWA showed that most states are willing to 1) form an information sharing network for
technology data, 2) form a workgroup of nearby states to develop common standards and
piloting protocols, and 3) partner with nearby state regulatory agencies to coordinate technology
approval. The results of this survey were presented at multiple conferences and will be published
soon. Workgroup meetings have made progress toward the idea of developing a national system
for technology acceptance. The New England workgroup will begin to work toward developing
standards acceptable to all New England states.
The beta version of a smartphone app for utilities’ asset management (Project B2) has
been tested by undergraduate students and we expect the development of the revised version to
be made available within the upcoming year along with a corresponding white paper.
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Implementation of the app within small utilities will allow for more efficient monitoring of
assets, and therefore, lead to a stronger financial position.
Work on distributed sensing and monitoring (Project B3) is moving toward establishing a
better, low-cost means of following chlorine residuals with existing ORP electrodes. Recent
advancements in ORP sensor design have redirected this work away from development of an
entirely new sensor to refining the use and interpretation of data from existing devices. We
expect the end result to be new algorithms allowing the use of this robust and inexpensive
technology along with modern wireless communication to give small utilities a much better
option for maintaining control over their disinfectant residuals.
Project C is concerned with the reduction of disinfection byproducts (DBPs) in drinking
water either though treatment of DBPs, treatment of DBP precursors, or development of
technologies that preclude the use of chlorinated disinfection. Substantial progress has been
made on the first two methods in the past year. Specifically, hollow fiber membrane air stripping
has been proven to be economically advantageous in the treatment of THMs. This technology
will be prepared for pilot scale testing in the upcoming year. To remove NOM, the ED-RO
system was shown to be a viable option, but further work under varying operational conditions
will be investigated. The team is also developing a disinfection technology that utilizes
microwave irradiation. Preliminary results have provided proof-of-concept and more testing is
planned for the upcoming year.
Significant progress has been made on the use of biofilters to remove inorganic nitrogen
species and N-DBPs (Project D). Much of the work in the past year has focused on the benchscale nitrifying biofilters. Work is currently underway to utilize the bench-scale denitrifying
filters and pilot-scale filters for treatment. Additionally, the assessment of the biofilters’
effectiveness at removing TrOC will be beneficial in making recommendations for adaptation of
this technology in the field.
Work on the projects has been accompanied by Center administrative activities to ensure
the implementation of the innovations being developed. These activities include communication
with support groups (the Science Advisory Committee and Center Advisory Board), attending
various conferences and workshops, collaborating with DeRISK and RES’EAU, and outfitting
the Mobile Water Treatment Facility to pilot technologies.
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Objective
The Water Innovation Network for Sustainable Small Systems (WINSSS) brings together a
national team of experts to transform drinking water treatment for small water systems (SWS) to
meet the urgent need for state-of-the-art innovation, development, demonstration, and
implementation of treatment, information, and process technologies in part by leveraging
existing relationships with industry through the Massachusetts Water Cluster. Specifically,
WINSSS will facilitate a clear pathway for innovation implementation by creating the following
outputs: (i) novel approaches to treating grouped contaminants such as organic carbon, trace
organics, disinfection by-products, and nitrogenous compounds, (ii) pilot demonstration of
promising technologies previously developed under EPA’s STAR program and other programs
which will address the contaminants above as well as metals such as As, Fe, Mn, and Cr, and
other inorganics such as F and sulfide, (iii) standardized testing requirements for multiple states,
(iv) tools to simplify system operations such as an asset management app and a distributed
sensing and monitoring notification system, (v) an extensive outreach system including a
website, newsletter, workshops and presentations, webinars and educational modules, and (vi) a
technology analysis database for determining a technology's suitability for implementation in
small systems considering energy, sustainability, robustness, human health, and human,
regulatory and system acceptance.

Progress Summary
Center Administration and Functions
The administration and various functions of the WINSSS center are described below, including
the service units and mobile pilot trailer.

Center Administration
The executive committee consists of Dave Reckhow (UMass), John Tobiason (UMass),
Desmond Lawler (UT), and Bruce Dvorak (UNL). There was a change in Administrative
personnel with the departure of Kaoru Ikuru and the arrival of Celina Dozier as administrative
coordinator. Both Celina Dozier (UMass) and Patrick Wittbold (UMass) serve as support staff.
The WINSSS Executive Committee and support staff meet every two weeks via videoconference to discuss WINSSS issues and projects. PIs are invited periodically to participate in
the video-conference to update the committee on the progress of their respective project(s).
The WINSSS Center Advisory Board is composed of high-level representatives from 8 different
agencies or governmental groups:


MA Legislature (a key member of the MA house or senate who is active on
environmental and water resources committees)



MA Executive office of Energy and Environmental Affairs (secretary or undersecretary)



MA Department of Public Health (Commissioner or Director of Bureau of Public Health)



New England Water Cluster (NEWIN Chair or Executive Director)
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US House of Representatives (MA 2nd District Representative)



US EPA Region 1 (Administrator or Director of Ecosystem Protection)



US Indian Health Service (Director of Environmental Health & Engineering)



US Corporation for National and Community Service (CEO or Atlantic Cluster Area
Manager)

The represented groups were carefully selected to include those charged with making decisions
on regional and national needs in drinking water. The groups are sufficiently diverse so that their
perspectives on various water issues will span a range of needs and objectives. In addition, there
is a focus on individuals from MA, which was done to improve our chances of getting both their
physical attendance at meetings and to heighten their interest as WINSSS has a substantial
presence in MA.
The original intent was to convene the Center Advisory Board annually for reviewing and
assessing the overall direction of the Center. In addition, it was our goal that this group be able to
advise on policy, management, outreach and other broad aspects that create impediments to
technology adoption. Special emphasis was also intended in the area of implementation and
cooperation with industry Water Clusters for the purposes of commercializing innovations for
SWS. Members of the CAB met with Dave Reckhow in Boston October 2, 2015.
The WINSSS scientific advisory committee (SAC) was created to provide review and input on
all the WINSSS projects, with a special emphasis on assessing technical issues related to
implementation as well as cost. The membership of the SAC includes:


Marjorie Aelion, PhD, UMass Amherst School of Public Health, Amherst, MA, Dean



Marlo Berg, Texas Commission on Environmental Quality, Drinking water section



Sarah Clark, HDR, Inc. Denver CO, Senior Project Manager



John McClellan, PhD, Tighe & Bond, Inc., Westfield, MA, Vice President



Ken Mercer, PhD, AWWA, Denver, CO, Senior Manager, Technical and Research
Programs



Chris Miller, Miller and Associates, Kearney, NE, Small systems consultant



Madjid Mohseni, PhD, University of British Columbia, Professor, Director RES’EAU



Orren Schneider, PhD, American Water, Vorhees, NJ, Manager, Water Technology



Scott Summers, PhD, University of Colorado, Boulder, Professor, Director, DeRISK



Pasky Pascual, US EPA, WINSSS EPA Project Manager

The SAC members include representation from the DeRISK and RES’EAU small system
research centers, consultants, regulators, water utilities and public health academia. To date the
SAC has reviewed the original center proposal, the first-year annual report and the SAC met at
the WINSSS Center in-person meeting in Austin, Texas in March 2016 (see below). The SAC
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will be asked to comment on the second annual report and provide input on responses to the
Innovative Technology RFP that the WINSSS Center will release in Fall 2016.
At the Austin WINSSS Center meeting, each PI and their associated research groups presented
the status of their projects and discussed ongoing plans. Also, the SAC and other WINSSS PIs
gave feedback on each project. Center-wide activities and issues, including the service centers,
the WINSSS website, and efforts to continue the WINSSS Center past its initial grant period
were also discussed.

Collaborations with DeRISK and RES’EAU
WINSSS is strongly interconnected with DeRISK at a high level and this feature adds value to
both centers. First, Dave Reckhow is a member of the DeRISK Science Advisory Committee and
Bruce Dvorak is a member of the DeRISK Implementation Advisory Committee. As such, both
participated in the 2015 DeRISK Center meeting in Boulder (Aug 31-Sept 1). In addition, Scott
Summers (DeRISK Director) is a member of the WINSSS Science Advisory Committee.
Finally, Madjid Mohseni, Director of the Canadian Center, RES’EAU, is a member of both
Centers’ SACs.
The two centers also participate in several focused activities. Both are engaged in working on
reducing barriers to acceptance of new technologies. This includes close collaboration, especially
with the help Steve Wilson and ASDWA. The two centers recently worked together to create and
administer a web-based course on small systems that was made fully available to students at all
the institutions in both centers. Joint presentations have been made by researchers from the two
centers at national meetings (e.g., EPA small systems meeting, AWWA meetings). Finally, the
two centers have been working together on a common newsletter and set of web-based research
meetings, discussed in further detail below.

Service Unit 1: Education and Outreach
The WINSSS Center is developing an active outreach program that focuses on providing
credible and engaging information to help advance the state of the science that is being
implemented as research-based information is created in the second half of the project. This
allows for the research, findings, and data developed from the Center to be disseminated by
multiple pathways, thereby increasing knowledge and positively impacting small system
sustainability and public health protection. Center outreach is providing nationwide exposure of
WINSSS Center products and other applicable technology-related information. Several
approaches are being used to create a resource that improves access to technology information
and fosters communication among stakeholders (small systems, consulting engineers, state
personnel, Water Clusters, Technology Assistance [TA] providers, and scientists). During the
past year, members of the WINSSS Executive Committee collaborated with the DeRISK Center
Executive Committee to coordinate outreach and educational activities. This collaboration
includes creating a joint monthly e-newsletter, a shared website (drinkingwatercenters.org) that
describes the work being done for each center and links to each center’s respective site, and
collaborating on outreach presentations, such as at the AWWA Annual Conference.
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Progress
Website and Forum. The WINSSS Center website (umass.edu/WINSSS) has been utilized to
share Center objectives and information with the public. Presentations from the Center-wide
meeting in Austin are available for viewing and profiles of Center personnel and partners are
accessible. Additionally, journal papers and presentations that are produced from WINSSS
projects are listed. In Year 3, the goal is to make the Center’s site more valuable and interactive,
by posting the latest results from the various research projects, and implementing forums. These
forums are aimed at providing an online space for state regulators and plant operators to discuss
problems, solutions, and implementation of technologies.
Newsletter. Ten joint email newsletters have been distributed since August 2015. These provide
interested stakeholders within WINSSS and DeRISK with project updates and information on
upcoming events and links to upcoming events and relevant scholarly publications. More than
200 people subscribe to the monthly newsletters. This effort is led by the WINSSS Center,
through the University of Illinois.
Social media. The Twitter account @tech4smallwater gives updates on WINSSS Center project
progress and shares information on related research and events. Through the University of
Illinois, WINSSS has also established a LinkedIn group, Tech 4 Small Water.
Workshops and Presentations. As the Center’s work continues, the process of disseminating
the research outputs through presentations are starting to increase. During the 2015-16 fiscal
year, presentations related to how the Center is helping facilitate the development of innovative
solutions were made at the US EPA Small Systems Workshop in Cincinnati, AWWA’s Annual
Conference and Exposition (ACE) in Chicago, and at regional conferences in various locations
from Nebraska to Connecticut. The WINSSS Center collaborated with the DeRISK and
RES’EAU-WaterNET Centers to organize a session at the 2016 AWWA ACE in Chicago related
to bringing innovative technologies from the laboratory to the field. WINSSS investigators are
reaching the point where they are giving presentations on specific projects, with about a dozen
such presentations in the past year.
Webinars. The WINSSS Center is collaborating with the US EPA to have presentations on
specific projects given as part of their monthly Small Systems Webinar series. The first two such
presentations have been scheduled for the fall of 2016. Approximately five such presentations
are anticipated to be part of the 2017 Small Systems Webinar series. Three Joint Center
Webinars were held during the Year 2 of WINSSS (November 6, 2015, December 4, 2015,
January 29, 2016). These webinars included PIs and students from WINSSS, DeRISK, and
RE’SEAU WaterNet in which students and PIs presented project summaries and findings to date.
Other educational activities. Additional outreach activities include educational activities within
the academic circles. These activities highlight the unique challenges faced by small systems to
the next generation of researchers, design engineers, innovators, and regulators. The educational
activities include:



Participation of 9 undergraduate students, 20 graduate students, and 4 post-doctoral
associates in WINSSS-sponsored projects,
Sponsorship of the New England Graduate Student Water Symposium in Amherst,
MA,
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Participation in an online three-center small water and wastewater systems class
during the spring of 2016, including four presentations given by WINSSS faculty and
the participation of about fifteen students and faculty from WINSSS Universities.

Service Unit 2: Research Project Outcome Assessment, Contaminant
Regulation, and Sustainability
Project progress is on track to accomplish the original research objectives in a timely manner.
The primary activities include 1) developing a sustainability assessment framework with semiquantitative matrix, and 2) developing an EXCEL-based life cycle assessment/life cycle cost
analysis tool. The first activity is part of the center management plan- summarized here- and the
second activity is part of subproject A3 “Contaminant reduction, life cycle impacts, and life
cycle costs of ion exchange treatment and regeneration (Treavor Boyer, University of Florida
and Jane (Qiong) Zhang, University of South Florida),” which is summarized in the Project A
section of this report.
Objective
The main objective of this project is to develop a sustainability assessment framework with a
semi-quantitative matrix. Rating scale questions will be developed for five dimensions:
technological, environmental, economic, societal, and managerial across the life cycle stages of
technologies including construction, operation & maintenance, and end-of-life. The five
dimensions are summarized in Figure 1 and the criteria included in each dimension are specified
in Table 1. A score for each dimension can be normalized by the maximum possible value in that
dimension. A weighting scheme will be developed through the analytic hierarchy process (AHP)
with the survey of various stakeholders.
Progress
Jane Zhang conducted a literature review and generated a draft of the sustainability assessment
framework with a semi-quantitative matrix during the last reporting period. In this reporting
period, Adib Amini has revised the framework and matrix and developed surveys to be
distributed to various stakeholders. The current version of the sustainability assessment
framework has included 5 dimensions, 18 criteria, 17 qualitative indicators, and 27 quantitative
indicators. An overview of the sustainability assessment framework is shown in Figure 1. The
approaches to acquire data or estimate indicators have been included into the sustainability
assessment framework as well. The current version of the sustainability assessment framework
has been reviewed by the center researchers and stakeholders who participated in the WINSSS
center meeting in March 2016 and was revised according to their feedback.
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Economic
2/0/4

Managerial
3/10/0

Societal
3/5/0

Technological
6/2/27

Environmental
4/0/7

Figure 1- Overview of the developed sustainability assessment framework. The numbers in each dimension indicate
(# of criteria)/(# of qualitative indicator)/(# of quantitative indicator). For example, 6 criteria, 2 qualitative
indicators, and 27 quantitative indicators have been developed for technological dimension.

