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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. 

Consistent with this objective, this year’s report includes a “treatment technology summary” 

table for each innovative technology being studied. These tables stem from a discussion at the 

Center meeting held in Austin, Texas during the previous reporting period, in which the Center’s 

Science Advisory Committee suggested that every technology under consideration should be 

compared to existing technologies to help evaluate the viability of the innovative technology in 

the market place. 

Progress Summary 

Center Governance and Administrative Units 

The WINSSS executive committee consists of David Reckhow (UMass), John Tobiason 

(UMass), Desmond Lawler (UT), and Bruce Dvorak (UNL). Celina Dozier has served as 

administrative coordinator since May 2016, while Patrick Wittbold (UMass) continues as Quality 

Assurance Manager and together with Celina Dozier as overall support staff. The WINSSS 

Executive Committee and support staff meet every two weeks via video-conference 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 (CAB) 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) 
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• New England Water Cluster (NEWIN Chair or Executive Director) 

• 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. However, there were no compelling reasons for this 

group to meet during FY17, so communication was via email only. The next meeting is planned 

to coincide with the Center meeting in Amherst on October 13, 2017.  

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 

• Michael Hiscock, 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. The SAC has 

reviewed the original center proposal and annual reports, and met at the WINSSS Center in-

person meeting in Austin, Texas in March 2016. Three SAC members served on the review 

committee for the proposals submitted under the Emerging Technologies RFP that the WINSSS 

Center issued in early 2017. SAC members have been invited to attend the in-person WINSSS 

Center meeting in Amherst, MA on October 13, 2017.  
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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 of Steve Wilson and ASDWA. The two centers have been working together on a 

common newsletter and set of web-based research meetings, discussed in further detail below. 

In May 2017, the two US centers joined their Canadian counterparts at the RES’EAU annual 

meeting in Victoria, BC. The majority of the conference program was devoted to presentations 

by RES’EAU researchers, but there were also some invited presentations by WINSSS and 

DeRISK. Both US centers participated in panel discussions as well. The result was a stronger 

connection between the centers and a deeper understanding of the RES’EAU and DeRISK 

projects, as well as synergies with similar projects from the other centers. 

 

Service Unit 1: Education and Outreach 

The WINSSS Center has an active outreach program that focuses on providing credible and 

engaging information to help advance the state of the science. 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. A number of 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, Technology 

Assistance [TA] providers, and scientists). During the life of the Center, members of the 

WINSSS Executive Committee collaborated with the DeRISK Center Executive Committee to 

coordinate outreach and educational activities. This 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. 

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 accessible. 

Additionally, there is an up-to-date listing of journal papers and presentations that are produced 

from WINSSS projects. This year, WINSSS has made concerted efforts to make the Center’s site 

more interactive, such as posting the latest results from the various research projects, posting 

information about the Emerging Technologies Program Award (see Service Unit 3), and work 

has begun to implement forums. These forums are aimed at providing an online space for state 
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regulators and plant operators to discuss problems, solutions, and implementation of 

technologies. A SurveyMonkey poll was conducted to identify topics of interest and to gauge the 

usefulness of such a forum. Approximately 50 operators, from Massachusetts and Nebraska, 

participated in the poll. With the assistance of the UMass Center for Education Software 

Development, the forum will be live on the WINSSS Center website within the upcoming 

months. 

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 2016-17 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 Philadelphia, National Rural Water Association Annual 

Conference in Orlando, and at multiple regional conferences. The WINSSS Center participated 

in small systems conference in Victoria, British Columbia with the DeRISK and RES’EAU-

WaterNET Centers.  

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. Two presentations 

were given as part of this series in the fall of 2016:  one on approaches to technology approval in 

December 13, 2016, and the use of ion exchange to remove multiple contaminants on August 30, 

2016. Six Joint Center Webinars were held during the reporting year (October 13, November 17, 

January 19, February 24, March 31, and April 28). 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: 

• Sponsorship of the New England Graduate Student Water Symposium in Amherst, 

MA, 

• Participation in an online three-center small water and wastewater systems class 

during the spring of 2017, including three presentations given by WINSSS faculty 

and the participation of about five students and faculty from WINSSS Universities. 
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Service Unit 2: Research Project Outcome Assessment, Contaminant 
Regulation, and Sustainability 

Project progress is on track with the research objectives and timeline to accomplish research 

activities. The literature review has been conducted and a draft of the sustainability assessment 

framework with semi-quantitative matrix has been generated. The current version of the 

sustainability assessment framework has included 5 dimensions, 18 criteria, 28 qualitative 

indicators, and 45 quantitative indicators. The approaches to acquire data or estimate indicators 

have been included in the sustainability assessment framework as well. Database and survey are 

the primary data sources. A draft of the rating scale questions for surveying managers and 

customers of small water systems has been developed.  

Progress 

Adib Amini and Jie Zhang have developed a Sustainability Assessment Framework (SAF), 

which allows for multi-dimensional evaluation of water treatment technologies. Details for the 

dimensions and criteria in the SAF were described in the 2016 annual report.  

To assess the qualitative criteria, a weighting scheme has been created through an analytic 

hierarchy process (AHP) with the information from a survey of various stakeholders. The survey 

was put into a digital platform with SurveyMonkey software to make it easy to distribute and 

complete. The survey was designed with three primary sections. The first section collected 

demographic and background information (e.g., age, gender, race, etc.). The second section 

included a pairwise comparison of the 5 dimensions of the SAF including technological, 

environmental, economic, societal, and managerial. In the second section, the participants were 

asked to slide the scale closer toward the side that they feel is more important among the two 

options (Figure 1Error! Reference source not found.). The third section of the survey allowed 

for rating of the 18 criteria. Each of these criteria fall within one of the 5 dimensions (Table 1).  

Over 80 individuals partook in the survey, with the majority being operators and managers of 

water utilities. An individual score for each of the 18 criteria of the framework has been 

calculated from the survey results, using the AHP, as shown in Table 1. It was found that the 

criteria considered most important to survey participants are the performance (14%) and 

reliability (13%) of the system. Furthermore, robustness (the ability to endure shock loads) and 

ease of use were also considered very important. These calculated weights of the criteria will be 

used in the SAF.  

 
Figure 1. Snapshot of section 2 of the survey, showing pairwise comparison of dimensions 
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Table 1. The calculated weighting scheme of the sustainable assessment framework (SAF) criteria based on survey 
results 

Dimension Criteria Weight Dimension Criteria Weight 

Technological 

Performance 14% 
Environmental 

(Cont’d) 

Waste 

Production and 

Generation 

2% 

Robustness 9% 

Economic 

Technology 

Costs 
6% 

Ability to be 

implemented 
4% 

Technology 

Externality 

Costs 

4% 

Transferability 1% 

Societal 

Ease of Use 7% 

Adaptability 3% 
Risk 

Awareness 
4% 

Reliability 13% Acceptance 6% 

Environmental 

Energy Usage 

Amount 
6% 

Managerial 

Managerial 

Mechanisms 
8% 

Chemical Usage 

Amount 
4% 

Information 

dissemination 
2% 

Land Area 

Required 
2% 

Managerial 

Adaptability 
7% 
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Service Unit 3: Emerging Technologies 

Service Unit 3 for the WINSSS Center is focused on identifying and supporting emerging 

technologies that were not included in the WINSSS Center proposal. WINSSS Center leadership 

recognized that researchers outside of the WINSS and DeRISK Center awards are likely to have 

some excellent ideas for viable innovative technologies for small water systems. Thus, a 

competition to offer a total of $200,000 in seed funding to support fundamental work on 

technologies that are appropriate for small systems and could be ready for use within 10 years 

was included in the WINSSS Center proposal. 

A request for proposals (RFP) for up to $50,000 funding per 1-year duration project was issued 

in late 2016 with the intent of funding 4 projects. A total of 38 proposals were received by the 

due date of February 15, 2017. A committee of two WINSSS investigators and three members of 

the WINNSS Science Advisory Committee evaluated the proposals and decided to support the 

four projects listed below: 

• Removal of Nitrate from Groundwater without Co-Production of High Concentration of 

Disposable Brine. Arup SenGupta- Lehigh University 

• Electrocoagulation and Electrooxidation to Treat Microbial and Chemical Contaminants 

in Small Drinking water systems. Brooke Mayer, Patrick McNamara, and Kyana Young- 

Marquette University 

• Biological Denitrification for Small Water Systems Using Iron-Sulfur Minerals. Sarina 

Ergas and Jeffrey Cunningham- University of South Florida 

• Reactive Electrochemical Membranes for Simultaneous Removal of Multiple Classes of 

Contaminants of Concern in Small Drinking Water Systems. Brian Chaplin- University of 

Illinois at Chicago, Wenqing Xu- Villanova University 

The four projects began in June 2017 and will be completed by June 2018. Projects selection was 

based on three main criteria: engineering/scientific advancement and innovation, applicability to 

small systems, and chance of success. Results of these projects will be included in the year 4 

annual report. 

Service Unit 3 activity also includes periodic engagement 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. 
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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: 

• Sales and intellectual property related revenue 

• Validation testing for private companies and related water cluster support 

• Direct funding by utilities 

• 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 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. 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). Partly for this reason, 

the CEC pledged $100,000 to UMass in support of a mobile pilot-testing facility. The mobile 

pilot-testing trailer was carefully developed on the Amherst campus to make maximum use of 

existing resources and donated materials. 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 a relatively 

small number of big utilities. This situation has helped create some space for local organizations 

such as the NC UWC. The Center proposes to work with the National Institutes for Water 

Resources centers, who have expressed an interest, to help them develop a local UWC model for 

interested states. In return, the National Center would be given some authority to help steer the 

                                                 
1 Includes initial 3-year grant, plus a 1-year no-cost extension. 



18 

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. 

Since the state agencies would be a chief beneficiary of this work, it makes sense to look to them 

for assistance to continue the 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 this past year was the four awards of $50,000 

each we made under the Service Unit 3 Emerging Technologies program (as listed above).  
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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 has been 

customized to allow simulation of both an 

experimental and a parallel control water 

treatment train. Each train is able to treat up to 10 

gallons per minute (gpm) of water using a wide 

range of conventional and advanced technologies. 

The original purpose of the UMass MWTF was 

twofold: (1) to support the EPA center (WINSSS) 

by testing WINSSS-associated 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 2016 and 2017, WINSSS acquired monitoring equipment from several sources. These allow 

on-line sensing of: 

• pH, ORP and temperature 
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• Free Chlorine, chloramines and ozone monitor, via several technologies 

• Turbidity 

• UV absorbance 

• Total organic carbon 

• Chemical oxygen demand 

• THM precursors 

 

Testing and calibration of the trailer units and sensors are currently underway. 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 this current year as needed.  

The first deployment for the trailer is planned for early October 2017 in Boston. This will be a 

public event to build support for WINSSS and thank MA CEC for their support. After this, we 

plan to use the trailer in support of: (1) testing WINSSS technologies such as ferrate under pilot 

scale conditions, and (2) direct assistance to small systems (see paragraph below). 

Direct Assistance to Small Systems 

With about 150,000 small systems in the US, it would be impossible for an entity like WINSSS 

to provide direct assistance to even a small fraction of them. However, WINSSS can help 

develop models for academic assistance and instruction much like RES’EAU has done in Canada 

with their Community Circle initiative. A key step in this direction is being taken with the 

offering of a special topics class at UMass on “Potable Water for Small and Disadvantaged 

Communities” the Fall 2017 semester. The description of this course is presented below. 

Course Instructors and Resource Providers:  
1. Dave Reckhow – Civil & Environmental Engineering; water quality and treatment 

(https://cee.umass.edu/faculty/david-reckhow ) 

2. Emily Kumpel – Civil & Environmental Engineering; water for low income communities 

(https://cee.umass.edu/faculty/emily-kumpel ) 

3. Tim Ford – Environmental Health Sciences; waterborne pathogens and community 

engagement (https://www.umass.edu/sphhs/person/faculty/timothy-e-ford ) 

4. Anita Milman – Environmental Conservation; water resources and environmental 

governance (http://eco.umass.edu/people/faculty/milman-anita/ )  

5. John Tobiason - Civil & Environmental Engineering; water quality and treatment 

(https://cee.umass.edu/faculty/john-tobiason ) 

 

In the US, there are approximately 150,000 public drinking water systems. Of these 50,000 are 

considered community water systems. The vast majority of these systems are small (serving less 

than 3,300 people), underfunded, under-staffed, and experience almost daily challenges to meet 

the needs of their customers, and the regulatory agencies. This set of circumstances creates new 

underserved populations in communities that are often already disadvantaged; a situation that 

raises serious environmental justice concerns. Solving these problems requires a concerted effort 

https://cee.umass.edu/faculty/david-reckhow
https://cee.umass.edu/faculty/emily-kumpel
https://www.umass.edu/sphhs/person/faculty/timothy-e-ford
http://eco.umass.edu/people/faculty/milman-anita/
https://cee.umass.edu/faculty/john-tobiason
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by interdisciplinary teams including social scientists, engineers, political scientists, public health 

scientists, chemists and economists. Some of the relevant areas of study include: 

1. Institutional structure, incentives and dynamics 

2. Interactions across levels of government 

3. Social capital 

4. Politics 

5. Engineering: treatment used for small water systems 

6. Water Quality & Public Health 

7. Economics 

8. Participation of public and other stakeholders 

9. Community-based management 

10. Capacity 

11. Science-policy interface 

12. Psychological aspects 

 

In this course, we will create several interdisciplinary teams of students who will work together 

over the semester to address problems experienced by a specific nearby public water system (i.e., 

the “study site” or “field site”). The study site(s) will be selected by the course instructors in 

consultation with the New England state water administrators. Each of the instructors will 

present background on public water supplies from the perspective of their academic disciplines 

(see lists below). The lead instructor (Reckhow) will then present case studies from recent 

experience using the RES’EAU Community Circle program as well as other similar efforts (e.g., 

Community Engineering Corps). The instructors will then work with each of the student teams to 

begin addressing the problems at the assigned study sites. This work will include: (1) 

documenting the system and its challenges based on existing records at the state offices and 

community files; (2) identification of the key stakeholders, (3) on-site or video meetings with 

those key stakeholders; (4) development of a preliminary report on the system needs, problems, 

and solutions already proposed by the stakeholders; (5) development of a plan and report 

including proposals for new, alternative solutions to the identified problems. 

Each team will be asked to prepare a preliminary and final semester report and present their 

findings (both preliminary and final) to the class. Grading will be based on the reports, the group 

presentations, as well as participation with the instructors over the course of the semester. 

 

Some background topics grouped by faculty are: 

 

Dave Reckhow (with support from John Tobiason) 

• Overview of US water supply, types of systems, system sizes, demographics 

• Basics of water systems, physical components and treatment 

• Regulatory requirements for small systems, violations and breakdown among types 

• Engineering technology appropriate for small systems 

• Asset management for small systems 

Anita Milman 

• Overview of water system economics and challenges (capital costs, operations & 

maintenance, issues with how to recover costs, sources of funding) 

• Water Policy and institutions 

• Political challenges of water provision - and the low-level equilibrium trap 
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• Environmental justice 

Emily Kumpel 

• Water Safety Plans 

• Assessing capacity for monitoring 

• Data flows and Information and Communication Technologies 

• Water quality in distribution systems 

Tim Ford 

• special issues when working with tribal systems 

• waterborne disease risk 

• Biofilms 

Other guest lecturers 

• Wells and groundwater, safe yield, technology (David Boutt, Geosciences) 

• Kenya experience (a UMass EWB team member) 

• Regulatory perspective (guest lecturer from MA DEP) 

• Service Providers perspective (guest lecturer from RCAP or MassRWA) 

 

Working closely with MA Department of Environmental Protection (DEP), we have identified 

three small systems in need that are also within a 1-hr drive from the UMass Amherst campus. In 

its first semester (Fall 2017), 20 graduate and undergraduate students have enrolled in this 

course. Approximately half are environmental engineering students and the other half are from 

programs in Environmental Conservation, Geography, Landscape Architecture and Regional 

Planning, Sustainable Development, Environmental Science, Anthropology, and Environmental 

& Natural Resources Economics. These students will be divided into 3 teams, each with a wide 

range of backgrounds. The teams will work with the 4 instructors to identify key stakeholders for 

the 3 small systems, and then proceed with community discussions as done under the 

Community Circle methodology. In some cases, we may be able to proceed to proposed 

solutions, incorporating engineering, financial and managerial changes. 