Table 1- Dimensions and Criteria of the framework

Criteria

Dimension
Technological

Environmental

Economic

Societal

1. Performance

1. Energy use

1. Technology
1. Risk
costs

1. Mechanism

2. Robustness

2. Chemical use

2. Technology 2.
externality
Acceptance

2. Information
dissemination

3. Ability to be
implemented

3. Land required

4. Transferability

4. Waste
generation and
treatment

3. Ease of
use

Managerial

3. Adaptability

5. Adaptability
6. Reliability
Jane Zhang has adopted the concept of the sustainability assessment framework and applied it to
evaluate ozone disinfection design configurations. The study simulated flow, tracer transport,
and chemical species transport in a full-scale ozone contactor with different designs using
computational fluid dynamics (CFD) to assess the indicators of ozone disinfection efficiency. In
addition, the environmental and economic impacts of ozone contactor designs and upgrades were
evaluated, and a composite indicator to quantify the sustainability in technological,
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environmental and economic dimensions has been developed. Similar indicators can be used in
the framework to evaluate other technologies; for example, the treatment efficiency in
technological dimension, the environmental impacts offset time (i.e., the time it takes to make up
in energy savings for an increased environmental impact of greater material usage) in
environmental dimension, and the cost offset time (i.e., the time it takes to make up for increased
capital expense with lower operational cost) in economic dimension. The study has been
published in Water Research recently and this approach is especially useful for future water
systems designs.
Ph.D. student Adib Amini has developed a survey assessment of the sustainability framework.
The survey has been revised based on the feedback from Drs. Zhang and Dvorak. The survey has
been submitted for IRB approval and is currently under review. Employees at several plants that
participated in our previous study on life cycle environmental impact and cost assessment for
small-scale ion exchange drinking water facilities will participate in survey assessments of the
sustainability framework to evaluate values related to the sustainability criteria.
Plans
The following activities will take place during the next reporting period: The sustainability
assessment framework survey will be conducted with stakeholders at small ion exchange
drinking water systems. After the criteria and indicators in the sustainability assessment
framework are finalized, the survey for the stakeholders of small systems will be further refined
and streamlined. The streamlined survey will be conducted in the workshops and water cluster
meetings hosted by the WINSSS Center and distributed more widely among stakeholders
through WaterOperator.org. The sustainability assessment framework will then be tested by the
center researchers to evaluate the sustainability of the technologies developed within the
WINSSS center.
Publications/Presentations
Zhang, J., A. E. Tejada-Martinez, H. Lei, Q. Zhang, 2016. Indicators for technological,
environmental and economic sustainability of ozone contactors, Water Research, 101,
606-616.
Zhang, J., Q. Zhang, 2015. Improving Disinfection and Energy Efficiency of Ozone Contactors
via Baffle Design, Florida Section American Water Works Association Conference
(FSAWWA), Orlando, FL, Nov. 29-Dec. 3.
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Service Unit 3: Emerging Technologies
Service Unit 3 for the WINSSS Center includes a funded innovative technologies award
program, a gap analysis and research needs assessment, an Entrepreneurs’ Sounding Board
(ESB), and interaction with companies interested in possibly testing and demonstrating their
technology via WINSSS-associated resources.
WINSSS Center leadership recognized that researchers aligned with other teams that competed
for the Center award will have championed some excellent ideas for viable innovative
technologies. Thus, a competition to offer a total of $200,000 in seed funding to approximately
four innovative projects is planned. The competition is to support fundamental work on
technologies that are appropriate for small systems and could be ready for use within 10 years. A
request for proposals is being disseminated in November 2016 to other US academic based
researchers, with a deadline of December 2016, with work to be performed during the 2017
calendar year. The proposals will be selected through a tiered review by the Center Executive
Board, the WINSSS Science Advisory Committee, NEWIN representatives, and practitioners
involved with the entrepreneur’s sounding board (for which volunteers have been obtained).
A gap analysis and research needs review has been started. A critical gap has been identified in
that very little available technical literature articulates the research needs related to small
drinking water systems. A process of articulating and identifying those needs has begun, which
might involve a survey of the WINSSS advisory boards, researchers and practitioners.
The ESB is being formed from volunteers in the water and business sectors to provide feedback
on current WINSSS research and advice on future technologies to consider. The ESB will be
engaged during the third year of the center.
WINSSS Center Director David Reckhow and WINSSS administrative and management staff
periodically engage with companies that want assessment and evaluation of a technology that
they would like to bring to market (or expand market presence) and/or further develop. Some of
the contacts result from company interactions with the NEWIN water cluster while others result
from direct contact with the WINSSS center. Outcomes of these contacts have included donated
or discounted purchase of equipment for the WINSSS/NEWIN Mobile Pilot Trailer as well as
additional project funding to UMass outside of the WINSSS funding.

Service Unit 4: Center Sustainment
As stated in the WINSSS proposal, our vision for the Center is of an ongoing entity that provides
innovations for small systems on a long-term basis, extending well beyond the initial four-year
funding period (i.e., beyond 2018)1. This requires that the Center have a long-term funding plan
as well as a plan to keep its contributions relevant and vigorous. Several models were put
forward in the proposal to keep the Center funded beyond 2018, including. some combination of
the following sources:

1



Sales and intellectual property related revenue



Validation testing for private companies and related water cluster support



Direct funding by utilities

Includes initial 3-year grant, plus a 1-year no-cost extension.
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Industry groups (e.g., local section AWWA)



States and primacy agencies



Federal agencies (e.g., EPA)

Funding from intellectual property (IP) licensing and validation exercises is a potential source
related to technologies developed by the university PIs working under the Center and from Water
Cluster activities related to the Center. As new technologies are developed, established
agreements on IP (via the UMass Commercial Ventures and Intellectual Property office) will be
crafted in a way that will return a fraction of any income to the Center.
In addition, WINSSS will play a role in third-party testing and evaluation of new water treatment
technologies as conceived by NEWIN. A fee for such testing will be charged to cover costs of
piloting and associated water quality analysis, as well as administrative costs. This testing is an
opportunity of great interest to NEWIN and to the Massachusetts Clean Energy Center (CEC).
The CEC has accordingly pledged $100,000 of matching funds in support of a mobile pilottesting facility. The mobile pilot-testing trailer is currently under construction and will be housed
at UMass Amherst. The intent is for the trailer to be used in the piloting projects within the
Center as well as for cluster-related third-party testing and validation.
Direct funding by utilities might proceed via the North Carolina Urban Water Consortium
(UWC) model. While small utilities are not generally able to support national technology efforts,
medium to large utilities might have the interest and resources to help. Many have recognized
that it is in their self-interest to support organizations such as the UWC to help address regional
problems related to water quality and treatment. The UWC model incorporates a board of
advisors from NC water utilities who make decisions on funding using pooled resources. On a
national-scale, the Water Research Foundation (WRF, formerly AWWARF) runs a research
program partly through subscriber utility fees. The WRF subscribers are heavily weighted
toward the largest utilities in the US. Many medium sized systems have elected not to subscribe
because of perceptions that WRF’s research activities are driven by the needs of the big utilities.
This situation has helped create some space for local organizations such as the NC UWC. The
Center will work with the National Institutes for Water Resources centers, who have expressed
an interest, to help them develop a local UWC model for their state. In return, the National
Center would be given some authority to help steer the funding toward issues that have national
as well as regional significance and are appropriate to small systems as well as medium or large
systems.
National and regional industry or trade groups (e.g., NRWA, AWWA, NEIWPCC) and their
local sections are strong supporters of this Center. This support may not translate to any direct
financial assistance. It may however, lead to collaborative education and technology transfer
activities that are mutually beneficial. This type of collaboration has developed in many parts of
the US, such as will the NEWWA coalition. The national Center may be able to continue its
outreach activities at a greatly reduced cost by virtue of such collaborations.
State primacy agencies should benefit substantially from the Center’s activities. New
technologies and associated training will help small systems comply with state and federal
regulations, which will lift some of the burdens under which primacy agencies are working. As a
chief beneficiary of this work, it makes sense to look to them for assistance to continue the
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Center funding. Many state agencies managing water programs are financially challenged.
Nevertheless, we may be able to make a convincing argument that supporting the Center is a
good investment and ultimately relieves regulatory pressures, helps with training of state
regulatory personnel, and helps with interstate regulatory coordination (project B1).
Long-term Innovation
Sustainability of the Center’s intellectual vigor is another issue that requires careful planning. To
be successful in the long-term, it is critical that new ideas and approaches be embraced. A
dynamic and fertile atmosphere for innovation must be maintained at the Center. All of the
Center PIs actively engage in research, immerse themselves in the scientific literature, interact
with industry on new water technologies, and regularly participate in national and international
conferences as well as in panels to evaluate proposals for national and international funding
agencies. Nevertheless, to best serve national needs, the flow of new ideas must come from a
broader range of researchers than those directly funded by this Center. Many new ideas worth
pursuing will not come from the Center PIs (i.e., will not be the Center’s intellectual property)
but from other researchers not currently associated with the Center who will be best suited to
advance them.
As such, one activity of the Center is to solicit proposals or pre-proposals for projects not yet
funded. In November 2016, we plan to advertise an open submission for small-seed funding by
the Center. Ultimately we expect to make four awards of $50,000 each. This funding of
additional projects to other researchers is the core of the Center’s Emerging Technologies
program. In addition, the Center will explore options for direct submission of proposals that have
previously been submitted to other agencies, but were not funded. A good example would be the
NIWR centers (54 total), many of which have modest programs for seed funding in the area of
potable water technology. These centers typically serve their host institution and a few other
institutions within their state.

Mobile Pilot Trailer
The WINSSS Center benefits from seed funding for a mobile pilot trailer that has been provided
by the Massachusetts Clean Energy Center. The UMass Mobile Water Treatment Facility
(MWTF) is a 36-ft trailer that is currently being customized to allow simulation of both an
experimental and a parallel control water treatment train. When completed, each train will be
able to treat up to 10 gallons per minute (gpm) of water using a wide range of conventional and
advanced technologies.
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The original purpose of the UMass MWTF is twofold: (1) to
support the EPA center (WINSSS) by testing WINSSSassociated technologies in pilot scale and (2) to support
NEWIN by testing other technologies as requested in pilot
scale. The need for a mobile unit is based on the site-specific
nature of raw water quality and the large amounts of water
used for testing at this scale, making transport of the requisite
amount of raw water impractical.
In April 2016, the trailer was transported to the Strategic
Water Resources (SWR) facility in Mystic, CT to install and
test a SWR ozonation system (air prep system, generator and
contactor; see photo on right) valued at $128K. This required
development and execution of an equipment use agreement
and an agreement to apply for funds from the State of
Connecticut.
In July 2016, WINSSS purchased monitoring equipment from
SWAN Analytical Instruments, including:


pH, ORP and temperature monitor



CODES II – Free Chlorine, chloramines
and ozone monitor



TRIDES - Amperometric Chlorine
Monitor



TURBIWLL - Turbidimeter

Final stages of the trailer construction are
underway, and calibration of the installed
treatment technologies is expected to happen in
March 2017. The treatment scheme of the trailer consists of conventional technologies including
a pre-oxidation contactor, up-flow roughing filtration, intermediate oxidation contactor, dual
media sand-anthracite filtration, and a post-oxidation contactor. The installed components are
designed in such a way that numerous operational and flow configurations are possible to
evaluate a wide variety of treatment options.
Advanced treatment technologies including ferrate oxidation, ion-exchange, electro-chemical
oxidation, and ultra-filtration are currently being evaluated for installation during Year 3 of
WINSSS.
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WINSSS Project A: Implementation of Sustainable and Innovative
Treatment Technologies
Period covered by the Report: July 1, 2015 – June 30, 2016
Date of Report: August 1st, 2016
EPA Agreement Number: RD 83560201-0
The focus of WINSSS Project A is on the implementation of innovative technologies that are
specifically designed for, or particularly apt for, small water systems. The underlying hypothesis
is that small water systems often require different technologies than do larger systems to
accomplish multiple treatment objectives. The overall objective is to test whether certain
innovative technologies are particularly appropriate for small water systems, and if so, to provide
guidelines for their implementation that would be geared to those small systems.
Project A has seven sub-projects. The three major sub-projects are spin-offs of previous US EPA
STAR grants for innovative treatment technology research. Project A1 at the University of
Massachusetts Amherst (UM) is concerned with implementing the use of ferrate for oxidation.
Project A2 at the University of Texas at Austin (UT) is directed at the use of aluminum- and
iron-based coagulants for removal of multiple inorganic and organic contaminants. Project A3,
based at the University of Florida (UF) (through summer 2016, then at Arizona State University)
and the University of South Florida (USF) involves sustainable use of ion exchange for multiple
ion removal. The three larger projects involve laboratory, pilot, and full-scale experimental
testing of the various technologies that have been identified in the initial US EPA STAR projects
and, where appropriate, testing of alternative technologies that have been used in larger plants.
Smaller sub-projects within Project A investigate the impacts of natural filtration (riverbank
filtration or slow-sand filtration) on post-disinfection water quality (A4, University of Nebraska,
Lincoln), develop guidelines on the impacts of intermittent operation on treatment performance
(A5, UM), develop guidelines for coagulant selection (and dose setting) for enhanced
coagulation (A6, UT), and investigate the impacts of climate change on the operation of small
water systems (A7, UT/UM). The smaller projects rely primarily on a review and interpretation
of existing literature and water quality data, with small laboratory analytical components to
supplement the existing knowledge.
The summaries of activities and progress of projects A1-A4 for Year 2 of WINSSS are discussed
below. Projects A5-A7 are planned to begin in Year 3 of WINSSS (2016-2017), and thus are not
included in this annual project summary.

Project A1: Implementing ferrate treatment of drinking water in the U.S.
Project PIs: John E. Tobiason, David A. Reckhow (University of Massachusetts)
The objective of WINSSS Project A1 is to demonstrate the ability of ferrate oxidation to solve a
wide range of water quality and treatment problems faced by small systems. The plan is to
evaluate ferrate treatment on several water sources at pilot- or full-scale using continuous flow
treatment facilities, with the goal of obtaining data suitable for regulatory acceptance for ferrate
across the U.S. An illustration of the breadth of contaminants potentially impacted by ferrate
oxidation is shown in Figure 2 below.
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Figure 2- Illustration of range of ferrate treatment applications

Understanding the stoichiometry, rate, and transformation products of the reactions between an
oxidant/disinfectant and various water constituents, and impacts on downstream treatment
processes, is critical for use of that chemical in drinking water treatment (DWT) practice. The
potential advantages of ferrate for DWT are that it is a strong oxidant/disinfectant with no, or
limited, reaction by-products of health concern, unlike the situation for some other commonly
used chemicals such as chlorine, ozone, or chlorine dioxide. The decay of ferrate added to water,
and the resulting transformation products, is affected by pH and the types and concentrations of
water constituents.
Background/EPA STAR Project Findings
WINSSS Project A1 builds upon the findings from work conducted for the 2011 EPA STAR
project entitled, “Use of Ferrate in Small Drinking Water Treatment Systems” (EPA Grant
#R835172), also led by Project A1 co-PIs David Reckhow and John Tobiason. The EPA STAR
ferrate project ended in November 2015 during the second year of the WINSSS Center. Very
significant progress on understanding ferrate treatment was made under the US EPA STAR
project. Former PhD students Dr. Yanjun Jiang and Dr. Joseph Goodwill have provided lead
authorship on a total of six refereed publications (four during the reporting period for this report)
in the highest quality journals as well contributions to an ACS book and several conference
presentations. It is important to stress that although a large body of literature evaluates the
fundamental chemistry of ferrate and its reaction with various constituents under specific wellcontrolled laboratory conditions, very little work had been published previously that involved
assessment of ferrate addition to actual or realistically simulated drinking water sources.
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The work conducted via US EPA project sponsorship has greatly increased the body of
knowledge that informs practical implementation of ferrate treatment. Jiang et al. (2015) found
that the rate of ferrate decay is significantly affected by the pH buffers used in laboratory
experiments. These buffers are typically phosphate, which interacts with the iron particles
resulting from ferrate decay. Ferrate decay in natural waters with natural organic matter (NOM)
was slower than in laboratory waters without NOM. The amount and nature of precipitated iron
particles also influences the decay rate. Jiang et al. (2016a) found that pre-oxidation with ferrate
can substantially decrease the potential for formation of THM and HAA disinfection byproducts, in a range similar to ozone pre-oxidation, although coagulation also removes much of
the disinfection byproduct formation potential (DBPFP). In contrast, ferrate oxidation after
coagulation and clarification, but prior to filtration, which we term intermediate oxidation, can
have a much more substantial impact on decreasing DBPFP as compared to pre-oxidation and
coagulation or coagulation alone. In additional work, Jiang et al. (2016a) showed that ferrate
oxidation of natural condition waters with bromide can result in the formation of the undesired
bromate DBP, but not at levels of concern for any likely natural source of drinking water. Final
work led by Dr. Jiang addresses comparisons of ferrate and ozone for the oxidation of DBP
precursors (to be submitted).
Understanding the nature of the particles formed by the reduction of ferrate to Fe(III) is
important for consideration of their removal in DWT and their interactions with other
constituents. Goodwill et al. (2015) evaluated and compared ferrate resultant particles and
particles from ferric chloride coagulant addition as a function of pH and the presence or absence
of NOM. The work demonstrated that the ferrate resultant particles are more similar to an Fe2O3
oxide than to the ferric hydroxide produced from ferric coagulant addition. The ferrate resultant
particles were smaller and were impacted by the presence of NOM. The study also confirmed
that a phosphate buffer prevents the formation of iron colloids from ferrate reduction, although
this phenomenon never occurs for natural water conditions where ferrate would be utilized.
Goodwill et al. (2016a) presented the performance of a continuous flow two stage treatment
facility (upflow roughing filter clarifier, downflow dual media filter) for surface water treatment
with and without ferrate pre-oxidation. Results showed no negative impacts of ferrate resultant
particles and confirmed the batch study results showing some benefits of ferrate on DBP control.
The stoichiometry and kinetics of ferrate oxidation of reduced manganese (Mn(II)), and the
resulting transformation products have been assessed by Goodwill et al. (2016b). The results
reveal a three-electron transfer from Fe(VI) in oxidation of Mn(II) which has not been previously
documented, and shows that, similar to ozone, overdosing of ferrate results in the formation of
permanganate, an undesired effect. As compared to ozone, NOM did not exert a significant
competing demand during ferrate oxidation of reduced Mn.
Progress and Plans
Project A1 activities during the second year of the WINSSS Center year have been focused on
preparation for continuous-flow evaluation of ferrate treatment by development of experimental
facilities at the laboratory and mobile pilot trailer scales. MS student Joshua Cunningham, PhD
student Yanjun Jiang, Assistant Research Professor Joseph Goodwill, and Project Manager
Patrick Wittbold have supported project activities.
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Background
Jiang et al. (2016) concluded that the addition of ferrate post-clarification (i.e., “intermediate
ferrate”) in a drinking water treatment paradigm may be the most effective use of ferrate for
decreasing disinfection byproduct precursors, as removal of natural organic matter (NOM) by
coagulation prior to ferrate addition allows for more effective oxidation of remaining DBP
precursors by ferrate. To date, intermediate ferrate has not been examined in continuous flow
experiments to assess the impact on drinking water treatment operational parameters. The
development and execution of such experiments is likely to illuminate advantages or
disadvantages in full-scale implementation of intermediate ferrate.
Construction of Continuous Flow Apparatus
Modifications were made to the existing laboratory-scale continuous flow (pilot) apparatus at the
University of Massachusetts Amherst (Figure 3). The original design of the apparatus was based
on a common package water treatment plant consisting of possible pre-oxidation contact time,
coagulation, upflow roughing filtration (coarse plastic media) and downflow dual media
filtration. The piping and process chambers were constructed using polyvinyl chloride (PVC)
pipe. Multiple design iterations were assessed before the structure was finalized. The key
revision made to the apparatus was the addition of an on-line, flow-through contact tank
designed to facilitate the addition of a concentrated ferrate solution after clarification, as well as
appropriate pumps, feed lines, sampling ports, and analytical equipment.

Figure 3- Pilot Schematic: Ferrate Pre-oxidation.

Trial runs utilizing deionized water and available raw water from the prior EPA STAR project
were conducted to insure proper functionality (hydraulics, chemical dosing), to obtain
preliminary results, and for operators to become familiar with operational procedures.
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Experimental Design
Through review of literature published on implementation of ferrate in drinking water treatment,
an experimental design was developed.
Raw Water Characterization
Raw water characteristics relevant to drinking water treatment are determined through a variety
of laboratory tests, and include pH, turbidity, alkalinity, UV absorbance at 254 nm (UV254), iron
and manganese content, total and dissolved organic carbon (TOC, DOC), and disinfection byproduct formation potential (DBPFP).
The pH of raw water samples will be measured via pH probe, and turbidity will be measured via
laboratory turbidimeter (HACH 2100N). Alkalinity will be measured colorimetrically via
titration with a standardized HCl solution.
UV absorbance at 254 nm will be measured by filtering raw samples through a glass fiber filter
(GF/F, with an effective size exclusion of 0.7 µm) into a 3 mL quartz cuvette, and measuring
UV254 via UV/Vis spectrophotometer. This method is widely used to assess the dissolved
aromatic carbon content of NOM present in water (Weishaar et al., 2003).
Iron and manganese concentrations in various forms will be characterized through fractionation,
in which raw water is passed through filters of decreasing pore size, and metal concentrations are
measured via adapted colorimetric methods and colorimeter. Filters utilized in this process will
include a fine glass fiber filter (GF/F) with an effective size exclusion cutoff of 0.7 µm (GE
Whatman), a microfiltration membrane filter (MF) with a pore size of 0.2 µm (Nuclepore
Polycarbonate, Track-Etch Membrane, GE Whatman) and a 30 kDa regenerated cellulose
membrane ultrafilter (UF) (EMD Millipore). Solids retained on the GF/F filter will be
operationally defined as large particles. Solids passing the GF/F filter but retained on the 0.2 µm
filter will be defined as small particles. Solids passing the 0.2 µm filter but retained on the 30
kDa UF will be defined as colloidal (e.g., nanoparticles), and material passing the 30 kDa UF
will be considered dissolved. New filters will be used in each separation to minimize the
formation of a particle cake.
TOC will be quantified using a Shimadzu TOC-VCPH carbon analyzer. Samples will be acidified
prior to analysis with 6 N HCl and purged with nitrogen prior to analysis. DOC will be measured
through the same method by analyzing samples that are first filtered through a GF/F.
DBPFP will be measured by chlorinating samples in 300 mL, headspace-free bottles, and
incubated at 20 ̊C for 72 hours. Chlorine dosages will be as required to yield a residual between 3
and 5 mg/L as Cl2 following the incubation period. Samples will then be analyzed for four
trihalomethanes (THMs) and nine haloacetic acids (HAAs), according to THM/HAA analysis
standard operating procedure. THMs will be measured by liquid/liquid extraction with pentane
followed by gas chromatography (GC) with electron capture detection (ECD). HAAs will be
measured by liquid/liquid extraction with methyl-tertiary-butyl-ether (MTBE), derivatization
with acidic methanol and analysis by GC-ECD.
Bench Scale – Coagulant dose optimization
Bench scale optimization experiments (e.g., jar tests) will be conducted to define coagulation
parameters for maximum DOC removal in continuous flow experiments. Two sets of
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optimization experiments will be executed. For “no oxidant” and “intermediate ferrate” trials,
raw water will be coagulated. For the “ferrate pre-oxidation” trial, water treated with ferrate will
be coagulated.
Jar tests will be executed using a programmable flocculator. Six jars will be dosed with varying
amounts of ferric chloride under rapid (G ~200 sec-1) mixing, followed by 10 minutes of slow (G
~50 sec-1) mixing. pH will be controlled at 5.5 by drop-wise addition of 1 M NaOH or 1 M HCl,
as required. Solutions will then be filtered with a course glass fiber filter (GF/C, with an effective
size exclusion of 1.2 µm) to simulate the up-flow adsorption clarifier utilized in the pilot scale.
Following coagulation, flocculation and filtration, a 20-mL sample will be taken from the reactor
and filtered via GF/F. UV254 absorbance of each sample will be measured, and the Fe(III) dose
that yields the lowest UV254 value will be defined as the optimum ferric dose. If ferric coagulant
dosages yield the same (e.g., <5% difference) absorbance, the lower of the two dosages will be
considered optimum.
Samples treated with the optimum coagulant dose will be placed in a streaming current monitor
to measure the particle surface charge. The particle size distribution will be measured by a
combination of a Chemtrac particle counter (continuous flow samples, with a measurable size
range of 2-100 µm) and Malvern Zetasizer (grab samples, with a measurable size range of 102000 nm).
Pilot Scale/Continuous Flow Experiments
The continuous flow treatment processes have been developed to replicate and modify full-scale
drinking water treatment systems, specifically the Trident (WESTECH) packaged water
treatment plant. The major characteristics of this system include the use of an upflow roughing
filter, known as an adsorption clarifier, filled with relatively coarse, low-density plastic media in
place of a more conventional gravity-based clarifier. The continuous flow system was
constructed using PVC pipe, NSF 61-certified for use with potable water. The pilot system will
be operated at a flow rate of 0.5 L min-1. Pilot runs will be conducted over the course of eight
hours. Three separate pilot runs will be conducted, each under unique experimental conditions:
1) No oxidant, 2) Ferrate Pre-oxidation, and 3) Intermediate Ferrate.
For the “no oxidant” trial, raw water will be pumped to the continuous flow system where
coagulant and pH control chemicals will be added immediately prior to the in-line static mixer.
Water will then be directed to the up-flow adsorption clarifier (roughing filter) and then down
through a conventional anthracite (15 in.) over sand (9 in.) dual-media filter. The hydraulic
loading rates of the adsorption clarifier and media filter are 20 and 10 m/h, respectively. Head
loss will be monitored across the dual-media filter. Turbidity, UV254 and particle count will be
measured every minute following filtration using on-line flow through instrumentation. pH will
be measured at the in-line static mixer and at the filter effluent, and adjusted as necessary to
maintain optimum coagulation conditions.
For the “ferrate pre-oxidation” trial, ferrate will be dosed prior to coagulation and clarification,
followed by approximately 30 minutes of ferrate contact time through a series of two continuous
flow stirred tank reactors. The concentration of ferrate stock solution will be continuously
monitored via absorbance at 510 nm. The stock solution will be replaced if the solution strength
decays by more than 10%, and the ferrate feed will be adjusted as needed to account for minor
changes in stock concentration to ensure a consistent, known ferrate dose. All other continuous
flow conditions will be maintained as previously described.
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For the “intermediate ferrate” trial, ferrate will be dosed as a concentrated solution to obtain the
desired on-line concentration (as determined by bench optimization experiments). A flow
through reactor allows 10 minutes of ferrate contact time. Maintenance of the ferrate stock
solution and continuous flow conditions will be conducted as previously described.
Sample Collection
The Atkins Water Treatment Plant in Amherst, MA was identified as an appropriate utility for
raw water collection. In addition to its proximity to the university and its similar treatment
process to the continuous flow design, the plant is equipped with an intermediate ozone
apparatus (not currently utilized), which bears resemblance to the modified pilot.
A large (approx. 400 gallon) raw water sample was collected from the utility for use in
experiments.
Progress and Plans
As of July 2016, raw water characteristics for the sampled water have been analyzed, and benchand pilot-scale experiments have been conducted for the “ferrate pre-oxidation” trial. The
remaining experimental procedure and data collection will be completed next. It is expected that
one or two additional raw waters will be evaluated during Year 3 of the WINSSS Center.
Public Health Impact
The implementation of ferrate oxidation could have the beneficial public health impact of
providing an effective disinfection barrier without producing undesired halogenated disinfection
by-products as well as possibly oxidizing some trace inorganic (e.g., arsenic) and organic
contaminants (e.g., pharmaceuticals and personal care products) of concern. Realizing the
benefits of ferrate treatment requires documentation of disinfection effectiveness and a
monitoring scheme for assessing “CT”, as well continued assessment of ferrate performance in
the context of overall continuous flow water treatment processes.
Papers and Presentations
AWWA ACE June 2016. Chicago, Illinois. “Evaluation of Ferrate for Drinking Water
Treatment.” Joseph Goodwill, University of Massachusetts, Yanjun Jiang, David
Reckhow, John Tobiason.
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Project A2: Simultaneous Removal of Inorganic Contaminants, DBP
Precursors, and Particles in Alum and Ferric Coagulation
Project PIs: Desmond F. Lawler, Lynn E. Katz (University of Texas)
Background
Fluoride occurs at elevated concentrations naturally in surface and ground waters in various
locations around the world. Elevated fluoride concentrations are not common in U.S. drinking
water supplies, but we have identified some areas, particularly in the Southwest U.S. with this
problem. In this research, we have used natural waters from west Texas and from Colorado. If
consumed at low concentrations in drinking water (< 1.5 mg/L), fluoride has been shown to
reduce the occurrence of dental cavities; in fact, many water utilities throughout the U.S. add
fluoride to their water for the sake of this health benefit. However, prolonged exposure to high
concentrations of fluoride causes adverse health effects to teeth and bones. For this reason, the
United States Environmental Protection Agency (USEPA) enacted a maximum contaminant
level (MCL) for fluoride at 4.0 mg/L. This rule is currently under review following a recent risk
assessment and might be lowered in light of known adverse effects at concentrations above 2.0
mg/L. If the MCL were to be lowered, many utilities previously meeting water quality standards
would suddenly find themselves out of compliance and would need to implement additional
treatment to meet the new standard. Our research has been designed to investigate the possible
use of aluminum or iron coagulation to reduce fluoride concentrations; this technology could be
particularly useful for small water treatment plants where metal coagulation is already in use for
removal of particles and/or natural organic matter (NOM).
Similar to fluoride, arsenic is another naturally occurring background contaminant of concern in
drinking water treatment. The USEPA originally set an MCL for arsenic of 50 μg/L, but lowered
the limit to 10 μg/L in 2001 after mounting evidence connecting arsenic to multiple cancers.
Arsenic is prevalent in ground waters of the U.S., particularly in the west (Welch et al, 1988).
Surface waters can also contain arsenic from both natural and anthropogenic sources, and these
waters are also more likely to contain NOM, which could have an impact on the arsenic cycle
(Ghosh et al., 2006; Mohora et al, 2012). Arsenic could be a greater concern in the future due to
increasingly extreme weather events; larger storms with greater runoff and more severe droughts
could result in higher than normal arsenic concentrations for treatment plants (Khan et al., 2015).
Significant research has addressed the removal of arsenic species through adsorption to iron and
aluminum oxides, and previous research has shown that alum coagulation can remove arsenic
and that such removal is greatest between pH 6 and 7 (Hering et al., 1997). However, the impact
of NOM on removal of As(V) and As(III) and the mechanisms controlling removal in complex
water chemistries require further investigation (Pallier et al., 2009; Smedley & Kinniburgh,
2002). Since alum coagulation is already commonly applied at many small water facilities for
particle control and since enhanced alum coagulation is often used at surface water plants to
manage both particles and NOM, examination of the potential for enhanced alum coagulation for
As removal in the presence of varying NOM compositions is warranted.
In past reports, we have shown that alum could be used to reduce fluoride concentrations at both
laboratory and pilot scale. In this report, we extend the work with alum to show the effects of
fluoride on resulting particle size distributions and particle makeup and we provide mechanistic
insights for competition among natural organic matter, fluoride, and other common source water
ligands (i.e., sulfate, silicate, and carbonate). We also investigate whether iron salts can be used
29

for defluoridation as iron coagulation is often more effective than alum for NOM removal.
Finally, consistent with the objectives of this project, we have begun to investigate whether the
same coagulation technology can be used to remove arsenic from water in the presence of NOM
and other competing ligands.
Particle Size: Effects of Fluoride and NOM on Particle Formation in Flocculation
The interaction between fluoride and NOM and their effects on the particle size distribution of
aluminum precipitates is not well understood. Because the particle size distribution of aluminum
precipitates is an important parameter in the efficiency of sedimentation and filtration systems, a
thorough understanding of these interactions and their potential effect on sedimentation and
filtration is needed to inform the implementation of defluoridation by alum coagulation.
This work utilized a series of jar tests on synthetic surface water to determine the effects of
fluoride and NOM on the residual aluminum in the water after solid/liquid separation and on the
particle size distribution of aluminum precipitates. The results for residual aluminum
concentrations after treatment with 100 mg/L of alum (equivalent to 8.0 mg/L as Al) are shown
in Table 1. It is clear that the presence of fluoride (initially at 5 mg/L) impacted the precipitation,
with the residual Al exceeding 0.2 mg/L (the USEPA secondary MCL) in both waters that
contained fluoride. The presence of NOM (initially at 6.0 mg/L) also impacted the precipitation,
with a residual more than three times that from the jar with alum alone.
Table 2. Residual Aluminum* Concentrations in Jar Tests

Jar Test

Residual Aluminum

(mg/L)
(mM/L)
Alum Only
0.017
6.41E-04
Alum + Fluoride
0.244
9.08E-03
Alum + NOM
0.058
2.15E-03
Alum + Fluoride + NOM
0.265
9.85E-03
*Recall alum doses in all jars (except for two controls) were 100
mg/L, equivalent to 8.0 mg/L and 0.30 mM of aluminum
The results for the particle size distributions are presented in Figure 4. In comparison to those
formed with alum alone, the presence of fluoride caused the volume distribution of aluminum
precipitates to shift toward smaller particle sizes. However, NOM caused the formation of a
larger number of aluminum precipitates, which resulted in a dramatic increase in the total
volume of precipitates (the area under the curves presented in this figure). When both fluoride
and NOM were in the system, a combination of the two effects was observed: the volume
distribution shifted toward smaller particle sizes (relative to alum alone) but the peak of the
distribution shifted toward a greater volume, indicating both smaller particles were being formed
and a greater overall volume of particles precipitated.
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Figure 4- Effect of ligands on particle size distribution of aluminum precipitates. (Alum dose = 100 mg/L, initial
fluoride = 5 mg/L; initial NOM from Lake Austin, TX = 6 mg/L as DOC.)