The end result of this effort will be a fully-developed course that can be adapted to other 

universities. We expect this should help with recruiting new talent into the area of small systems 

as well as elevating the visibility of their unique problems. We will also develop a set of case 

studies illustrating how universities might engage in direct assistance to these systems. 

 

Creating a University-based program “Ask the expert” 

University faculty regularly serve as paid experts, providing advice on projects driven by large 

utilities and their engineering consultants. This is tacit recognition that a very important and 

unique knowledge base exists at the Universities. However, state regulatory agencies and small 

drinking water systems neither have the funds nor the mechanism to engage university-based 

experts in this way. WINSSS is currently exploring a web-based platform and a system of 

incentives that could provide a level of service for states and small systems that is comparable to 

what is already available to large systems and consulting firms. 

The goal would be to develop a more comprehensive 24-7 version of the “Ask the expert” forum 

that has been a regular feature at the annual EPA workshop for small systems. Instead of just 

bringing together state regulators and the academic experts who happen to be at the Cincinnati 

meeting, we would create a forum that is open to all from these two groups across the US. In 
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addition, it would be an on-going discussion and not just be limited to an annual 90-minute 

session. 

 

WINSSS has been working with the CESD at UMass to develop this on-line forum. Separate 

sections (or e-rooms) are being developed on different topics and technologies. In addition, there 

will be an “unclassified” section where new topics of general interest will emerge. State drinking 

water officials will be given access as will key university experts. The site will be curated by the 

WINSSS staff. We anticipate that many technological questions will be answered by other state 

agency users. However, questions that are not easily answered will be referred to 2 or 3 

designated university topic experts. These experts will be identified by a subgroup of the Center 

researchers and the SAC members. The experts will not be financially compensated for their 

time, but they will receive special recognition of the type that is valued by Universities in their 

promotion and tenure considerations. 

 

Assistance to States for Data Sharing and Technology Acceptance 

Members of the WINSSS team (led by Steve Wilson) have been engaged with ASDWA in 

planning how to best access and share data on new technologies among the states. This is part of 

a larger effort with an over-arching goal “to develop a sustainable program that involves all 

stakeholders, states, EPA, ASDWA, Universities, vendors, and consultants, in providing a 

common agreed upon platform and approach to approving drinking water technologies and 

provides states with adequate information to evaluate and approve the technologies”. 

 

The end product of this work would be a password protected site to which access is given to state 

personnel, ASDWA and the key stakeholders (e.g., academic partners). This would first include 

data from a few pilot states (e.g., CA, WA, MA) and initially populated with pre-existing 

compiled Level 1 data (generic and trade names for technologies, date of evaluation, state where 

evaluated, decision; e.g., http://www.mass.gov/eea/docs/dep/water/compliance/newtech.pdf ). 

With proper approvals, it will be expanded to include Level 2 (testing required, numbers, 

timeframe, conditions, and expected performance) and even Level 3 data (results of specific 

tests, Q&A between vendors and regulators, follow-up, conditions of approval). 

 

WINSSS and its network of academics is ideally suited to provide special access to research and 

application data for this effort. It is in the best position to extract useful information from the 

academic literature and to assist in the generation of new performance data. The former would 

result in new-generation treatability database cross indexed between contaminants, treatment 

objectives and technologies. The latter would employ university laboratory and pilot testing 

facilities. Most entrepreneurs, states, utilities and consultants are not able to sustain facilities for 

advanced testing and piloting. However, universities often have these for teaching and research 

purposes. The solution proposed here is to link university based facilities with the states’ needs. 

There is often unutilized capacity among state university labs. One approach is to create a 

potable water version of WE&RF’s national LIFT network (http://liftlink.werf.org/ ). The 

nascent US water clusters may be willing partners in this endeavor. As evidence, NEWIN, the 

North East Water Innovation Network, has already helped to identify existing piloting facilities 

and has even made efforts to construct new ones in the Northeast. 

  

http://www.mass.gov/eea/docs/dep/water/compliance/newtech.pdf
http://liftlink.werf.org/
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WINSSS Project A: Implementation of Sustainable and Innovative 
Treatment Technologies 
 

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 Arizona State University (since Aug 2016; previously at the University of Florida (UF)) 

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. 

Project A4, based at the University of Nebraska, Lincoln, investigates the impacts of natural 

filtration (riverbank filtration or slow-sand filtration) on post-disinfection water quality. Three 

very small sub-projects noted in the project proposal include: A5 (UM), develop guidelines on 

the impacts of intermittent operation on treatment performance; A6 (UT) develop guidelines for 

coagulant selection (and dose setting) for enhanced coagulation; and A7 (UT/UM) investigate 

the impacts of climate change on the operation of small water systems. Projects A5 – A7 rely 

primarily on a review and interpretation of existing literature and water quality data, with small 

laboratory analytical components to supplement the existing knowledge. These projects will be 

undertaken in year 4 of WINSSS. 

 

Project A1: Implementing ferrate treatment of drinking water in the U.S. 

Project PIs: John E. Tobiason, David A. Reckhow (University of Massachusetts) 

 

Introduction  

Ferrate (Fe(VI)) has been proposed as a viable oxidant in drinking water treatment and has been 

demonstrated to decrease disinfection byproduct formation potential (DBPFP) in finished water. 

Previous bench-scale research suggested that intermediate ferrate (i.e., ferrate dosed after 

clarification) may have a greater impact on destruction of disinfection byproduct precursors than 

ferrate pre-oxidation. A continuous flow apparatus was designed to replicate full-scale drinking 

water treatment systems and to assess the effects of intermediate ferrate on operational 

parameters including filter head loss and filter effluent DBPFP. Work conducted during year 3 of 

WINSSS is summarized below. 
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Objectives 

• Conduct continuous flow experiments to examine the impacts of intermediate ferrate 

on filter head loss, filter effluent turbidity and filter effluent DBPFP. 

• Conduct analogous ferrate pre-oxidation and no oxidation experiments for 

comparative results. 

• Characterize particles (i.e., number, size, zeta potential) that result from ferrate 

reduction. 

Progress 

To date, two raw water sources have been evaluated under all three treatment conditions (no pre-

oxidation, ferrate pre-oxidation, intermediate ferrate oxidation). For the first source water 

(Atkins Reservoir, Amherst MA), decreases in total organic carbon (TOC) were comparable for 

both intermediate ferrate and ferrate pre-oxidation trials (70-75% decrease compared to raw 

water TOC). Formation potentials of THMs and HAAs in filter effluent of both ferrate trials 

were also similar. However, the concentrations of brominated DBPs were slightly higher under 

the intermediate ferrate treatment condition (Figure 2). Intermediate ferrate did not have a 

substantial impact on filter head loss compared to the other trials. Importantly, particles formed 

by intermediate ferrate were not “colloidal” particles (between 0.02 µm and 0.2 µm) typical of 

ferrate reduction/decay, but were large (>0.7 µm). This is likely a result of interaction of ferrate 

resultant particles with ferric hydroxide particles from coagulant addition that remain after 

clarification (Figure 3). 

 

Figure 2. HAAFP (left) and THMFP (right) in filter effluent of all three treatment conditions. Raw water source: 
Atkins Reservoir, Amherst MA. 



26 

 

Figure 3. Iron fractionation for Ferrate Pre-oxidation and Intermediate Ferrate trials. Raw water source: Atkins 
Reservoir, Amherst MA 

In the second source water (Babson Reservoir, Gloucester MA), filter effluent TOC values were 

similar among all three treatment conditions (~65% decrease compared to raw water TOC). As in 

the previous source water, while both ferrate treatment trains showed decreases in filter effluent 

DBPFP compared to raw water and filter effluent from the “no oxidation trial”, there was little 

notable difference between intermediate ferrate and ferrate pre-oxidation DBPFP values (Figure 

4). Iron fractionation also confirmed the formation of large particles in the intermediate ferrate 

contactor, and of colloidal particles in the ferrate pre-oxidation contactor (Figure 5). A profile of 

head loss across the dual media filter (Figure 6) revealed cake filtration resulting from particle 

accumulation in all treatment trials, likely caused by a high concentration of ferric hydroxide 

particles remaining after clarification. 