Spectroscopic Studies of Aluminum Precipitates
This part of the research used attenuated total reflectance Fourier transform infrared (FTIR)
spectroscopy to elucidate the mechanisms of removal and better understand the competition that
occurs in a coagulation system. Jar tests were performed under controlled conditions of pH,
aluminum dose, and known concentrations of various ligands (fluoride, silicate, carbonate,
sulfate, and pyromellitate (as a surrogate for NOM)) and stored for various time periods (one to
four weeks) prior to FTIR analysis.
FTIR data are complex and the analysis even more so, but the data allow relatively clear insights
into the mechanisms of attachment of the various ligands to the aluminum precipitate. These
insights are summarized in Table 2. It was concluded that sulfate and pyromellitate adsorb via
outer-sphere complexation while fluoride, silicate, and carbonate create inner-sphere surface
complexes. It was also evident that silicate accumulated and polymerized at the aluminum
hydroxide surface with time. Both fluoride and pyromellitate exhibited greater removal
efficiencies in waters containing sulfate versus chloride, suggesting that sulfate has a higher
affinity for the surface than chloride. Fluoride and pyromellitate removals were also reduced at
pH 7.5 in comparison to pH 6.5 (our standard throughout this research) due to increased
aluminum solubility and competition with inner-sphere complexed carbonate. Pyromellitate
removal is significantly impacted by the presence of fluoride whereas fluoride removal is
marginally impacted by the presence of pyromellitate. This result is explained by the innersphere complex that fluoride forms in comparison to the weaker electrostatic interaction of
pyromellitate. Silicate was observed to reduce fluoride and pyromellitate removals both initially
and with time due to competition for surface bonding sites. Over time, the accumulation and
polymerization of silicate is believed to be responsible for desorption of fluoride and
pyromellitate.
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Table 3- Ligand surface complex conclusions from ATR-FTIR data.
Ligand

Proposed surface complex in this
study

Reasoning

Carbonate

Inner-sphere monodentate

Coordination results in disruption of
symmetry:3 splitting

Sulfate

Outer-sphere

No disruption of symmetry, therefore
no vibrational shifts from aqueous
spectrum

Pyromellitate

Outer-sphere

No vibrational shifts from aqueous
spectrum

Fluoride

Inner-sphere

Based on previous research (e.g.,
Zhang et al., 2002)

Silicate

Inner-sphere with accumulation and
polymerization over time

Gradual increase in the intensity of
Si-O-Si peaks over time

Removal of Fluoride with Iron Coagulant
During this reporting period, studies for the removal of fluoride using iron coagulants were also
performed. Ferric chloride was the coagulant of choice, but otherwise the jar tests were
performed identically to those reported earlier with alum. Key results are shown in Figure 5, and
several interesting observations can be made from these data. First, ferric chloride is not nearly
as effective at removing fluoride as alum; results reported previously for alum indicate that
residual fluoride concentrations could be reduced below 2.0 mg/L at coagulant doses comparable
to those shown here for iron. If the USEPA MCL is reduced to 2.0 or 1.5 mg/L, iron does not
appear capable of attaining these levels. Second, increasing the dose of iron from 100 to 200
mg/L did increase the removal of fluoride, but not sufficiently for a possible new standard. Third,
the presence of NOM (from a Lake Austin sample in this case) generally interfered with the
removal of fluoride, particularly in the pH range where the fluoride removal was best. Finally,
the optimum pH for fluoride removal was at approximately pH 4.5, a value too low for normal
operation at a water treatment plant. In our previous research using alum, the optimal pH was in
the range of 6.5 to 6.7, which coincides with the pH range of minimum solubility of Al(OH)3.
The fact that the optimal pH for fluoride removal is well below the range of minimum solubility
for Fe(OH)3 suggests that the mechanism of removal for fluoride with iron is different than with
aluminum. In the coming period, we will do tests using ferric sulfate instead of ferric chloride; if
the results for fluoride removal are not substantially better than those shown here, we will
conclude that iron salts are not effective as a possible treatment scheme for fluoride. We note,
however, that iron is often preferred over aluminum salts for NOM removal so that a water with
both NOM and fluoride might be best treated with iron.
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Figure 5- Fluoride removal by iron.

Arsenic Removal with Alum
While fluoride was the first and primary inorganic ion of interest in this work, other inorganics
are also a focus of this research. We report here initial results for alum coagulation with arsenic
present. As with fluoride, jar tests have been performed both with pre-formed aluminum
hydroxide and as a co-precipitation test (note that the co-precipitation has been used in this
research in reference to potential fluoride removal mechanisms). In the preformed tests,
aluminum hydroxide is formed without any arsenic present prior to the addition of arsenic; in
these tests, the only removal mechanism is adsorption onto the preformed aluminum hydroxide
surface. In co-precipitation tests, the arsenic is present in the solution prior to the addition of
alum so that arsenic can be adsorbed or incorporated into the precipitate as it forms.
As with the fluoride tests reported earlier, the synthetic water contained 3 meq/L of hardness
(added as CaCl2) and 3 meq/L of alkalinity (added as NaHCO3). The pH was set to desired
values through the addition of hydrochloric acid or sodium hydroxide. An arsenic solution of 1
mg/L arsenic was used to dose jars to the desired initial concentrations. The arsenic stock
solution was made in 100 mL batches using de-ionized water and a certified ICP arsenic 1000
mg/L standard solution purchased from VWR International. The arsenic stock solution was
acidified to 2% v/v with concentrated nitric acid (Nitric Acid, HNO3, OmniTrace). In this
solution, arsenic is in the +V oxidation state, the easier form of arsenic to remove.
For the preformed tests, aluminum hydroxide was formed from alum dosed at 50 mg/L and
allowed to age for 48 hours; the pH was controlled during that precipitation at pH 6.5. Then, the
pH was changed to several different values in different jars, after which the arsenic was added at
a concentration of 50 g/L in all jars. The jars were slow mixed at a G value of 20 sec-1 for 30
minutes prior to settling for an additional 30 minutes. Samples were then taken and filtered to be
analyzed for residual arsenic. Arsenic concentrations were measured using a Perkin Elmer
AAnalyst 600 and Autosampler with Zeeman Background Correction. Arsenic residual samples
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were acidified with 200 μL concentrated nitric acid per 10 mL sample. A premixed matrix
modifier of 0.005 mg palladium and 0.003 mg magnesium nitrate per 5 μL solution, purchased
from Environmental Express, was used during arsenic analysis to prevent interference from the
background matrix and aluminum. The matrix modifier was added by the Autosampler at a ratio
of 5 L per 20 L sample withdrawal.
Results from a set of jars at various pH values using preformed aluminum hydroxide are shown
in Figure 6. A clear trend with pH is shown, with the optimal near pH 5, and all results below pH
6.5 yielding a result less than the US EPA MCL of 10 µg/L. This trend is consistent with
adsorption of oxyanions to oxide and hydroxide minerals. The optimal removal efficiency was
just over 90%.
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Figure 6- pH Effects: Residual Arsenic after Exposure to Preformed Aluminum Hydroxide (Initial As = 50 g/L; Initial
alum concentration = 50 mg/L)

In a coprecipitation test at pH 6.5, arsenic was nearly completely removed at several alum doses,
as indicated by the results in Table 4. These tests were done in the standard synthetic water
described above without NOM. Alum precipitation is clearly an effective treatment for arsenic,
at least as present in this solution (i.e., in the +V oxidation state). For the 50 mg/L alum dose, the
residual was 8.79 g/L with the preformed aluminum hydroxide but only 1.02 g/L in the
coprecipitation test. Presumably, the incorporation of As into the Al(OH)3 precipitate is
responsible for the difference in these results. Several steps in this research on the use of alum to
remove arsenic remain to be performed in the coming reporting period, namely, the removal of
As(III) (as distinct from the As(V) removal studied to date), competition with NOM, and the
effect of lower doses of alum. Nevertheless, the results reported above confirm that alum
coagulation is effective in removing arsenic, and it is effective in the same pH range that is also
effective for fluoride and NOM removal.
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Table 4- Removal of Arsenic in Coprecipiation Jar Tests*

As
Residual
Alum Dose
(mg/L)
Final pH
(g/L)
20
6.46
1.31
50
6.52
1.02
100
6.56
0.44
150
6.53
0.52
200
6.57
0.40
300
6.58
0.47
* Initial Arsenic = 46.0 g/L

As
Removal
(%)
97.2
97.8
99.0
98.9
99.1
99.0

Summary
Alum coagulation has been shown to be an effective possible treatment process for the removal
of both fluoride and arsenic. Relatively high doses of alum are needed for fluoride removal, but
lower doses appear to be sufficient for arsenic removal. Iron coagulation does not appear to be
effective for fluoride removal, although more research is ongoing in that area; iron has not yet
been tested for arsenic removal and that too will be investigated in the coming year. Both
fluoride and NOM affect the particle size distribution of aluminum hydroxide flocs by forming
smaller flocs; however, the presence of NOM increases the total volume of solids in the system
quite substantially.
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Project A3: Contaminant reduction, life cycle impacts, and life cycle costs of
ion exchange treatment and regeneration
Project PIs: Treavor Boyer (Arizona State University, previously of University of Florida), Jane
Zhang (University of South Florida)
Overview
The goal of WINSSS Project A3 is to create a framework that enables a more sustainable
approach to ion exchange treatment and regeneration through the coupling of ion exchange pilot
plant study, ion exchange process models, life cycle assessment (LCA), life cycle cost analysis
(LCCA), and integrated decision-support tool (Figure 7). WINSSS Project A3 builds upon the
2011 EPA STAR grant R835334 entitled, “Small, Safe, Sustainable (S3) Public Water Systems
through Innovative Ion Exchange” also by PIs Boyer and Zhang. Outputs from the EPA STAR
project, such as ion exchange process models and LCA and LCCA data collection, serve as
direct inputs to Project A3, which allows Project A3 to focus on linking data, models, and tools.
The framework for Project A3 in general and the integrated decision-support tool in particular
allow for evaluation of critical choices in the basic design parameters of ion exchange treatment
and regeneration by linking them directly to their environmental and economic implications at
the level of full-scale implementation. Furthermore, optimization methods can be used to allow
for optimization of design parameters to reduce both environmental impacts and costs of ion
exchange designs. The integrated decision support tool is being developed in MATLAB, and a
user-friendly EXCEL tool that is based on the model is being developed so that water utilities or
related stakeholders can use the tool.

Figure 7- Diagram of components of the integrated decision-support tool.
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Progress
Progress on Project A3 during Year 2 has focused on the ion exchange pilot plant study and
creating the integrated decision-support tool. To advance the sustainability of ion exchange
treatment and regeneration, the pilot plant study is focused on evaluating bicarbonate-form anion
exchange and sodium bicarbonate (NaHCO3) regeneration as an alternative to chloride-form
anion exchange and sodium chloride (NaCl) regeneration. The advantages of bicarbonate-form
anion exchange and NaHCO3 regeneration include not increasing the chloride concentration of
the treated water, which is favorable in terms of minimizing corrosion potential, and creating a
high alkalinity waste stream with more disposal options than a NaCl waste stream. Due to the
focus on anion exchange treatment and the location of the pilot plant study, dissolved organic
carbon (DOC) was selected as the contaminant of interest. DOC is also relevant from a public
health perspective as discussed below.
The ion exchange pilot plant study is being conducted at a small water system in Cedar Key, FL.
The groundwater at Cedar Key is characterized by high concentrations of DOC (6 mg/L) and
hardness (240 mg/L as CaCO3). The ion exchange pilot plant was designed, installed, and
commissioned with support from Tonka Water. The pilot plant consists of vertically mounted, 4inch diameter, PVC columns (Figure 8). Untreated groundwater is stored in a 1000 gal
equalization tank and pumped to the pilot plant. The equalization tank allows the pilot plant to
run continuously regardless of well operation, thus expediting data collection and analysis. Each
column is equipped with sample ports, rotameter for flow control, and two pressure gauges.
Column 1 is filled with chloride-form anion exchange resin, and Column 2 is filled with
bicarbonate-form anion exchange resin. Both columns contain the same amount of resin (5 L
resin/column) and have a 0.4 gpm flow rate, yielding a 3.3 min empty bed contact time. The ion
exchange columns are operated in down-flow, fixed bed mode during both the service cycle and
regeneration cycle. An initial run with both columns filled with chloride-form resin was
completed to test the hydraulics, and the performance of both columns was similar. Figure 9
shows similar reduction in UV254 and removal of DOC by both chloride-form anion exchange
resin columns. Current work is underway comparing bicarbonate-form anion exchange and
NaHCO3 regeneration with chloride-form anion exchange and NaCl regeneration. The tests are
being conducted for three service–regeneration cycles. The results are being evaluated in terms
of DOC removal performance and regeneration efficiency. Other process variables that are being
investigated include anion exchange resin properties and regeneration conditions such as number
of bed volumes of regenerant used.
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Figure 8- Ion exchange pilot plant.

Regarding the integrated decision-support tool, the MATLAB code for the tool is nearly
completed. Currently the tool focuses on the anion systems for removal of DOC. It includes two
reactor configurations: fixed bed reactor (FBR) and completely mixed flow reactor (CMFR). It is
comprised of process models, LCA, and LCCA that are dynamically linked for each reactor type.
It allows for calculation of environmental impacts and costs of a number of possible
permutations of design variables. However, a genetic algorithm has also been developed to allow
for identification of optimized design variables in a given scenario. Design variables include
resin size, hydraulic residence time (HRT), resin concentration, resin loss, and regenerant type.
Potential methods for allowing use of the code through a user-friendly EXCEL spreadsheet is
being considered, such as embedding results of many scenarios into EXCEL or embedding the
MATLAB code itself into EXCEL using Visual Basic programing.
Both the pilot plant study and integrated decision-support tool will be completed during Year 3.
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Figure 9- Reduction in UV254 (top) and removal of DOC (bottom) by ion exchange pilot plant. Legend indicates raw
ground water (Col Inf), treated water by chloride-form anion exchange resin (2A Effluent and 2B Effluent), and tap
water produced by the Cedar Key water treatment plant. Pilot run conducted for three service–regeneration cycles.