 

Figure 4. HAAFP (left) and THMFP (right) in filter effluent of all three treatment conditions. Raw water source: 
Babson Reservoir, Gloucester MA. 



27 

 

Figure 5. Iron fractionation for Ferrate Pre-oxidation and Intermediate Ferrate trials. Raw water source: Babson 
Reservoir, Gloucester MA. 

 

Figure 6. Head loss across dual media filter during Ferrate Pre-oxidation and Intermediate Ferrate trials. Raw water 
source: Babson Reservoir, Gloucester MA. 

Public Health 

Although intermediate ferrate did not show major advantages over ferrate pre-oxidation in the 

continuous flow experiments, ferrate is quite effective at decreasing disinfection by-products in 

finished water and is thus potentially valuable to public health protection. In addition, ferrate is 

known to be an effective disinfectant. However, formal disinfection credit is not yet able to be 

documented.  

Summary 

A summary of issues on the applicability of ferrate treatment in small water systems is shown in 

Table 2. Similar tables are shown for all treatment technologies throughout this report.  
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Table 2. Treatment Technology Summary: Ferrate 

Problem or 

Contaminant(s) 

Addressed 

Multiple: pre-oxidant for reduced species, inorganic or organic, 

destruction of DBP precursors; potential disinfectant; potential 

decrease in coagulant dose needed 

Size of Plant 

Applicability 
No flow or size based limits, high or low 

Comparison to 

competing 

technologies 

Most similar in form as an oxidant to permanganate, competing also 

with ozone and ClO2 as strong oxidants that are also disinfectants.  

Operator level 

Required (1 to 5) 

Similar skill level as any chemical addition, most similar to oxidant 

addition 

Problems with 

intermittent 

operation 

If dry K2FeO4 salt purchased and ferrate fed as solution, then the 

stability of the oxidant in solution over time may be an issue if not 

used for long period of time. Otherwise, similar to any intermittent 

chemical addition issue 

Residuals 

Management 

Similar to permanganate, ferrate is reduced to an insoluble oxide form, 

thus creating a residual that must be managed along with other solid 

phase residuals.  

Energy Use Similar to dosing of other chemicals 

Cost Comparison 
Difficult to estimate as commercial level ferrate supply not currently 

available for drinking water. Data suggest it can be cost-competitive 

Health Benefits 

Potential to provide oxidation and disinfection without forming 

halogenated DBPs that are regulated and hopefully others that are not 

regulated but of health concern. Ferrate is not volatile so there are no 

occupational off-gas issues as is the case with some other oxidants. 

Monitoring 

Required 

If disinfection capability is to be realized, the ability to 

measure/monitor a ferrate residual will be important. If only for 

oxidation, can monitor fate of iron with typical iron measurements. 

May want to use ORP type measurement for assessing residual 

oxidant if an issue (but this is unlikely). 

Regulatory Issues 

Will require certification as suitable for use in drinking water 

treatment. If disinfection capability is to be realized, disinfection 

effectiveness for various pathogens must be demonstrated in the form 

of “CT” tables and residual monitoring must be possible to reliably 

undertake.  

 

Papers and Presentations 

Progress on this research has been presented at the American Chemical Society 253rd Annual 

meeting in San Francisco in April 2017, the PA AWWA Section meeting in April 2017, the 

AWWA Annual Conference in Philadelphia in June 2017, as well as within the 

WINSSS/DeRISK/RES’EAU Small Systems Monthly Webinar Series (February 2017). An 

additional oral presentation is scheduled for the AWWA Water Quality Technology Conference 

in Portland, Oregon in November 2017.  
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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) 

Introduction 

Background. Coagulation is a conventional water treatment process to remove particles and, in 

many cases, natural organic matter (NOM). It has a long history of use at small plants for the 

removal of particles and, more recently, to accomplish some NOM removal. This research 

focuses on the removal of inorganic and organic (NOM) contaminants using metal coagulants, 

alum and ferric chloride. The constituents of interest are shown in Figure 7, which indicates that 

many ligands can interact with the metal coagulants. The potential contaminants that are being 

studied in this research are shown on the left portion of the figure; NOM is present to some 

degree in virtually all surface water supplies while the inorganic constituents (fluoride, arsenic, 

chromium and mercury) are only rarely present in significant concentrations (i.e., concentrations 

that can cause health effects). Hence, in this research, we have investigated the behavior of each 

of these inorganic contaminants during metal ion coagulation in both the presence and absence of 

NOM. In addition, other inorganics (sulfate, chloride, and silica) are often in the natural water 

and, for sulfate and chloride, can be added as part of the coagulant. These constituents can also 

influence the precipitation behavior of the coagulant and, therefore, were studied in this research. 

 

Figure 7. Research Design 

 

Previous reports have focused primarily on the results for fluoride during alum coagulation; in 

this report, removal results for the other inorganic contaminants with and without NOM are 

emphasized although fluoride results are also included; these results suggest that the precipitation 

of the metal hydroxides (Al(OH)3 and Fe(OH)3) is influenced differently by the different ligands. 
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The report explores those differences, with an emphasis on the effects of the constituents on the 

resulting particle size distributions of the precipitates. 

Progress 

Fluoride. Results of the testing of fluoride with both alum and iron are presented in Table 3. Both 

coagulants were added at a dose of 0.3 mM (as Al and Fe) and all experiments were performed at 

pH 6.5 in synthetic water with an alkalinity of 3.0 meq/L. Alum was quite effective at removing 

each of the two contaminants in the absence of the other, but these removal efficiencies 

decreased when both were present in the solution. The NOM removal decreased by 

approximately 40% whereas the fluoride removal decreased by only 9%. Fluoride removal was 

poor in all cases with iron; note that experiments with iron were done with slow mixing times of 

30 and 90 minutes (indicated by the parenthetical 30 or 90). NOM removal was quite good with 

iron, as expected, but was decreased by approximately 20% in the presence of fluoride. 

 
Table 3. Removal efficiency and changes in particle size distribution with fluoride and NOM 

Initial Concentration   
NOM 

5 mg/L 

Fluoride 

5 mg/L 
Particle size distribution characteristics 

Conditions  
Removal 

efficiency (%) 

log d
p
 (μm) 

at peak 

d
p
 (μm) 

at peak 

Total particle volume 

(ppmv) 

Alum - - 0.92 8.3 6.06 

Alum+F- - 50.1 0.88 7.6 5.31 

Alum+NOM 35.2 - 1.02 10.5 10.81 

Alum+NOM+F- 21.4 45.8 0.92 8.3 9.06 

FeCl3  - 1.37 23.4 0.92 

FeCl3+F- (30)  <1 1.21 16.2 0.59 

FeCl3+F- (90)  2.3 1.40 25.1 1.23 

FeCl3+NOM (30) 33.75  1.30 19.9 20.33 

FeCl3+NOM+F- (30) 27.3 3.1 1.11 12.9 3.72 

FeCl3+NOM+F- (90) 23.3 3.1 1.27 18.6 10.99 

 

To help in understanding the removal results, the particle size distributions were measured by a 

Coulter Counter (Multisizer III, Beckman Coulter) on samples from all the conditions shown in 

Table 3. The Coulter Counter utilizes the electrical sensing zone method, in which a constant 

current is passed through a micro-channel in a glass tube filled with electrolyte. As particles of 

suspension in the same electrolyte pass through the aperture, a voltage pulse caused by the 

difference in resistance is measured and converted to the size of particles (Chowdhury et al. 

(2000)). 
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Figure 8 shows the volume distribution results in alum coagulation with various ligands present. 

On this plot, the area between two (log) diameters is the total particle volume concentration 

between those sizes. This information is useful because coagulation is considered the 

aggregation of small particles to large particles. In these tests, the only particles present are those 

that are precipitated. Some of the key characteristics of these distributions are summarized in 

Table 3. 
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Figure 8. Alum coagulation with target contaminants, fluoride and NOM 

 

The results in Figure 8 and Table 3 show that the presence of fluoride decreased the total volume 

and the dominant floc diameter of the precipitate (i.e., the diameter at the peak) as compared to 

non-ligand condition (i.e., Alum alone), while NOM increased both the volume and the peak 

diameter. The result for fluoride is consistent with the previous work (Herrboldt, 2016 and 

Alfredo, 2012) and suggests that the presence of fluoride inhibits the further flocculation or 

precipitation by replacing OH- ions in octahedral structure of aluminum hydroxides. With NOM 

present, larger and greater numbers of flocs were formed due to the higher reactivity of NOM 

that accelerates the initial nucleation and the secondary aggregation. When both contaminants 

were present, an intermediate trend between the two single ligand conditions for both the 

dominant size and the total volume of the flocs was found. The size distribution results help 

explain the decreased removal efficiencies of NOM and fluoride in the dual ligand system (Table 

3).  

Different matrix compositions (i.e., sulfate-based vs. chloride-based) were also tested in alum 

coagulation with fluoride and NOM. Figure 9 shows that the sulfate-based matrix forms smaller 

diameter particles but a larger volume of the precipitate, suggesting that it is more reactive than 

the chloride-based matrix. The trends noted above for alum in the sulfate matrix were also found 

in the chloride matrix; that is, fluoride decreased the peak diameter of the precipitates while 

NOM increased the total volume of formed solids in single ligand systems. The result 

demonstrates that the composition of the matrix also affects the morphology of the precipitate, 

but regardless of matrix composition, the effect of fluoride was consistent. In addition to this, the 
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results for addition of NOM and fluoride exhibited the same intermediate trend (between the two 

single ligand conditions) for both the sulfate and chloride matrix. 
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B. Alum+F
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C. Alum+NOM
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Figure 9. Volume distribution used in different matrix compositions in alum coagulation with fluoride and NOM 

 

In iron coagulation, the peak floc diameter was markedly larger than the peak alum floc diameter 

and total particle volume of the iron flocs (with the exception of those containing NOM) was 

significantly smaller. Other researchers have noted that floc density and diameter are inversely 

related, which is consistent with the results observed here. To achieve a higher floc volume and 

examine the effects of mixing time on floc behavior and fluoride removal during iron 

coagulation, the slow mixing step was employed with the standard 30 minutes and for an 

extended time of 90 minutes; results for both are shown in Table 3.  

In the coagulation with ferric chloride, the effect of the mixing time was obvious in the particle 

size distribution measurements. The results presented in Figure 10 for 30 and 90 minutes of iron 

coagulation with fluoride suggest that there is a significant amount of particle aggregation and 

growth between 30 and 90 minutes. Similar results were observed with experiments in which 

NOM was present (Figure 11). Comparing the results after 90 minutes of mixing with 30 minutes 

of mixing in the presence and absence of fluoride with FeCl3, the curves were similar in shape 

but the one with fluoride shifted toward the left (i.e., smaller sizes). This 90-minute result is 

consistent with the results noted for alum above in which the presence of fluoride leads to 

smaller particle size. Considering that the fluoride removal is less than 1% (Table 3) in this 

condition, it was thought that fluoride being present in the solution delays the formation and/or 
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aggregation of the precipitates. Increasing the mixing time to 90 minutes allowed for further 

precipitate growth, as indicated by the decreased volume of smaller diameter flocs and the 

increased total volume in the range of peak diameter. Also, the peak diameter after 90 minutes 

mixing in the presence of fluoride became similar to that after 30 minutes of mixing of the 

solution without fluoride. That is, the presence of fluoride slowed the kinetics but did not appear 

to change the precipitate. However, the total volume in the sample with both ligands was still 

less than with the typical 30 min mixing without fluoride. Again, the hindrance of fluoride was 

apparently more important than the higher reactivity of NOM. A possible explanation of the 

phenomenon is that free fluoride (i.e., F-) continuously repeats the following cycle of reactions. 

As the particles nucleate, fluoride electrostatically adsorbs to the surface of the floc and hinders 

subsequent growth. Subsequently, the F- is released as free fluoride and the cycle begins again. 

In support of this explanation, in the presence of both NOM and fluoride, the 90-minute results 

show slightly decreased NOM removal and comparable fluoride removal even though both peak 

particle diameter and volume increase (closer to the non-fluoride system).  

To corroborate the above assumption, a kinetic experiment is required as part of our future work. 

When considering the similarities and differences of the particle size results for both alum and 

iron, fluoride is apparently directly incorporated into the precipitate structure in alum coagulation 

while it only delays the aggregation or growth of precipitates in iron coagulation.  
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Figure 10. The effect of extended mixing time in iron coagulation with fluoride 
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Figure 11. The effect of extended mixing time in iron coagulation with fluoride and NOM 

Arsenic. 
Arsenic can be present in natural waters in either the +III or the +V oxidation state. Both forms 

of arsenic were investigated in alum coagulation but only As(III) was studied with iron; As(V) is 

generally easier to remove than As(III) and it has been established by other researchers that 

As(V) is well removed by iron coagulation. The removal results and the key characteristics of the 

measured particle size distributions are summarized in Table 4. The alum experiments with 

As(V) were performed at only half the dose (0.15 mM as Al) used in most experiments in this 

report since the removal efficiency was so high. With iron as the coagulant, the results make 

clear that arsenic and NOM are competing for sights on the surface of the precipitate; that is, 

removals of both NOM and arsenic are decreased with the other ligand present. However, with 

alum, the presence of NOM increased the removal of As(III) from 5 to 15%, but the presence of 

As barely affected the NOM removal. This result suggests that As(III)-NOM binding is 

occurring and that As(III) removal is correlated to NOM removal during alum coagulation. That 

the results for iron and alum are significantly different with respect to the impact of NOM on 

As(III) removal is somewhat surprising; however, it should be noted that the As(III) removal 

during iron coagulation (Fe(OH)3(s) precipitation) is significantly higher than for alum 

coagulation (Al(OH)3(s) precipitation) and the trends for particle diameter are reversed for iron 

and alum. The presence of As(III) increases particle diameter for alum whereas the presence of 

As(III) decreases particle diameter for iron.  

Figure 12 shows the volume distributions when arsenic (III) is present during alum coagulation. 

As shown above, the presence of NOM increased the floc volume and the peak diameter. 

However, the presence of arsenic (III) negligibly changed the floc volume and the peak diameter, 

both in the presence and absence of NOM. This result indicates that arsenic (III) has less impact 

than fluoride on the formation of the precipitate. Future experiments with As(V) and iron will be 

performed using the coulter counter to assess the impact of As(V) adsorption on floc volume and 

particle size. 
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Table 4. Arsenic Removal in Metal Ion Coagulation and Effect on Particle Size Distributions 

Initial Concentration   
NOM 

5mg/L 

Arsenic 

50 g/L 
Particle size distribution characteristics 

Conditions  
Removal 

efficiency (%) 

log d
p
 (μm) 

at peak 

d
p
 (μm) 

at peak 

Total particle volume 

(ppmv) 

Alum - - 0.92 8.3 6.06 

Alum+As(III) - <5 0.97 9.3 6.00 

Alum+As(V) - 
96 est (low 

alum conc) 
   

Alum+NOM 

35. (20 

@ low 

alum 

- 1.02 10.5 10.81 

Alum+NOM+As(III) 34 15 1.06 11.5 11.94 

Alum+NOM+As(V) 

(19@ 

low 

Al) 

67 est (low 

Al) 
   

FeCl3  - 1.37 23.4 0.92 

FeCl3+As(III) - 47.67 0.57 3.7 0.46 

FeCl3+NOM 33.75  1.30 19.9 20.33 

FeCl3+NOM+As(III) 20.33 37.94 1.19 15.5 1.67 
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Figure 12. Alum coagulation with target contaminants arsenic (III) and NOM 
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Chromium. Jar tests were performed using different oxidation states of chromium (Cr(III) and 

Cr(VI)). For each oxidation state, both alum and FeCl3 were separately tested with and without 

NOM present. A pH sweep experiment was carried out for all possible combinations of 

coagulant, ligand oxidation state, and NOM presence. For each experiment, the pH was varied 

from 4 to 9 in increments of 0.5 pH units. All samples were analyzed with ICP-MS to determine 

ligand removal and residual coagulant. 