Public Health Impact
Project A3 links to public health by minimizing the formation of disinfection byproducts (DBPs)
through effective removal of DOC. Many water systems, both large and small, face challenges
achieving sufficient DOC removal such that DBP formation is below the EPA maximum
contaminant levels for trihalomethanes (THMs) and haloacetic acids (HAAs). Results to date
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show that anion exchange treatment is an effective process for removing DOC with effluent
DOC concentrations of approximately 1 mg/L. At this low level of DOC, the application of
chlorine for disinfection is not expected to generate THMs and HAAs at concentrations greater
than the maximum contaminant levels regulated by EPA. Furthermore, the decision-support tool
that will be produced by Project A3 will be a valuable resource for water systems that are
struggling with effective DOC removal and elevated levels of THMs and HAAs. The water
systems can use the decision-support tool to explore different process configurations and
operating conditions for ion exchange treatment and regeneration that achieve sufficient DOC
removal, minimize the formation of THMs and HAAs, and consider environmental and
economic impacts.
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Project A4: Natural Filtration Impacts on Post Disinfection Water Quality in
Small Systems
Project PIs: Bruce Dvorak, Chittaranjan Ray (University of Nebraska)
Introduction
Small water systems often experience fluctuating quality of water in the distribution system after
disinfection. Dissolved organic carbon in surface water contributes to the formation of several
disinfection byproducts (DBPs) when chlorine is used as the disinfectant. Systems that use
chloramine also experience the depletion of chlorine residuals due to nitrification in summer
months. Natural filtration is a treatment technology that has been used for communities of
various sizes to fully treat or pre-treat the surface water before supply. River bank filtration
(RBF) is ideal for small communities that are located on riverbanks, but research is scarce about
how RBF affects the formation and subsequent fate of DBPs when chlorine or chloramines are
used as disinfectants.
Objectives
1. Examine the improvements in water quality at selected RBF systems by comparing the
quality of river waters and filtrate and examining the response of the systems to
hydrologic forcing such as spring runoff or low flows in rivers.
2. Evaluate the occurrence and the removal of DBPs at riverbank filtration sites in small
systems. Environmental factors (i.e., redox potential, temperature, specific conductance,
turbidity, and concentrations of key constituents such as dissolved oxygen, nitrite, nitrate,
and DOC) will be investigated to enhance our understanding.
Performance data for RBF sites will help the communities as well as regulators make decisions
on whether natural filtration can be a viable option for treating water for small communities.
Progress
Auburn and Nebraska City, two small communities in Nebraska, were selected. The towns of
Auburn and Nebraska City draw their drinking water from a series of wells located on the bank
of the Little Nemaha River (Figure 10), and on the bank of the Missouri River (Figure 11),
respectively. The monitoring started in May 2016. Bi-weekly samples were collected in May
(moderately high flow period), while monthly samples were collected in June and July (low flow
period).
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Figure 10- RBF facility at Auburn, NE. A series of wells, intermittently operated, located on the bank of the Little
Nemaha River.

Figure 11- RBF facility at Nebraska City, NE. A series of wells, intermittently operated, located on the bank of the
Missouri River.

Preliminary results, from May 2016 to July 2016, showed the ability of the two RBF systems to
improve the quality of the source water. Turbidity, total and dissolved organic carbon, total
coliform and E. coli significantly decreased after the two RBF systems. Turbidity decreased from
122536 NTU to < 1 NTU at both RBF systems. In addition, total coliforms and E. coli were
completely removed after filtration. Higher removal of dissolved organic carbon was observed at
the RBF system in Auburn compare to the RBF system in Nebraska City. Dissolved organic
carbon decreased from 4.26.1 to 0.50.7 mg/L in Auburn and from 3.84.8 mg/L to 2.12.6
mg/L in Nebraska City.
Among the THMs investigated, bromoform ranged between 1.8 and 7.4 g/L at both facilities,
while higher concentrations of chloroform, dibromochloromethane, and dichlorobromomethane
were detected in Nebraska City compare to Auburn. Chloroform, ranging between 32 and 37.7
g/L, was the most abundant THM. The total concentration of THM ranged between 16.7 and
30.2 g/L in Auburn and between 76.9 and 85.4 g/L in Nebraska City. This high level of THM
in Nebraska City can be related to the higher concentration of dissolved organic carbon observed
after filtration in Nebraska City compared to Auburn. The sampling will continue for the next
year and a half, and a wide range of analyses will be performed.
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Public Health Impact
The use of RBF offers potential to improve the public health of consumers. Small systems that
change to use riverbank filtered water instead of surface water directly are likely to experience a
reduction in risk from disinfection by-products. In some cases, use of such groundwater will
allow for the use of a source water with a lower concentration of contaminants such as arsenic
and nitrate.
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WINSSS Project B: Non-Treatment Innovations: Overcoming Regulatory
Barriers, Software for Improved Asset Management, and Distributed
Sensing Networks
Period covered by the Report: July 1, 2014 – June 30, 2015
Date of Report: August 1st, 2016
EPA Agreement Number: RD 83560201-0

Project B1: A Standardized Approach to Technology Approval
Project PIs: Bruce Dvorak (University of Nebraska), Steven Wilson (University of Illinois),
Dave Reckhow (University of Massachusetts)
Currently, regulatory acceptance of new treatment technologies for use by small community
water systems occurs on a state-by-state basis. The fact that each state has varying laws, rules,
and procedures for the regulatory acceptance of new technologies can be a major barrier to the
diffusion of new technologies nationwide. Without the active support of state regulators,
consulting engineers that assist small systems and small systems themselves will often not
consider innovations and will instead continue to utilize existing approaches. Systematic
evaluation of the various state approaches to technology acceptance would provide a starting
point for evaluating how other states might coordinate technology acceptance. When these
barriers are cataloged and compared, they will provide a basis for state regulators to determine
where groups of states might have potential for developing cross-state regulatory acceptance
based on those evaluations. A national committee, convened with support and participation of
the Association of State Drinking Water Administrators (ASDWA), will also be instrumental in
discussing and identifying potential solutions. This project will catalog and evaluate technology
acceptance criteria, legal requirements, and working procedures among state technology
acceptance programs to provide a framework to offer a possible cooperative approach to
technology approval.
Project Objectives
1. Identify and catalog specific state-by-state criteria, legal requirements, and working
procedures for, and barriers to, approving new technologies via gathering data from key
state agency personnel from all states.
2. Facilitate workgroups, in conjunction with ASDWA, of state agency personnel to further
articulate the specific barriers, further state-to-state communication, seek agreement
among states where possible, and document approaches to overcome barriers to
coordinated, multi-state acceptance.
3. Successfully deploy a uniform set of state requirements for the adoption of innovative
small drinking water system technologies in New England, including the use of a mobile
pilot testing facility, which can serve as a roadmap for a national approach to acceptance.
Note that the Massachusetts Water Cluster (Mass CEC) has committed $100,000 toward
the cost of the mobile pilot-testing trailer.
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Progress
Objective 1
During 2015, a survey was jointly administered with ASDWA and the DeRISK Center. A total
of 40 states responded to the survey. The survey results have been presented in five venues
during the past year, as listed below:
1. “State Survey on Acceptance of New Technology,” EPA Small Systems Workshop,
Cincinnati, August, 2015.
2. “Developing a Better Understanding of Drinking Water Technology Approval,” ASDWA
Annual Conference, October, 2015.
3. “State Survey to Improve Our Understanding of DW Treatment Technology Approval,”
National Centers for Innovation in Small Drinking Water Systems (DeRISK, WINSSS,
RE’SEAU), Dec., 2015.
4. “Developing A Better Understanding of Drinking Water Technology Approval,” Illinois
Section AWWA Annual Conference, March 2016.”
5. “Finding common ground for standardized approaches for state regulatory approval of
new technologies,” AWWA ACE, Chicago, June 2016.
Currently a paper is being developed summarizing the survey results. The paper is anticipated to
be completed by the end of 2016.
Objective 2
As part of the survey, states were asked to what degree they would have an interest in (a)
forming an information sharing network for technology data, (b) forming a workgroup of nearby
states to develop common standards and piloting protocols for mutual benefit, and (c) partnering
with nearby state regulatory agencies to coordinate technology approval. The results were
promising, with only one state of 34 who responded saying they had no interest in sharing data
(part a) and only eight of 34 saying they had no interest in partnering for approval (part c).
The last survey question asked if the respondent would be interested in participating in a national
workgroup looking at the survey data and collaborating to better understand the issues related to
technology acceptance. Twenty-four states expressed interest in participating in the workgroup.
From those respondents that said “yes,” and others identified by ASDWA and the Centers, an
initial meeting was held on Dec. 11, 2015 to discuss technology acceptance approaches, barriers,
data sharing, and a possible data portal. Three additional workgroup meetings were held on
February 24th, April 19th, and June 1st, all in 2016. The workgroup has made significant progress
toward engaging the states, as well as other stakeholders, in the idea of developing a national
system for technology acceptance. The workgroup is following two distinct tracks forward. They
have created a sub-group to explore the potential of working with the Interstate Technology and
Regulatory Commission (ITRC), using their model of national teams of stakeholders who will
evaluate specific technologies, where appropriate. This process will be a long-term venture for
the states and other stakeholders, should it be determined that this approach has merit in the
realm of public drinking water technology acceptance.
Recognizing that the ITRC approach will take time to develop and will likely not be appropriate
for all new technologies, the workgroup is also focused on determining an acceptable approach
and model for sharing pilot and full scale data through a national database. This database would

45

allow states to share information critical to technology acceptance, standard data needs, and
provide protection for vendors who have proprietary information. This second track, which is
just starting, will attempt to finalize a set of data needs and standards that will create a common
benchmark for development of new technologies. The goal is to develop workable standards for
technology developers, find a way for all stakeholders to share in the cost and effort, and do so in
a way that meets the states’ requirements for ensuring the protection of public health.
Objective 3
The New England workgroup has focused on accommodating demands for approval of
ultraviolet treatment, especially for meeting the 4-log viral inactivation requirements of the
Ground Water Rule (GWR). The challenge is that without a widely approved program for
certifying UV validation facilities or national standards for the validation process, the states are
faced with the challenge of independently reviewing and approving UV validation reports. Few
states have the technical capability or the budget to assess the adequacy of reports provided by
UV manufacturers. States are also faced with technical decisions regarding whether a UV unit
validated and approved under one set of flow and water quality conditions could be installed at
another similar location without repeating an expensive validation process.
The New England states have asked WINSSS to help find a way for them to get:
1. Assistance with review of complicated validation reports.
2. Technical opinions on which validation centers in the US and abroad are acceptable.
3. Technical opinion and recommendations on use of UV alarms and sensors at small
drinking water systems without on-site operators.
4. Identification of criteria (e.g., flow and water quality conditions) under which a validated
UV unit could be installed at another public water system without additional validation.
As a first step, WINSSS will attempt to catalog all state-approved UV installations for 4-log
inactivation under the GWR, including:
1. State approval letter and supporting information provided by applicant
2. UV validation report
3. Flow conditions and water quality of public water system
4. State required monitoring and reporting forms
5. Identify UV manufacturers and specific UV units that have been validated for 4-log viral
inactivation.
One mechanism for this cataloging process is to enlist help from states across the US using an
on-line regulator’s forum. This forum has been set up and will be launched and tested in the
spring of 2017.
Future work
The most immediate work will be to complete and publish a paper of the survey results. We are
currently developing an outline, with ASDWA, for a breakout session on technology acceptance
at the USEPA Small Systems Workshop in Cincinnati near the end of August 2016. The goal of
that meeting is to inform the attendees on workgroup progress, and get feedback on how a
national database might be funded, developed, and managed. The workgroup, which has national
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representation, has developed momentum and will likely continue to meet into the foreseeable
future. We anticipate the workgroup going well beyond the initial goals for this project,
becoming a focal point for the industry in affecting real changes in the way technology is
accepted at the state level to the benefit of small systems.
Taking advantage of the workgroup’s progress, the New England workgroup, working with the
Massachusetts Water Cluster, EPA Region 1, and ASDWA, will work toward developing a
common set of standards acceptable to all of the New England states. As previously mentioned,
there is special interest in UV for the GWR. A database will be assembled with the help of
existing sources and new information acquired with the help of the on-line forum.
As part of the collaboration with the New England workgroup, the WINSSS mobile pilot plant
trailer is being constructed. With a small grant through NEWIN, the trailer will be deployed to
several locations in Massachusetts for demonstration and testing of one or more new
technologies under development by the Center.
Public Health Impact
The public health impact of this task will be to help standardize the process of the approval of
innovative technologies by state regulatory agencies. This standardization may have the impact
of a more rapid implementation into actual small systems of a wide range of technologies that
reduce risk to public health.

Project B2: Simplified Data Entry System
Project PIs: Bruce Dvorak (University of Nebraska), Steven Wilson (University of Illinois)
A key challenge faced by many small systems is in performing asset management. One of the
barriers to asset management is data entry into on-line systems. Improved asset management,
including a better understanding of the current state of the utility’s assets leads to better longterm financial planning and strategies and minimizes costs associated with replacing assets
prematurely or expenses from infrastructure failure. This project relates to creating a userfriendly smart phone app that improves the ease of data entry for asset management software,
specifically for the Check-Up Program for Small Systems (CUPSS) software.
Objectives
1. Create a simple, intuitive Smartphone data input application (app) for creating the asset
inventory in CUPSS.
2. Publish online case studies on the use of the app based on beta testing conducted
collaboratively by student workers and several small systems.
3. Convene a workgroup of CUPSS users to develop a white paper that identifies suggested
improvements to CUPSS and provides a roadmap to future development of a version of
CUPSS that would be network based.
Progress
A beta version of a smart phone app has been developed by the Center for Educational Software
Development (CESD) at the University of Massachusetts, Amherst to allow for data collection
and data entry. The beta version was developed with input from a highly experienced CUPSS
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user and trainer, Art Astarita of RCAP Solutions. During July and August of 2016, two
undergraduate students tested the app as they collected asset data for real utilities.
Public Health Impact
By making it easier for small communities to use asset management tools, this project offers the
potential to gain the benefits expected from asset management. These benefits include better
financial planning and improved routine maintenance of facilities. The positive public health
impact stems from the expectation that public water suppliers that have a strong financial basis
and good routine maintenance are less likely to experience deficiencies that result in healthbased MCL violations.
Future Work
It is anticipated that a revised version of the user-friendly app will be available by the fall of
2016. On-line case studies based on the app use will be produced by the fall of 2016 relative to
the use of the app. It is anticipated that the app will be sufficiently tested to allow for
dissemination by the end of 2016. Co-currently, Art Astarita will help to convene a workgroup of
CUPSS users to develop the white paper. It is anticipated that the white paper will be completed
after the completion of the app beta testing.

Project B3: A Distributed Sensing and Monitoring System
Project PIs: David Reckhow (University of Massachusetts Amherst), Prashant Shenoy
(University of Massachusetts Amherst), Rebecca Lai (University of Nebraska Lincoln)
Although many innovative sensing, monitoring, and data analysis approaches have been
proposed in recent years, such approaches have generally not been implemented in small systems
due to high cost, poor robustness, operator capability limitations, and a lack of regulatory driving
forces. Off-the-shelf sensors for common parameters such as conductivity, oxidation reduction
potential (ORP), turbidity, and temperature are now available with data-loggers for installation at
remote sites in a distribution system. However, they remain costly, require periodic in-person
calibration, and have not been linked to inexpensive, digital reporting technologies.
Objectives
Project B3 seeks to make significant improvements in sensing and monitoring systems. This
improvement is important because a new generation of simple networked sensors offers the
potential to reduce monitoring costs, improve regulatory compliance, and generally increase the
amount of water quality data available to small water utilities, regulators, and consumers. The
hypotheses are that (1) a network of off-the-shelf electrochemical probes combined with wireless
communication technology can be a reliable and cost-effective monitoring device in the
distribution system for parameters such as conductivity and ORP, and (2) innovative, paperbased electrochemical sensors can be developed for conductivity and nitrate and linked to the
communication devices developed for hypothesis 1 to allow for remote reporting of data.
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Progress
Hypothesis 1: Design of low-cost wireless sensing technology
Advances in wireless sensing and communication technology have made it feasible to design
low-cost sensing platforms for real-time water monitoring. As part of this B3 project, we have
built an initial proof-of-concept prototype that uses an inexpensive (< $20, not counting the cost
of the probes) embedded sensing board that can interface with probes to monitor various water
quality parameters. An early prototype (Figure 12) has an embedded programmable microcontroller and the system can be designed with Wi-Fi or cellular 2G or 3G capability—
depending on what type of wireless network is available at a location. Our prototype is capable
of monitoring water quality parameters every few minutes and transmitting it to a remote cloud
server in real-time. The cloud server allows monitored data to be visualized by users through a
web browser.

Figure 12- Photo of the prototype using the photon embedded microcontroller board that can be configured with
Wi-Fi or cellular capabilities (left). Prototype connected to probes (right).

We are currently building a new version of our low-cost wireless sensing platform that will have
a better form factor and is capable of accurately monitoring water quality as it flows through the
pipes in the water distribution network. We are also working to create low cost and miniature
versions of monitoring probes (which are currently the dominant cost of our prototype). We are
also planning to build a mobile app to visualize monitored data from the cloud server using a
smartphone.
Water quality sensor configurations to measure oxidation-reduction potential (ORP), chorine,
conductivity, and other water quality indicators are continually being developed for continuous
monitoring at water utilities, distribution systems, and decentralized systems. Incorporating a
variety of different water quality sensors to be used as an on-line wireless communication
network is of particular interest to the water industry. We have recently developed a network of
off-the-shelf sensors (Figure 13) in series to evaluate the precision, robustness, and ease of use
for these sensors.
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Figure 13- On-line schematic of sensors for evaluation.

Of specific interest is the comparison of chlorine and ORP sensors. The most common on-line
chlorine methods are DPD colorimetric (notated as “Color” in Figure 13) and amperometric
(notated as “Amp”). Batch results of residual free chlorine in DI water buffered to three pH
values vs. Thermo ORP were conducted and compared with trends in literature. The results in
Figure 14 show curvilinear relationships for all waters tested. Lower pH waters have higher ORP
values, which is consistent with chemical theory of oxidation potential.
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Figure 14- Influence of chlorine residual vs. ORP for different types of water with no flow.

Thermo ORP was found to vary with different chlorine residuals from a batch to flow scenario.
A flow-through closed-loop schematic was designed to compare and evaluate multiple sensor
responses and parameters with different oxidant additions. From 100-1000 mL/min, ORP values
were nearly constant (± 10 mV).

Figure 15- Thermo ORP change per time as chlorine dose increases with different pH in DI water, flow rate of 300
mL/min.

In one experiment, a flow rate of 300 mL/min was chosen to circulate DI water with added
chlorine doses and different pH scenarios buffered with phosphate; results are shown in Figure

51

15. Free chlorine concentrations of 0.1 mg/L were added every five minutes and the ORP
response was monitored. This experiment showed that, with the increase of chlorine dose, ORP
increases and reaches steady state in less than five minutes with a steady flow rate of 300
mL/min. The time to reach steady state decreases and the ORP response time increases with
increasing chlorine dose. The starting ORP values for each pH scenario varied by approximately
200 mV with no free chlorine and reached similar ORP values (± 30 mV) after 1 mg/L of
chlorine was added.
In the upcoming year, we plan to evaluate more of the sensors in the schematic from Figure 13.
Future testing will evaluate the precision of ORP and chlorine sensors with flow rates from 1
L/min to 20 L/min. In addition to free chlorine measurements, ammonia will be added to develop
a relationship between chloramines and ORP. We will also understand the precision of sensing
chloramines as compared to the laboratory DPD titration method. The robustness of sensor
response to potential inferences including other oxidants such as oxygen and ozone will be
evaluated. Robustness will be evaluated based on the need for calibration, maintenance, and
precision change over the year with constant water flow. Work is underway to develop an on-line
remote device for collecting and monitoring data from the network of water quality sensors.
Hypothesis 2: Real time detection of nitrate using silver-modified screen-printed carbon
electrodes.
Sensors that are ideal for use in small water systems should be user-friendly, cost-effective,
sensitive, specific, and capable of real-time and continuous monitoring of the target analyte.
While many new sensing technologies are available for detection of nitrate, few can
simultaneously fulfill these stringent requirements. Driven by this need, we have recently
developed an electrochemical nitrate sensor that can potentially be used in small water systems
(Figure 16).
The sensing mechanism is based on the electrocatalytic reduction of nitrate on a silver-modified
paper electrode (Figure 16C). The nitrate sensor was fabricated via electrodeposition of silver
nanoparticles on a screen-printed carbon electrode (Figure 16D). Although the sensor was found
to be functional in laboratory-generated samples, to ensure that it would work well with real
world samples, we tested the sensor with various nitrate-containing water samples provided by
the Nebraska Public Health Environmental Lab. The sensor was capable of detecting nitrate in
samples in which the matrix composition was not known (Figure 16E). It is worth noting that the
results presented here were obtained from three different sensors and on different days. The
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performance of the sensors was quite similar, as
indicated by the small error bars. Furthermore, these
results were obtained using a portable handheld
potentiostat in conjunction with a custom-built
electrochemical cell that can accommodate a sample
volume as low as 10 µL (Figure 16A and B). The
detection was very fast; each scan required less than 1
min. All these attributes suggest that this detection
strategy could find application in real-time monitoring
of nitrate.
In the coming year, we plan to further characterize this
sensor. Specifically, we will analyze the failure rate; we
hope to achieve a success rate of 97% (i.e., 97 out of
100 sensors should show a similar a response within a
narrow margin of error to the same nitrate sample).
Next, we will analyze the reusability of the sensor; we
would like to determine if the sensor can be reused for
over 150 times without showing signs of sensor
degradation. We will also systematically evaluate the
sensor’s response to potentially interfering species such
as metal ions that can be deposited onto the sensor
surface. Cost analysis is also part of the future work; we
plan to use sensor strips with 3 active sensors so as to
lower the cost per analysis (e.g., <$0.50 per analysis).
Last, we will evaluate the shelf-life of the sensor if
stored at room temperature in a sealed vacuum bag.
These studies will enable us to estimate the
marketability of this sensor device for use in small water
systems and other agricultural analysis.
Public Health Impact
The production of a low-cost sensing device will make it
easier for frequent process testing for nitrates in small
community systems. More frequent testing will result in
fewer exceedances of the nitrate MCL. It may also
enable lower cost treatment options to be implemented
(e.g., blending of water from multiple wells, better
operation of treatment systems).
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Figure 16. Handheld potentiostat (A) and
custom-built electrochemical cell (B) used
with the paper-based nitrate sensor. Paperbased sensor strip (C) and the SEM image of
the electrodeposited silver catalyst (D).
Responses of the sensors to nitrate found in
real water samples provided by the Nebraska
Public Health Environmental Lab. Inset:
Corresponding linear sweep voltammograms
obtained using one of the paper-based
sensor strip (E).

WINSSS Project C: Assessment and Development of Treatment Processes
for DBP Precursor and DBP Removal in Small Water Systems
Period covered by the Report: July 1, 2014 – June 30, 2015
Date of Report: August 1st, 2016
EPA Agreement Number: RD 83560201-0
Project PIs: Lynn E. Katz, Desmond F. Lawler, Navid Saleh, Kerry Kinney (University of
Texas)

Introduction
This project focuses on technologies for meeting disinfection byproduct (DBP) regulations that
(1) reduce DBP formation potential, or (2) remove DBPs after their formation. Due to their
known and potential health effects, EPA regulates the presence of disinfection byproducts in
drinking water under the Stage 1 and Stage 2 Disinfection/Disinfection Byproducts Rules
implemented in 2001 and 2006, respectively. The disinfection byproducts of note in this report
include the four trihalomethanes (THMs): trichloromethane (or chloroform),
bromodichloromethane, dibromochloromethane, and tribromomethane (or bromoform). The EPA
regulates trihalomethanes because prolonged consumption above the maximum contaminant
level of 0.08 mg/L can cause various cancers. Small water systems, serving less than 10,000
consumers, are the most likely group to violate this regulation. As such, various technologies
exist either to limit the production of DBPs through precursor removal or to remove these
byproducts after formation. Some of these technologies include packed tower aeration, granular
activated carbon adsorption, and hollow fiber membrane air stripping.
Technological, economic, and operational assessment for conventional and non-conventional
processes are being considered to meet water quality requirements in this project. Research over
the year has focused on three technologies. The first addresses removal of DBPs after formation
using hollow fiber microporous membrane air stripping (HFM MAS), the second addresses
reduced DBP-precursor formation via coupled electrodialysis (ED) and reverse
osmosis/nanofiltration (RO/NF), and the third addresses a novel alternative disinfection method
that utilizes the microwave absorption capacity of multiwalled carbon nanotubes to harness weak
MW radiation and release energized electrons into water to create reactive oxygen species (ROS)
for disinfection.

Hollow Fiber Membrane Air Stripping
Background
In early work examining membrane air stripping for THM removal, Zander et al. (1989)
compared the performances of packed tower aeration and hollow fiber microporous membrane
air stripping (HFM MAS) for the removal of volatile organic chemicals (VOCs), including
chloroform, bromoform, and bromodichloromethane. This comparison revealed the promise of
HFM air stripping as the volumetric mass transfer coefficients in the pilot-scale membrane
system were more than one order of magnitude higher than those determined in packed tower
aeration systems. Moreover, lower air-to-water ratios were obtained in the HFM MAS system
compared to the packed tower for similar removal efficiencies. While this early work was
successful, the design of the HFM was not optimal and later revisions to the HFM membrane
design, primarily the addition of internal baffling, have improved its performance (Figure 17).
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Thus, hollow fiber membrane contactors for DBP removal by air stripping are an evolving
technology that is ripe for evaluation for small water systems. Moreover, at the March 2016
WINSSS center meeting held in Austin, TX, concerns were raised about the technology related
to the lack of chlorine resistance of the polypropylene membranes employed in the re-designed
module by Liqui-Cel (Membrana, which is now owned by 3M, Charlotte, NC). The company
now offers a membrane with Polyvinylidene fluoride (PVDF) fiber that is more resistant to Cl2.
Over the past year, we have completed a preliminary economic evaluation of the technology and
have conducted experiments with an HFM micromodule to determine the mass transfer
coefficients for the THMs. The need for re-assessment of the mass transfer coefficients is based
on the assumption that the values determined by Zander et al. (1989) are underestimated based
on the limitations of the original unbaffled module design.

Figure 17- Membrana Liqui-Cel® Extra-Flow hollow fiber membrane

HFM MAS Economic Evaluation
Judging treatment technologies on the basis of potential demands on technical, managerial, and
financial capacity allows small water systems to decide which options fit their needs and
capabilities to facilitate meeting EPA regulations for total THM concentrations. In terms of
financial capacity, the economy of scale for certain treatment technologies may create a divide
between technologies of choice of different sized water systems. Cost scenarios for different
treatment technologies are a function of the volume of water passing through a system; the cost
per volume of treated water often (but not always) decreases with increasing capacity for water
treatment (Dore et al., 2013).
To illustrate the economies of scale for different technologies within small water systems, Dore
et al. (2013) defined a class system for different treatment technologies to demonstrate how the
cost per volume of water treated increased with decreasing system capacity in relation to the
extent of treatment (i.e., contaminant removal). According to their proposed system, the removal
of DBP precursors and DBPs falls into the two highest ranked classes associated with
technologies such as advanced oxidation processes and reverse osmosis or distillation. For the
small water systems analyzed, the cost per volume treated by a higher-class technology increased
by a factor of five when treatment capacity decreased to one-third the original value. In
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comparison, the cost per volume treated for lower class technologies increased by a factor of
only 2.75 as the treatment capacity decreased similarly (Dore et al., 2013).
The EPA previously modeled technology cost estimates according to the Very Small Systems
Best Available Technology Cost Document and the Water Model (EPA, 2005a). This economic
analysis for Final Stage 2 D/DBPR compliance and the accompanying appendices to the
document present the results of compliance forecasts for small water systems employing
alternative disinfectants and DBP precursor removal technologies such as GAC adsorption and
membrane filtration (EPA, 2005b). The results of these models suggest that small water systems
would choose GAC adsorption to meet compliance levels based on cost models and the potential
difficulty of technical and financial capabilities of these systems (EPA, 2005b). A 2010
economic update reaffirmed the suggestion that GAC adsorption should be the preferred method
of DBP precursor removal (Roy, 2010).
The EPA recently organized two databases geared towards providing small water systems easyto-access information on contaminants, treatment technologies, and cost models (EPA, 2015a, b).
These databases are a work in progress. To date, the Drinking Water Treatability Database
includes over 25 treatment processes associated with various contaminants (EPA, 2015a). THMs
were not included in the EPA’s database at the time of this preliminary economic evaluation.
The EPA’s 2005 Technologies Cost Document contains the cost per volume data with respect to
total system capacity for several alternative disinfectants and two technologies for DBP
precursor removal (Table 5). The cost per volume data provided by the EPA represents a 10%
discount rate over a 20-year period (EPA, 2005). Cost data for the HFM MAS are also provided
in Table 5. Three different Liqui-Cel® membrane modules matched the capacities of very small,
small, and medium systems, all serving under 10,000 consumers. A single 4 x 28 Extra Flow
module could process the capacity of a very small system, with 0.037-MGD capacity; a single 10
x 20 Extra Flow module fit the small system capacity of 0.27-MGD; and two 14 x 28 Industrial
modules in parallel would be necessary to process the capacity of a medium system with 1-MGD
capacity.
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Table 5- Treatment technology costs for small water systems based on total treatment capacity adjusted to reflect
the cost index of 2014 (EPA, 2005; EPA, 2015b; BNP 2015).

Cost per volume ($/1000-gal)
Treatment technology

0.037-MGD 0.27-MGD 1-MGD

EPA 2005 Estimates
Chloramine (0.15-mg/L)

1.38

ClO2 (1.25-mg/L)
UV (40-mJ/cm2)

2.01

Ozone (4.5-mg/L with pH adjustment)

0.26

0.09

0.91

0.24

0.46

0.34

4.48

1.52

GAC (EBCT=20min, 240 day regen. frequency)

8.11

3.09

2.05

NF

6.18

2.78

1.96

6.96

2.69

2.17

HFM MAS Economic Analysis

Sales operations analysts provided the purchased cost of each membrane module (Membrana,
2015). The lifetimes of the modeled contactors are 5 years, 10 years, and a minimum of 5 years
for the 4 x 28, 10 x 28, and 14 x 28 Extra Flow modules, respectively (Membrana, 2013). The
costs per volume treated presented in Table 1 reflect these replacement costs over a 20-year
amortization period. The economic analysis followed the evaluation process described by Turton
et al. (2013). The total capital cost for each scenario was estimated using the Lang Factor
technique; multiplying the purchase cost of the major equipment by the Lang Factor represents
the cost of adding a major operation to a treatment plant. For a “fluid processing plant,” the total
purchase cost of the membrane contactors and other major equipment is multiplied by a factor of
4.74 to cover the estimated costs of piping and instrumentation (Turton et al., 2013).
The mass transfer models applied for the economic analyses were based on chloroform removal
since it is the most common THM present in drinking water. Considering the Liqui-Cel®
modules over the same lifetime for economic analysis yields overall cost per volume prices
comparable to the prices of GAC adsorption and nanofiltration provided by the EPA (EPA,
2005b). The lower cost per volume treated arises at the expense of the percent removal of
bromoform, the least volatile THM. To achieve higher bromoform removal, higher material costs
are required and, consequentially, higher cost per volume. Ensuring as high as 73% removal of
bromoform results in a doubling of cost per volume treated.
HFM Experimental Results
A MicroModule® 0.5 x 1 Membrane Contactor (G591) was selected for study to evaluate the air
stripping of THMs in a continuous flow system in order to develop a predictive tool. Unlike
larger membranes from Liqui-Cel®, the MicroModule® contains a small rectangular channel
which is packed to its width with membrane fibers to prevent channeling while enabling crosscurrent flow. The THM concentrated feed water is pumped from an ALTEF® headspace-free,
fluoropolymer bag.
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The experimental setup shown in Figure 18 includes liquid sampling ports both before and after
the membrane contactor to fully characterize the stripping efficiency. Also, a gas sampling port
after the membrane enables a component mass balance.

Figure 18- Experimental setup with MicroModule for THM air stripping.