When using alum as the coagulant, Cr(III) was almost completely removed at pH 5.5 and above 

(up to the highest pH tested, pH 9.0), as shown in Figure 13. In these experiments, Cr(OH)3(s) 

solubility was exceeded above pH 6. Thus, both adsorption and precipitation may be involved in 

Cr(III) removal over this pH range. At the lower end of the pH range studied, the NOM-

containing samples showed superior Cr removal to those without NOM (Figure 13). This result 

is most likely due to the increased alum precipitation in the presence of NOM as illustrated by 

the residual Al (Figure 14). NOM presence also increased Cr(VI) removal efficiency at pH 4.5 

and above; Cr(VI) removal was only approximately 5% or less throughout the pH range in 

solutions with no NOM, but 20-25% Cr(VI) removal was obtained in the NOM containing 

samples (Figure 13). 
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Figure 13. Chromium Removal during alum coagulation over a wide pH range. 

 



38 

0

1000

2000

3000

4000

5000

4 5 6 7 8 9

Cr(III)
Cr(III)+NOM
Cr(VI)
Cr(VI)+NOM

A
l 
R

e
s
id

u
a

l 
(

g
/L

)

pH
 

Figure 14. Aluminum residuals during alum coagulation of chromium as a function of pH 

 

In the FeCl3 experiments, a nearly identical trend was realized for Cr(III) as when using alum, 

i.e., at pH 5 and above, nearly all the Cr(III) was removed, as shown in Figure 15. At the lowest 

few pH values tested, the NOM-containing samples showed better removal than those without 

NOM. Again, this result is likely due to the increased Fe precipitation when NOM is present. 

When considering Cr(VI), NOM inhibited ligand removal in the FeCl3 system, especially below 

pH 7.0. FeCl3 was far more effective than alum at Cr(VI) removal, as ~90% was removed at a 

pH of 5.5. However, the removal efficiency was quite sensitive to pH changes as expected for an 

adsorption process. 

0

20

40

60

80

100

4 5 6 7 8 9

Cr(III)

Cr(III)+NOM

Cr(VI)

Cr(VI)+NOM

C
r 

R
e

m
o

v
a
l 
(%

)

pH
 

Figure 15. Chromium removal during iron coagulation over a wide pH range. 

 

Above pH 5, all the experiments with iron showed very low residual concentrations of iron due 

to the precipitation of Fe(OH)3, but some notable differences among the experiments occurred at 

lower pH values, as shown in Figure 16. At pH 4.0 and 4.5, the presence of NOM decreased the 
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residual iron concentration dramatically in comparison to the experiments with no NOM present; 

the oxidation state of chromium had no effect on the iron residuals. At the low pH values, NOM 

was a far more important ligand than chromium in determining the iron residuals.  
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Figure 16. Iron residuals during iron coagulation of chromium as a function of pH 

 

The NOM removal was measured in terms of absorbance at 254 nm in this set of experiments 

and was found to be a strong function of pH in both the alum experiments (Figure 17) and the 

iron experiments (Figure 18). The results were nearly identical in the presence of the two 

chromium species, which is another indication that the NOM was a much more important ligand 

than chromium in determining the behavior. In the iron experiments (Figure 18), the best 

removal of NOM occurred at the lowest pH tested (pH 4.0) and the removal gradually decreased 

throughout the pH range tested. With alum (shown in (Figure 17), poor removal of NOM 

occurred at both extremes of the pH range tested because aluminum hydroxide does not 

precipitate at those pH values, but good removal occurred throughout the central pH range tested. 

These types of results for “enhanced coagulation” are well-established in the water treatment 

field. What is of importance here is that chromium had little or no effect on the organics 

removal. 
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Figure 17. NOM Removal During Alum Coagulation 
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Figure 18. NOM Removal during Iron Coagulation 

Public Health 

All of the inorganic constituents being studied in this research are regulated because of their 

significant health effects. Also, natural organic matter is regulated in drinking water treatment 

because of its role in forming disinfection by-produces. Hence, the entire basis of this research 

effort is to enhance the public health by reducing the concentrations of each of these constituents. 

 

Summary and Future Work  

This research has been designed to investigate the potential for removing several inorganic 

contaminants of interest with the use of metal ion coagulation, particularly alum and ferric 

chloride coagulants, and the effect of natural organic matter on the potential for that removal. 

Although few natural waters have any of these inorganic constituents at concentrations that 

exceed the EPA’s Maximum Contaminant Level (MCL), their presence can present a substantial 
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challenge to water treatment plants, especially small plants. The underlying assumption of this 

research is that small plants that are already using a metal coagulant would benefit from a finding 

that these contaminants could be removed to an acceptable degree by coagulation. If operational 

changes such as changing the pH or increasing the metal coagulant dose could result in meeting 

the MCL for another constituent of interest, this solution would probably be cheaper than 

installing an additional treatment process specifically for that contaminant. Table 5 summarize 

the findings of this research by noting the mechanism of removal for the ligands of interest and 

the effects of NOM on that removal. The effect of NOM is considered competitive if the removal 

of the inorganic ligand is less in the presence of NOM than in its absence. Alternatively, the 

effect of NOM is synergistic if the ligand removal increases in the presence of NOM. 

 
Table 5. Summary of Ligand Removal in Metal Coagulation 

Ligand Dominant removal mechanism 
Effect of NOM on Ligand 

Removal 

As(III) Adsorption Synergistic 

As(V) Adsorption Competitive 

Cr(III) Precipitation No Effect 

Cr(VI) Adsorption 
Synergistic with alum 

Competitive with iron 

F- Co-precipitation Competitive 

Hg2+ Adsorption Synergistic 

NOM 
Adsorption (or precipitation at low 

pH) 
 NA 

 
 

In Table 6, the features of inorganic and organic constituent removal in aluminum and iron 

coagulation are summarized. Our research outcome indicates that several factors (e.g., type of 

contaminants, single and multi-ligands condition, matrix composition, and mixing time) affect 

the formation of amorphous precipitate during coagulation. To demonstrate our findings further, 

dry-precipitate analysis is needed such as scanning electron microscopy (SEM), x-ray 

diffractometry (XRD), and fourier-transform infrared spectroscopy (FTIR). Particularly in iron 

coagulation, a kinetic condition should be considered to examine the delayed aggregation caused 

by the presence of fluoride. Additionally, as the importance of treating chromium in drinking 

water is highlighted, chromium (III and VI) will be investigated in future work. Preliminary 

experiments have been performed at the time of writing. Finally, understanding these 

interrelationships through precipitate analysis will be used to assess the feasibility of using alum 

and iron coagulation to remove inorganic constituents in small water treatment systems, 

considering both practical operating and economical perspectives (Table 6). 
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Table 6. Treatment Technology Summary: Inorganic ions (F, As, Cr)- removal by coagulation with aluminum and 
iron 

Problem or 

Contaminant(s) 

Addressed 

Presence of unacceptable concentrations of fluoride, arsenic, and/or 

chromium, along with NOM, in source water. 

Size of Plant 

Applicability 
Applicable at any size plant that is already using metal ion coagulation 

Comparison to 

Competing 

Technologies 

Competing technologies include activated alumina adsorption column 

for F, iron-coated sand adsorption or reverse osmosis (RO) for arsenic, 

and RO for chromium. 

Operator Level 

Required (1 to 5) 
Unknown 

Problems with 

Intermittent 

Operation 

Not expected to be a problem; if anything, the removal might be 

enhanced by the extra time allowed when the plant is sitting idle. 

Coagulation plants that operate intermittently now report no particular 

problems and this situation will be unchanged by the additional 

chemicals needed to remove these inorganic ions 

Residuals 

Management 

Residuals are the potential Achilles Heel of this technology as the 

additional coagulant added to remove inorganic ions will directly 

impact the amount of residual solids formed. 