Experiments have been conducted using bromodichloromethane (BDCM) and
dibromochloromethane (CDBM). Influent THM concentrations have been varied at 50, 100, and
200 µg/L, and the influent water has been pumped at flowrates of 5 and 10 mL/min with air
flowrates corresponding to stripping factors of 10, 15 and 20 based on the compound’s Henry’s
constant value. In experiments dosed with CDBM, removal efficiencies of approximately 40 to
70% have been achieved. In experiments dosed with BDCM, removal efficiencies of
approximately 60 to 80% were obtained. The removal efficiencies and experimental run
conditions allowed determination of the measured overall liquid phase volumetric mass transfer
coefficients (KOLa), which were compared to the overall volumetric mass transfer coefficients
predicted using a sum of resistance in series model from Tarafder et al. (2007), as described
below:
1
1
1
1
=
+
+
𝐾𝑂𝐿 𝑘𝐿 𝑘𝑚 𝐻 𝑘𝑎𝐺 𝐻
where KOL represents the overall liquid mass transfer coefficient, kL is the local liquid phase
mass transfer coefficient, km is the membrane mass transfer coefficient, and kaG is the local gas
phase mass transfer coefficient. In the membrane and gas phase terms, the Henry’s law
coefficient H must be taken into account. The local liquid phase mass transfer coefficient comes
from the following correlation by Kreith & Black (1980):
𝑆ℎ =

𝑘𝐿 𝑑ℎ
𝐷𝑤

𝑆ℎ = 0.39𝑅𝑒 0.59 𝑆𝑐 0.33

where:

In the above equations Dw represents the compound’s diffusivity in water, dh is the hydraulic
diameter of the module, and Re and Sc are the Reynolds and Schmidt numbers, respectively. The
membrane mass transfer is based on the following correlation by Qi & Cussler (1985):
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1
𝛿𝜏
=
𝑘𝑚 𝐻 𝐷𝑒𝑓𝑓 𝜀𝐻
where δ is the pore length, τ is the pore tortuosity, Deff is the effective diffusion coefficient of the
compound in air, and ε is fiber porosity. Finally, the local gas phase mass transfer coefficient
comes from the following correlation by Lévéque (1928):
0.617 𝐿𝑑𝑖 0.33
=
(
)
𝑘𝑎𝐺 𝐻
𝐻
𝑣𝑎 𝐷𝑐2
1

where L is the fiber length, di is the inner diameter of the fiber, va is the velocity of the stripping
gas, and Dc is the diffusion of the compound in the stripping gas. The overall liquid phase mass
transfer coefficients can be further applied to determine Murphree efficiencies using:
𝐸𝑚 =

𝛼
1+

𝛼
2

𝛼=

where:

𝐾𝑂𝐿 𝐴𝑖
𝑞𝑎

In the above equation Em represents the Murphree efficiency, Ai represents the specific surface
area of the membrane contactor, and qa represents the volumetric gas flowrate (Seibert & Fair,
1997).
Figure 19 shows that both the predicted and experimental volumetric mass transfer coefficients
for BDCM are greater than those for CDBM which is consistent with the trends in removal
efficiency.

Experimental Volumetric Mass Trasfer Coefficients
KOLa Predicted (s-1)

0.20
0.15
0.10

BDCM

0.05

CDBM

0.00
0.00

0.05

0.10

KOLa Experimental

0.15

0.20

(s-1)

Figure 19- Comparison of Experimental and Predicted Overall Volumetric Mass Transfer Coefficients for BDCM and
CDBM

Volumetric mass transfer coefficients measured at a liquid rate of 10 mL/min were much greater
than those measured at 5 mL/min. In addition, the more concentrated feed solutions generally
enabled better removal efficiency and, by extension, greater experimental mass transfer
coefficients. Although the overall mass transfer coefficients for BDCM were about an order of
magnitude less than those achieved by Zander et al. (1989), when the larger area to volume ratio
of the MicroModule® was accounted for, the experimental volumetric mass transfer coefficients
were found to be slightly greater than Zander’s. In addition, the volumetric mass transfer
coefficients determined in our experiments much more closely matched those predicted by
modelling than Zander’s (Figure 20). This result is consistent with our hypothesis that the
Hollow Fiber Membrane Contactor used by Zander et al. (1989) achieved less than optimal
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results due to short-circuiting in the unbaffled module. Improvements to the module design were
made after the time of Zander’s work.

BDCM Volumetric Mass Transfer Coefficients
KOLa Predicted (s-1)

0.7
0.6
0.5
0.4
0.3

Zander

0.2

Experimental

0.1
0.0
0.0

0.1

0.2

0.3

0.4

KOLa Experimental

0.5

0.6

0.7

(s-1)

Figure 20- Comparison of Experimental and Predicted Volumetric Mass Transfer Coefficients for BDCM.

Summary and Future Work
The preliminary economic analysis indicates that HFM air stripping may be economically viable
for small systems (depending on the size), and the comparison of volumetric mass transfer
coefficients to packed tower aeration and the unbaffled HFM contactor confirm that the mass
transfer coefficients from the membrane are an order of magnitude higher than those determined
in packed tower aeration systems and comparable to or higher than those obtained from the
unbaffled membrane contactor. We are currently completing the final experiments for
chloroform, bromoform, and mixed THM solutions. These mass transfer coefficients will then be
applied to the Murphree and stage efficiency model developed during the first year of this project
to determine the scalability of this system. Verification at pilot scale is also being planned.

Coupled ED and RO/NF Treatment
Background
Natural Organic Matter (NOM) refers to the organic material present in surface or ground water.
NOM causes color and taste problems and reacts with Cl2 to form disinfection byproducts such
as trihalomethanes (THMs) and haloacetic acids (HAAs) that can increase the risk of cancer.
Because regulatory limits not only focus on select DBPs (e.g., THMs and a subset of five HAAs)
but also require reduction of NOM in treatment plants with a surface water source and
groundwater under the influence of surface water, it is often advantageous to focus on removal of
DBP precursors prior to disinfection to minimize health risks. Indeed, removal of NOM prior to
disinfection can indirectly reduce health risks associated with both regulated and other DBPs.
Coagulation/flocculation and membrane processes—such as Ultra Filtration (UF), Nano
Filtration (NF), and Reverse Osmosis (RO)—are possible methods to remove NOM. Among the
available treatment methods, RO is superior in terms of NOM rejection in the feed water. RO has
been shown to be effective in removing NOM from fresh water (Shen and Schäfer, 2015).
However, the presence of Ca2+ increases fouling due to the bridging of organic molecules (Lee et
al., 2006). High concentrations of Ca2+ also leads to precipitate formation, usually calcium
carbonate (CaCO3). Therefore, temporary removal of ions prior to RO could provide a cost60

effective technology for select systems. Ions—such as Ca2+—in NOM-containing natural water
can be removed by electrodialysis (ED) (Zhang et al., 2011).
The application of a coupled ED-RO system (Figure 21) has been shown to be effective for
NOM isolation in freshwater and seawater (Gurtler et al., 2008; Koprivnjak et al., 2006; Vetter et
al., 2007). The proposed water treatment process in this research employs ED to temporarily
remove ions, and RO to separate NOM. Until now, the research done on this project has focused
entirely on the ED part of the process, but it is likely that what is termed “RO” in this report will
turn out to be nanofiltration (NF) rather than truly RO. The ED unit will remove most ions while
achieving minimal removal of NOM, because diffusivity of NOM molecules is much less than
that of common inorganic ions. The diluate from the ED system will then be treated with RO,
with the result that the concentrate from the RO process should contain most of the original
NOM. Finally, the concentrate from the ED system will be recombined with the permeate from
the RO, resulting in water with nearly the same salt concentration as the original water but with
greatly reduced NOM concentration. An example calculation of water volume, mass of ions, and
mass of NOM in each stage is included in Figure 21. At this time, the values are only to illustrate
the concept and are not based on experimental results.
ED Concentrate
High ion conc.

0.25 V, 0.8 Mi, 0.25 MN
ED diluate with
low ion conc. and
high conc. NOM

Feed
V, Mi, MN
•
•
•

RO permeate
low ion conc. and
low NOM conc

V: Volume of Water
Mi : Mass of ions
MN: Mass of NOM

0.75 V
0.71 V
0.2 Mi, 0.75MN
0.1 Mi, 0.04MN
Reverse Osmosis
Electrodialysis
(RO)
(ED)

ED performance
Ions removal

0.8

NOM removal

0

Water recovery 0.75

Mixing

RO performance
Ions removal

0.5

NOM removal 0.95
Water recovery 0.95

RO Concentrate
Low ion and High
NOM

0.04 V, 0.1 Mi, 0.71MN

Treated water w/
Normal ion conc. and
Low NOM conc.

0.96 V, 0.9 Mi, 0.29 MN

Figure 21- A coupled ED-RO system.

The goals of this research are 1) to find the optimal ED operation parameters (such as type of ion
exchange membrane, voltage, and superficial velocity) to separate salts from NOM-containing
water, 2) to determine salts separation characteristics in different feed water properties (such as
NOM type and hardness), 3) to find the best operation conditions for RO (membrane type and
feed water flux), and finally 4) to establish the performance of coupled ED-RO systems with
NOM-containing feed water. To date, the separation efficiencies of two types of ion exchange
membranes were determined, the results of which are included in this annual report.
Experimental System and Test Conditions
The complete ED system consists of an electrodialyzer stack, data acquisition equipment, power
supply system, pumps, and a computer for monitoring and control. Figure 22 has a schematic and
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a photo of the laboratory-scale ED experimental apparatus. The system is set up as a batchrecycle reactor; in this setup, the same water is put into both the concentrate reservoir (C in the
diagram) and the diluate reservoir (D). During an experiment, the ion concentration in the diluate
is reduced and that in the concentrate is increased. The apparatus is assembled with equipment
for monitoring hydraulic, electrical, and chemical behavior including pressure transducers,
pH/conductivity meters, thermometers, balances, and flow meters. Laboratory-scale gear pumps
circulate diluate, concentrate, and electrode rinse. The pressure and the electrode rinse flow are
monitored by National Instruments multi-function ADC (NI USB-6008); the concentrate and
diluate liquid flow are monitored and controlled by National Instruments multi-function ADC
(NI USB-6009); and mass, voltage, electrical current, conductivity, pH, and temperature
measurements are transmitted through RS-232 serial connections. LabVIEWTM supervisory
control and data acquisition (SCADA) software programs were developed to control and monitor
the electrodialysis experiment continuously (Walker et al., 2014).

Figure 22- Left: batch-recycle experimental ED apparatus schematic (Walker et al., 2014) and right: whole system
of lab-scale ED experiment

The electrodialyzer is the most important part of the experimental setup. The experimental
electrodialyzer is a PCCell ED Model 64002 (PCCell/PCA, GmbH, Germany). Both the anode
and the cathode are expanded stainless steel. The end-plates surrounding the electrodes and
compressing the stack are machined polypropylene. The manufacturer recommends a maximum
voltage application of 2V per cell-pair and a maximum flow rate of 8 L/h per cell. The active
cross-sectional area subjected to the applied electric field is 64 cm2. The thickness of plasticwoven screen/mesh spacers is 0.41 mm, and the superficial (empty) volume is 2.6 cm3 per cell
with an actual volume-porosity of 0.78. The flow path length is approximately 9.0 cm. A BK
Precision® 9123A power supply controls and monitors the electrical voltage and current applied
to the electrodialyzer.
To improve water recovery, the ED system was operated twice in series. A schematic diagram of
the series electrodialysis operation is in Figure 23. In the second ED treatment, feed water (initial
water in both reservoirs) is the concentrate from the previous experiment, and the amount of feed
water is half of that of the first experiment. Since the second experiment starts with the
concentrate of the first run, the target conductivity removal ratio should be greater than in the
first experiment to achieve a similar conductivity of the first run in the diluate.
Table 6 shows the experimental conditions of the series ED experiments that have been
performed to-date. The types of membranes are CMV/AMV and PCSK/PCSA membranes. An
anion selective membrane (Selemion AMV) and a cation selective membrane (Selemion CMV)
were used in the investigation. AMV and CMV membranes are based on a styrene divinyl
benzene co-polymer and are manufactured by Asahi Glass, Japan. The CMV membrane contains
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-SO3Na functional groups, while the AMV membrane contains -NR4Cl functional groups. PCSA
and PCSK are homogeneous membranes. Both membranes are based on a polyester fabric and
are manufactured by PCA-Polymerchemie Altmeier GmbH (Germany). The PCSK membrane
contains -SO3Na functional groups and the PCSA membrane contains -NR4Cl functional groups.
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Figure 23- Schematic diagram of series ED

Table 6- ED experimental conditions

Variable

Standard value

Note

Membrane type

CMV/AMV, PCSK/PCSA

9 cell pairs

Stack voltage

1 V/CP

9 V/Stack

Superficial velocity 3.4 cm/s
Feed water

Synthetic water

Removal ratio

1st ED: 80 %, 2nd ED: 90 %

w/ NOM and w/o NOM

The synthetic water consists of 500 mg/L sodium chloride solution, 0.1 M phosphate buffer, 0.1
M sodium hydroxide solution for pH adjustment, and concentrated Lake Austin water for the
water with NOM. Concentrated Lake Austin water has approximately 260 mg/L NOM as C;
therefore, feed water is diluted 1:50 to achieve approximately 5 mg/L NOM (as C) concentration.
Results and Discussion
Series ED Experiment Without NOM. The experiments with 500 mg/L Total Dissolved Solid
(TDS) without NOM were conducted as a control. Figure 24 shows how conductivities change
through time. Conductivity, which is proportional to salt concentration, increases in concentrates
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and decreases in diluates. In both membrane pairs (CMV/AMV and PCSK/PCSA), the first ED
run takes slightly longer to reach the target conductivity because the feed water amount is twice
that of the second run.
PCSK/PCSA w/o NOM

CMV/AMV w/o NOM
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2nd C Conductivity (mS/cm)

4

C Conductivity (mS/cm)

3.5

2nd D Conductivity (mS/cm)

3

2nd C Conductivity (mS/cm)

Conductivy (mS/cm)

Condcutivity (mS/cm)

4.5

D Conductivity (mS/cm)

2.5
2
1.5
1
0.5

3.5
3
2.5
2
1.5
1
0.5

0
0

5

10

15

20

0

25

0

5

10
15
Time (min)

Time (min)

20

25

Figure 24- Conductivity change with time in both membrane pairs without NOM. (Note: Some data are missing due
to conductivity meter buffering, which occurs when a receiving unit has an operating speed lower than that of the
unit feeding data to it.)

The CMV/AMV membrane pair showed a slightly faster separation rate than the PCSK/PCSA
pair. This difference reflects the difference of the Ion Exchange Capacity (IEC) of each
membrane. The IEC of CMV is 1.95 meq/g, AMV is 1.98 meq/g, PCSK is 1.0 meq/g, and PCSA
is 1.5 meq/g (Walker et al., 2014). The higher IEC indicates that the membrane can transport
more ions in the water.
Series ED Experiment with NOM. Figure 25 shows conductivity changes through time in both
membrane pair setups in the experiments with NOM present. The removal trend is similar to that
of the control experiment (Figure 20) in both setups. The salt removal rate of the CMV/AMV
membrane pair is slightly higher than that of the PCSK/PCSA membrane pair.
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Figure 25- Conductivity change with time in both membranes.

Figure 26 shows NOM UV absorbance (254 nm) change through time of the diluate in both
membranes and both the first and second runs. The CMV/AMV membrane pair shows very little
absorbance change with time, meaning that very little NOM passed through the membrane to the
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concentrate. The PCSK/PCSA membrane pair does show some decrease in absorbance with
time, but the passage of NOM through the membrane was far less than that of the inorganic salt
shown in Figure 26. Although results for the two types of membranes differ somewhat, all four
sets of data show a small decrease in the NOM concentration through the run; two possible
reasons for these NOM concentration changes are NOM separation in ED or NOM accumulation
on the membrane surface. The fact that the initial value in the second run (which reflects the
ending value in the concentrate of the first run) is not higher than the initial value in the first run
suggests that NOM accumulated on the membrane surface.
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Figure 26- NOM UV Absorbance change with time in both membranes.