Energy Use No change from existing plant 

Cost Comparison 
Both chemical costs and residuals disposal costs will rise 

proportionately to the increase initial coagulant dose 

Health Benefits 
Direct health benefits accrue from reduced concentrations of each of 

these ions, especially F and As 

Monitoring 

Required 

Additional monitoring required to ensure proper pH control and 

proper dosing to get desired removal 

Regulatory Issues None expected 

 

Papers and Presentations 

Yeo, S., Stewart, D. III, Bartolo, M., Herrboldt, J., Gee, I., Lawler, D.F., and Katz, L.E., Ligand 

effects on amorphous aluminum and iron hydr(oxide) precipitate characteristics in 

coagulation; WINSSSS webinar, (Nov 17, 2016). 

Yeo, S., Stewart, D. III, Bartolo, M., Herrboldt, J., Lawler, D.F., and Katz, L.E., Ligand effects 

on amorphous iron and aluminum hydr(oxide) precipitate characteristics, 253th ACS 

National Meeting, San Francisco, CA, April 2, 2017. 

Yeo, S., Stewart, D. III, Yoon, S., Lawler, D.F., and Katz, L.E., Ligand effects on amorphous 

iron hydr(oxide) precipitate characteristics in coagulation, 2017 RES'EAU, Victoria, 

Canada, May 26, 2017. 

 



43 

References 

Broyan, J. L. (1996). “Flocculation of SiO2 Suspensions in a Couette Flow Reactor.” M.S. 

Thesis. The University of Texas at Austin. 

Chowdhury, Z. K., Van Gelder, A., Lawler, D.F., and Moran, M. C., “Particle Count Method 

Development for Concentration Standards and Sample Stabilization.” AWWARF Report 

#90776, published by the AWWA Research Foundation and American Water Works 

Association, Denver, CO., 2000. 

Herrboldt, J. P. (2016). “Fluoride, Natural Organic Matter, and Particles: The Effect of Ligand 

Competition on the Size Distribution of Aluminum Precipitates in Flocculation” M.S. 

Thesis. The University of Texas at Austin. 

Alfredo, K. A. (2012). “Drinking Water Treatment by Alum Coagulation: Competition among 

Fluoride, Natural Organic Matter, and Aluminum” Ph.D. dissertation. The University of 

Texas at Austin.  



44 

Project A3: Contaminant reduction, life cycle impacts, and life cycle costs of 
ion exchange treatment and regeneration 

Project PIs: Treavor H. Boyer (formerly University of Florida, currently Arizona State 

University), Qiong (Jane) Zhang (University of South Florida) 

Introduction 

The goal of WINSSS Project A3 is to create a framework that enables a more sustainable 

approach to ion exchange (IX) treatment and regeneration through the synthesis of IX pilot plant 

study, IX process models, life cycle assessment (LCA), life cycle costing (LCC), and an 

integrated decision-support tool. 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 IX 

process models, and LCA and LCC 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, allows for evaluation of critical 

choices in the basic design parameters of IX 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 IX designs. 

Objectives 

The research objectives of project A3 were to (1) conduct a long-term IX pilot plant study on the 

performance of bicarbonate-form anion exchange resin (AER) for contaminant removal and 

sodium bicarbonate salt for AER regeneration, and (2) develop a user-friendly tool that enables 

one to dynamically link LCA and LCC with process models of IX systems. 

Progress 

Progress on Project A3 during Year 3 focused on completing the IX pilot plant study (Objective 

1) and creating the integrated decision-support tool (Objective 2).  

The specific objectives of Objective 1 were to evaluate bicarbonate-form AER with sodium 

bicarbonate regeneration compared with chloride-form AER with sodium chloride regeneration 

in terms of (1.1) treated water quality and DOC removal, (1.2) AER properties, (1.3) 

regeneration efficiency, and (1.4) operational characteristics. The IX pilot plant system was 

operated for 11 months at a small, coastal drinking water plant in Florida. The pilot plant used 

fixed-bed IX columns to treat raw groundwater from the Floridan aquifer, which is characterized 

by high DOC, iron, and hardness. To mimic real operating conditions, each pilot test was 

performed over three treatment and regeneration cycles. Data collected during the pilot study 

were used to perform a comparative analysis of sodium bicarbonate to sodium chloride. The 

study criteria included DOC removal, regeneration efficiency, operational differences, and the 

cost of chemicals and brine disposal.  

A detailed description of the IX pilot plant study and all results are available from Ness (2017) 

and Ness and Boyer (2017). The key outcomes from the IX pilot study are summarized in Figure 

19. Chloride-form AER and bicarbonate-form AER have a similar affinity for DOC, and 

chloride-form resin is regenerated more efficiently. Sodium bicarbonate salt costs more than 

sodium chloride salt. However, sodium chloride brine is more expensive to dispose of based on 

the assumptions in this study.  
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The bicarbonate-form AER achieved similar water quality as chloride-form AER. Both forms of 

AER removed 80-86% DOC despite variability in raw water DOC concentration between 5.3-8.7 

mg/L. In every test, chloride-form AER treated 10% more water on average before UV254 

breakthrough compared with bicarbonate-form AER. Throughout the pilot study, chloride-form 

AER was regenerated more efficiently compared with bicarbonate-form AER. Polyacrylic AER 

and polystyrene AER removed the same amount of DOC, but polyacrylic resin was regenerated 

14-23% more efficiently than polystyrene AER. Despite naturally high alkalinity and hardness in 

the raw water, no carbonate precipitation was observed during treatment or regeneration in the 

IX column. For the municipality where the pilot plant study was conducted, the total estimated 

cost for sodium chloride and sodium bicarbonate were comparable. The chemical usage cost of 

sodium bicarbonate salt is approximately three times as expensive as sodium chloride. However, 

the sodium bicarbonate waste stream could be disposed of via the sewer to the local wastewater 

treatment plant; such disposal would not only be the least expensive option but would also 

provide sufficient alkalinity for nitrification to occur. Disposing the sodium chloride waste 

stream via deep-well injection or hauling 60 miles offsite to a larger wastewater treatment plant 

would cost more than sodium bicarbonate brine disposal to local sewer. In summary, this 

research provides new insights on the feasibility of using bicarbonate-form AER for contaminant 

removal and sodium bicarbonate for regeneration considering contaminant removal, operation, 

and cost. 

 

Figure 19. Key results from the ion exchange pilot plant study comparing chloride-form resin and bicarbonate-form 
anion exchange resin. 

The specific objectives of Objective 2 were to (2.1) develop a user-friendly LCA/LCC analysis 

tool for ion exchange systems, and (2.2) analyze results of the environmental impacts and cost of 

the IX systems to observe how changes to design variables influence the environmental impacts 

and cost of the systems. 

Adib Amini and Jie Zhang have developed a model that integrates IX process models with LCA 

and LCC. This combination allows for the assessment of a various design scenarios, where the 

user can specify design characteristics of the IX system, such as the reactor type and hydraulic 
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retention time, and estimate the environmental impacts and costs of that system. The original 

model is coded in MATLAB. In the project period, a tool with a user-friendly interface has been 

created using MATLAB’s App Designer that does not require specific coding expertise. This 

tool has been named the Sustainability of Ion Exchange Simulator (the SION Simulator) as 

shown in Figure 20. The tool is currently designed to provide functionality for the code’s main 

functions, which include assessment of fixed bed reactor (FBR) and completely mixed flow 

reactor (CMFR) designs of IX systems that remove DOC.  

SION includes features such as the ability to evaluate a single scenario or compare two 

scenarios. It provides a user-friendly interface that is accessible for individuals who have little 

computer experience. Furthermore, SION provides automatic generation of figures and graphs so 

that the user can easily interpret the results. SION includes a continually-updating database of 

results of various scenarios. When a given scenario is run by the user, SION checks the database 

to see if that scenario has been run previously. In some cases, the code can take approximately 

30-45 minutes to run a single scenario, but with most scenarios the code will take a few seconds 

to a few minutes. Therefore, the updating database saves the user valuable time so that it does 

not have to rerun a particular scenario every time the SION software is used. 

SION’s inputs include eleven design options, such as reactor type, resin radius, regenerant type, 

hydraulic retention time, flow rate capacity of the system, and average flow rate of the system. 