The possibility of NOM accumulation on the membrane surface is confirmed with TOC results
of NOM concentration (Table 2). By calculating a mass balance, the CMV/AMV membrane pair
loses 1.15 mg of NOM during the first ED treatment and 1.82 mg NOM in the second ED
treatment. The PCSK/PCSA membrane pair accumulates more NOM mass on the membrane
surface compared to the CMV/AMV membrane pair, as expected from the results shown in
Figure 26. Generally, NOM is negatively charged in water at near neutral pH (Lee et al., 2002);
therefore, NOM accumulates on the anion exchange membrane (AEM) surface. NOM
concentrations of first series concentrate in both membrane pairs are similar to feed water,
therefore ED does not separate much NOM. The accumulated NOM on the membrane can be
removed during an acid wash process during general ED operation.
Table 7- TOC- NOM Concentration Results

Item

Concentration (mg/L as C)
CMV/AMV

PCSK/PCSA

Feed

6.35

6.23

Diluate 1

5.19

5.31

Feed 2 (Concentrate 1)

6.32

6.25

Diluate 2

5.39

5.35

Concentrate 2

6.50

6.33
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Summary and Future Work
The experiments have confirmed that the presence of NOM does not dramatically affect the
performance of electrodialysis in its ability to separate inorganic ions. Different membranes
show slightly different salt separation rates and NOM separation trends. Between CMV/AMV
and PCSK/PCSA membrane setups, the former is more appropriate for a coupled ED-RO system
because it shows low NOM separation and low accumulation on the membrane surface. These
preliminary results call for further investigation. It is necessary to explore the alternatives for ED
membrane selection.
To further understand the ED process, the effects of applied voltage and superficial velocity will
be studied. ED separation characteristics with different types of NOM and hardness will also be
observed. To achieve the goals of this research, operational conditions for RO (membrane type
and feed water flux) and the performance of the coupled ED-RO system with NOM-containing
feed water will be studied.

Disinfection with Microwave Irradiation
Background
Ensuring water safety via disinfection (Shannon et al., 2008) has largely relied on the use of
chemical oxidants since the early 1900s (Richardson et al., 2000). Common use of such
chemicals include chlorine (Deborde & von Gunten, 2008), chlorine dioxide (Aieta & Berg,
1986), and ozone (Hoigne & Bader, 1976). Ammonia added simultaneously or consecutively
with chlorine forms another common disinfectant, chloramines, which is less effective, but more
persistent as compared to chlorine (Deborde & von Gunten, 2008). However, chemical
disinfectants lead to the production of disinfection by-products (DBPs), which have raised public
health concerns since the early 1970s (Richardson, 2003). Alternative non-chemical based
disinfection technologies became necessary, and ultraviolet (UV) irradiation has been developed
as an effective disinfection alternative (Wolfe, 1990). The germicidal effect of UV irradiation is
a result of the its action on the nucleic acids of microorganisms, and its efficacy depends on light
intensity and exposure time (Tobin et al., 1983). Disadvantages of UV technology are the
absence of disinfection residual beyond the treatment facility (Wolfe, 1990; Zhou & Smith,
2001), its need for a clear optical pathway to enable UV rays penetration (Christensen & Linden,
2003), and maintenance of lamps (Massé et al., 2011). Furthermore, UV technology is not
readily available at the household level (Parrotta, 1998); rather it needs to be custom-made with
the purpose of disinfecting water. An alternative irradiation-based disinfection technology that
can take advantage of an already adopted, affordable, and available device, while overcoming
most of the limitations of available disinfection processes, can be greatly beneficial. Thus, the
scale of treatment could extend from individual households to small communities.
Developed during the Second World War, low-frequency microwaves (MWs) (at least 5 orders
of magnitude lower than UV) have disseminated into industry and later into the household
consumption market in a short period of time (Vergani et al., 2011). MWs lie between infrared
radiation and radio frequencies and correspond to wavelengths of 10-3 to 1 m (300 GHz to 300
MHz frequencies, respectively) (Mingos & Baghurst, 1991). In this region, the energy of the
MW photon (between 1.24×10-3 and 1.24×10-6 eV) is too weak to break chemical bonds
(Grandbois et al., 1999), when compared to that of photons emitted by UV lamps with
wavelengths ranging between 200 to 280 nm (6.20 to 4.43 eV). Disinfecting water with MW has
not been successful to-date, likely due to extended irradiation periods and associated energy
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costs. Enhancement of low-energy electromagnetic radiation, e.g., visible and near infrared
radiation, has been successfully achieved to generate reactive oxygen species (ROS) and thus
disinfect water (Kim & Kim, 2012). To date, materials research has been limited to amplifying
radiation with intensity as low as near-infrared levels (Zijlmans et al., 1999), but MW
upconversion has not yet been successfully demonstrated. Carbon nanotubes however, have
shown exceptional abilities to absorb MW energy (Irin et al., 2012; Vázquez & Prato, 2009), and
can potentially be used to concentrate irradiated energy at a small material footprint. Other
upconversion materials, e.g., lanthanide series metal oxides (Cates et al., 2011), if used in
concert with carbon nanotubes, can then utilize the concentrated energy to catalyze ROS forming
reactions at a higher energy level.
Technology Development
We have developed a new material where multiwalled carbon nanotube’s microwave absorption
capacity is utilized to harness the weak MW radiation and then utilized to release energized
electrons into water to create reactive oxygen species. These reactive oxygen species have the
potential for inactivating microorganisms.
Progress to Date
Multiwalled carbon nanotube-lanthanide series metal oxide nanohybrids have been synthesized
and characterized. Preliminary studies with this novel material have provided proof-of-concept
data indicating that MW irradiation for 20s at 110 W power can produce reactive oxygen species
and reduce Pseudomonas aeruginosa by at least a factor of 10.
Summary and Future Work
The advantages of this technology lie not only in an unintended use of an already diffused
device, such as microwave, but also in the material’s ability to disinfect by producing reactive
oxygen species and not by dissolving any harmful metal ions into the system, which often occurs
with other nano-based technologies. An invention disclosure has been filed for this process. The
role of water chemistry, presence of natural organic matter, and effectiveness to other bacterial
species relevant to natural and agricultural water will be evaluated in the coming year.
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WINSSS Project D: Biological Management of Nitrogenous Chemicals in
Small Systems: Ammonia, Nitrite, Nitrate, and N-Disinfection ByProducts
Project PIs: Mary Jo Kirisits, Gerald E. Speitel, Kerry Kinney (University of Texas), David A.
Reckhow, Chul Park (University of Massachusetts), Jess Brown (Carollo Engineers)

Background
Nitrogen (N) is present in drinking water in a variety of forms including ammonia (NH3), nitrite
(NO2-), nitrate (NO3-), dissolved organic nitrogen (DON), and nitrogenous disinfection byproducts (N-DBPs). Biological treatment processes provide an attractive treatment option for
small water systems (SWS) because they can be automated and might be the lowest cost
treatment option for certain contaminants. Development of a robust biological treatment system
for nitrogenous contaminants will provide SWS with an economical method to meet current and
future regulations associated with nitrogen.
The overarching objective of Project D is to biologically manage the nitrogenous contaminant
grouping (ammonia, nitrite, nitrate, and N-DBP precursors) in SWS via nitrification and
denitrification and to demonstrate that these processes can yield other water quality benefits
related to trace organic compound (TrOC) removal. The project is divided into three subprojects: nitrification, denitrification, and N-DBPs.
The nitrification sub-project includes interrogating bench-scale nitrification biofilters, examining
the impact of soluble microbial products (SMP) on TrOC degradation, and interrogating pilotscale nitrification biofilters. The denitrification sub-project consists of interrogating bench-scale
denitrification biofilters. The N-DBP sub-project examines the formation of N-DBPs after
biofiltration. The nitrification and denitrification sub-projects are led by the University of Texas
at Austin (UT, Figure 27a); the N-DBP sub-project is led by the University of Massachusetts at
Amherst (UMass, Figure 27b).

a

b

Figure 27- Team (a) at the University of Texas at Austin and (b) at the University of Massachusetts at Amherst. L to
R: Emily Palmer (M.S. student), Ethan Howley (undergraduate student), Michal Ziv-El (postdoctoral fellow), Emily
Hannon (undergraduate student), Sarah Keithley (Ph.D. student), Abel Ingle (undergraduate student), and Soon-Mi
Kim (M.S. student).
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Project Objectives
The first sub-project, nitrification, is focused on the removal of ammonia and TrOCs from
drinking water. The three objectives are as follows:
1. Assess the efficacy of fixed-bed nitrifying biofilters for drinking water treatment as a
function of source water.
2. Assess the effect of fixed-bed nitrifying biofilters on the microbial community structure
in drinking water distribution systems.
3. Examine the impact of SMP on the removal of TrOCs by heterotrophic bacteria.
The second sub-project, denitrification, has the following objective:
4. Examine the impact of water temperature on nitrite accumulation in a drinking-water
biological denitrification process.
The third sub-project, N-DBPs, has the following objective:
5. Evaluate the formation of N-DBPs in disinfected effluent from nitrification and
denitrification biofilters.

Project Progress by Task
Task 1. Operate and interrogate bench-scale nitrifying biofilters
Four down-flow biofilter trains (each with two biofilters in series) were designed. Each biofilter
has an empty bed contact time (EBCT) of 3 min, simulating a full-scale EBCT of 10 min. Table
8 outlines the biofilter influents, which contain a suite of ten TrOCs. Two trains are operated
with surface water natural organic matter (NOM), and two are operated with groundwater NOM.
For each type of NOM, one train is nitrifying and one is non-nitrifying (i.e., the ‘standard
aerobic’ biofilter). All trains are operated such that the total dissolved oxygen (DO) consumption
due to dissolved organic carbon (DOC) is the same.
Table 8- Biofilter influents

Once the final operating conditions had been implemented (Day 60), stable nitrification
(generally >95% ammonia removal) was achieved in the 3-min biofilters receiving ammonia
(Figure 28a). The nitrifying biofilters (both those supplied with surface water and those supplied
with groundwater natural organic matter) achieved 100% 2-MIB removal more quickly than did
their standard aerobic (non-nitrifying) counterparts (Figure 28b). It is possible that the
production of soluble microbial products (SMP) by nitrifiers spurred the activity of heterotrophic
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microorganisms capable of 2-MIB degradation. We are currently analyzing the other TrOCs to
determine if the occurrence of nitrification has a similar benefit to their removal in the biofilters.

Ammonia Removal (%)

a
100
80
60

40
SW Nitrifying

20

GW Nitrifying

0
0

50

100
Time (days)

150

200

SW Nitrifying

2-MIB Removal (%)

b
100

SW Standard Aerobic
GW Nitrifying

80

GW Standard Aerobic

60
40
20

0
0

50

100
Time (days)

150

200

Figure 28- Removal of (a) ammonia in the 3-min bench-scale nitrifying biofilters and (b) 2-MIB in the 3-min benchscale biofilters. Biofilters are operated with surface water (SW) or groundwater (GW) natural organic matter.
Nitrifying biofilters contain 1 mg/L NH3-N in the influent.

Task 2. Examine the impact of SMP on TrOC biodegradation
The goal of this task is to determine whether heterotrophic microorganisms acclimated to SMP
could transform selected TrOCs at an increased rate as compared to heterotrophic
microorganisms acclimated to a simple carbon source (acetate). SMP was produced by growing a
dense culture of Nitrosomonas europaea for ~10 days and subsequently filtering out the biomass
so only SMP remained. Batch experiments were conducted by feeding a mixed heterotrophic
community with acetate or SMP. After the microorganisms were acclimated to their carbon
sources for 3-7 days, they were removed from the cultures, washed, and resuspended in medium
containing 2-MIB and geosmin as their sole carbon and energy source. In other experiments,
SMP or acetate were added to the cultures simultaneously with 2-MIB and geosmin after the
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acclimation phase. A sodium azide control, to inhibit bacterial activity, was run in both cases.
The removals of 2-MIB and geosmin in the cultures were examined over time.
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When 2-MIB and geosmin were added as the sole carbon and energy sources, the heterotrophs
gained no substantial advantage in their biodegradation due to previous acclimation to this
particular SMP as compared to previous acclimation to acetate. When SMP was added to the
mixed heterotrophic culture in the presence of 2-MIB and geosmin, increased geosmin (but not
2-MIB) removal was observed as compared to the azide control (Figure 29). This suggests that
SMP might spur co-metabolism of geosmin.
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Figure 29 - Effect of primary substrate (SMP or acetate) addition on fraction remaining of 2-MIB and geosmin by
mixed heterotrophic community. SMP or acetate were added at time 0 in these plots, such that co-metabolism of
the TrOC was examined.

Task 3. Operate and interrogate pilot-scale nitrifying biofilters
In this task, we are examining the simultaneous removal of ammonia and TrOCs in pilot-scale
biofilters. We are collaborating with the team running Water Research Foundation (WRF)
project 4559, where they are operating a pilot with six biofilters at the East Plant (Houston,
Texas). The 4559 team (including the Southern Nevada Water Authority and Carollo Engineers)
are monitoring a variety of parameters including DOC, UV254, Mn, NH3, monochloramine, ATP,
and TrOCs. To complement these analyses, UT is monitoring heterotrophic plate counts,
phosphatase activity, biofilm morphology, extracellular polymeric substance (EPS)
concentrations, and microbial community structure; UMass is analyzing formation potential for a
suite of DBPs. The acclimation period ended in June 2016, and sampling during the experimental
phases has begun.
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Task 4. Operate and interrogate bench–scale denitrifying biofilters
In this task, two bench-scale biofilter trains will be used to evaluate micronutrient (iron)
supplementation as a means of ameliorating the nitrite accumulation that has been observed in
low-temperature drinking-water denitrification processes. Both trains (with two, 3-min biofilters
in series) were started up at 25 ̊C. One of the trains has been moved to a separate temperaturecontrolled room, where the temperature is gradually being decreased over time. In the coming
year, once nitrite accumulation is observed, micronutrient addition will be tested.
Task 5. Assess N-DBP formation from biofilter-originated DON
In this task, raw water and effluents from the bench- and pilot-scale biofilters operated in the
nitrification and denitrification sub-projects will be chlorinated and chloraminated to examine
the formation of N-DBPs. Several sample sets have been sent to UMass for analysis, with
additional sets scheduled in the coming year.
Task 6. Interface with WINSSS Service Units.
Through Service Unit 1 (Education and Outreach), the information generated in the project is
being communicated to stakeholders in variety of ways. This year, project personnel participated
in several technical conferences (see Abstracts section).

Coordination
PI Kirisits met with the UT team on a weekly basis. The UT team has started meeting with the
UMass team once or twice per month. Monthly pilot meetings have been initiated with Dr. Greg
Pope (Carollo Engineers) and the UT and UMass teams.

Public Health Impact
Indirect and direct potable reuse is a reality, and, as such, drinking water sources will
increasingly contain pharmaceuticals, personal care products, and other TrOCs. To protect public
health, drinking water treatment should remove traditional chemical, physical, and biological
contaminants but also should have some capacity to remove emerging contaminants of concern.
Given increased per capita violations by SWS as compared to larger water systems, SWS must
be focused on regulated contaminants and are unlikely to have the luxury of addressing emerging
contaminants. Our preliminary results indicate that biofiltration provides excellent removal of
some pharmaceuticals and personal care products (e.g., estrone and thiabendazole), such that this
technology could be used to decrease customer exposure to some TrOCs in SWS.

Papers/Presentations
AWWA Biological Treatment Symposium, January 2016, Long Beach, California. “Removal of
ammonia and trace organic compounds in drinking water nitrifying biofilters: temporal
variations in organic compound removal and microbial community structure.” Michal
Ziv-El, Ethan Howley, Emily Palmer, Gerald E. Speitel, Jr., and Mary Jo Kirisits.
AWWA Annual Conference and Exhibition, June 2016, Chicago, Illinois. “Case Study:
Ammonia and trace contaminant removal in bench- and pilot-scale biofilters: microbial
community structures, robustness, and nitrogen disinfection byproducts.” Michal Ziv-El,
Ethan Howley, Abel Ingle, Soon-Mi Kim, Emily Palmer, Jess Brown, Gerald E. Speitel,
Jr., David Reckhow, Chul Park, Kerry Kinney, Mary Jo Kirisits.
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Texas Water, April 2016, Fort Worth, Texas. “Impact of soluble microbial products on trace
organic contaminant removal from drinking water.” Emily Palmer, Michal Ziv-El,
Gerald E. Speitel Jr. and Mary Jo Kirisits.

76