SION’s outputs include graphs that display the estimated life cycle inventory (LCI) of the 

operation phase of the IX system, which shows the energy and materials used during the systems 

operation. Furthermore, figures are generated that show the estimated environmental impact of 

system scenario and show how much of that impact is attributable to different impact 

contributors (elements of the LCI). For example, the user can view how much of the impacts are 

due to salt production, electricity use, etc. Figures are also created that display various aspects of 

the costs, including the estimated construction costs as well as the net present value of the 

operation costs, with a breakdown of how much of the operation cost is attributable to different 

elements of the LCI. 
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Figure 20. Screen capture of the main page interface of SION Simulator, which introduces the tool and allow for 
running a single scenario. 

To investigate the influence of the design variables on the environmental and economic impacts 

of IX systems, the simulated life cycle environmental impacts and costs obtained from SION 

were analyzed. The design variables include resin size, hydraulic residence time (HRT), resin 

concentration, resin loss, regenerant type, etc. Overall, the general trends indicate that designing 

an IX system with an FBR configuration, NaCl as a regenerant, smaller resin sizes, and longer 

HRTs (less than 12 minutes) can reduce the environmental impacts and costs of IX systems 

(Figure 21). For CMFR systems, regeneration ratios of approximately 15%, high resin 

concentrations in the IX reactor, and lower resin concentrations in the regeneration reactor can 

provide the lowest costs and impact (Figure 22). 
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a) 

 

b) 

 

c) 

 

d) 

 

Figure 21. Trend of costs and environmental impacts for a) configurations between FBR and CMFR, b) regenerant 
type, c) resin radius, and d) hydraulic retention time with FBR. 
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a) 

 

b) 

 

c) 

 

Figure 22. Trends of costs and impacts for a) regeneration ratio, b) resin concentration in IX reactor, and c) resin 
concentration in regeneration reactor with CMFR. 

Public Health 

Project A3 directly 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 

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.  

In broader impacts to public health, this project allowed for the research on the IX systems to be 

connected to the community of practice by communicating results directly to them, translating 

the research results into tools that they can utilize, and considering their values in the 

development of new sustainability assessment tools for water treatment technology. This project 

will help bridge the gap between research and practice, as well as improve the design and 

operation of IX systems. The improved design and operation will reduce the consumption of 

materials and energy in the construction and operation phase of IX systems, consequently 

improving the broad environmental and public health. In addition, the improved operation will 
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ensure the contaminant removal, such as DOC, nitrate, hexavalent chromium, and many other 

contaminants that are effectively removed by IX, will translate to direct public health benefits. 

Summary 

How ion exchange and the tools generated in this research consider the life-cycle costs and 

impacts that can be used at small water systems is summarized in Table 7. 

Table 7. Treatment Technology Summary: Contaminant reduction, life cycle impacts, and life cycle costs of ion 
exchange treatment and regeneration 

Problem or 

Contaminant(s) 

addressed 

Anionic contaminants, such as DOC (DBP precursors), nitrate, 

perchlorate, and hexavalent chromium, and cationic contaminants, 

such as calcium, magnesium, strontium, barium, and various transition 

metals. Whether anionic contaminants or cationic contaminants or 

both will depend on the configuration of the IX system 

Size of Plant 

Applicability 
Applicable to any size plant but focus is on small water systems 

Comparison to 

competing 

technologies 

For a water source high in DOC and hardness (as representative 

anionic and cationic contaminants), a water plant could use 

coagulation and/or lime softening or NF softening. Coagulation 

followed by lime softening could achieve high reductions in DOC and 

hardness but it would require two unit processes and would create two 

residual streams. NF can achieve high reductions in DOC and 

hardness but requires high-energy inputs and creates membrane 

concentrate waste stream. 

Operator level 

Required (1 to 5) 

A moderate level of operator training is expected. The level of training 

would depend on the configuration of the IX treatment reactor (fixed 

bed or completely mixed) and the regeneration process (e.g., reactor 

type, brine recycle). 

Problems with 

intermittent 

operation 

Not expected to be a problem, especially in comparison to the 

competing technologies 

Residuals 

Management 

This is one of the focus areas of the project. Brine 

management/disposal is often a challenge for IX systems. IX 

regeneration using sodium bicarbonate is expected to have more 

favorable disposal options, such as sewer disposal, than IX 

regeneration based on sodium chloride 

Energy Use 

Expected to be low, but would depend on the configuration of IX 

treatment and regeneration, such as the amount of mixing and 

pumping required 

Cost Comparison 

Using the competing technologies described above, IX can achieve 

similar levels of contaminant reduction as coagulation or lime 

softening with similar energy inputs and smaller footprint. IX would 

require less energy than NF. Labor requirements for IX would be 

similar as the competing technologies. Chemical requirements for IX 

can be high depending on the regeneration process, so chemical 

requirements would be similar as coagulation and lime softening and 
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higher than NF. A detailed cost comparison is required to provide a 

quantitative comparison. 

Health Benefits 
Reduction in DBPs, e.g., THMs and HAAs; nitrate; and other 

regulated inorganic contaminants  

Monitoring 

Required 

Would depend on the IX process configuration. For example, in fixed-

bed IX treatment, would monitor contaminant concentration for 

breakthrough. During regeneration could monitor conductivity.  

Regulatory Issues 

None expected. IX is an existing process used at water plants. The 

focus of this project was on holistic evaluation of IX to understand the 

trade-offs between contaminant removal, operation, and 

environmental 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) 

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 is 

ideal for small communities that are located on riverbanks, but research is scarce about how RBF 

affect the formation and subsequent fate of DBPs when chlorine or chloramines are used as 

disinfectants.  

 

Project 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, temperature, etc.) will be investigated to enhance 

our understanding. 

Performance data for RBF sites will help the communities as well as regulators make decisions 

about 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 23), and on the bank of the Missouri River (Figure 24), 

respectively. The monitoring started in May 2016. Bi-weekly samples were only collected in 

May 2016 (moderately high flow period), while monthly samples were collected throughout the 

study (low flow period). 

  

Figure 23. RBF facility at Auburn, NE. A series of wells, intermittently operated, located on the bank of the Little 
Nemaha River. 
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Figure 24. RBF facility at Nebraska City, NE. A series of wells, intermittently operated, located on the bank of the 
Little Nemaha River.  

 

Preliminary results, from May 2016 to July 2017, 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 

non-detectable after filtration. Higher removal of dissolved organic carbon (DOC) was observed 

at the RBF system in Auburn compared to the RBF system in Nebraska City: DOC 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 trihalomethanes (THMs) investigated, bromoform ranged between 0.37 and 18.44 

µg/L at both facilities, while higher concentrations of chloroform, dibromochloromethane, and 

dichlorobromomethane were detected in Nebraska City compared to Auburn. Chloroform, 

ranging between 15.0 and 53.82 µg/L, was the most abundant THM (Figure 25). The total 

concentration of THMs ranged between 11.17 and 30.15 µg/L in Auburn and between 22.88 and 

98.54 µg/L (Figure 26). 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 compare to 

Auburn. In addition, the high level of THM observed during Year 1 in Nebraska City appeared to 

be related to different groundwater flow regimes and well operational strategies in Year 1 as 

compared to Year 2. These resulted in higher levels of organic carbon observed during the first 

year and thus the higher THM levels. 
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Figure 25. Seasonal variations of Chloroform at Nebraska City (NC) and Auburn (AU).  

 

Figure 26. Seasonal variations of THMs at Nebraska City (NC) and Auburn (AU).  

 

Public Health 

The two RBF facilities represent valuable and cost-effective alternatives to enhance the quality 

and the safety of the feed water. Besides being able to remove turbidity and bacteria, i.e., total 

coliforms and E. coli, the two RBF facilities show a positive impact on THMs removal by 

reducing TOC and DOC levels.  

Summary and Future Work 

The communities that are being monitored are in the Missouri Valley region, where surface 

water treatment plants typically must use enhanced coagulation to remove sufficient NOM to 

avoid DBP rule violations. The primary data helps document the fact that in many cases an RBF 

can provide water that results in DBP concentrations that meet Stage 1 standards.  
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Funding is being sought to allow for 16S rRNA microbial sequencing of surface water and 

groundwater samples from this study. It is anticipated that these samples will provide examples 

of important temporal trends in each aquifer system.  

Table 8 summarizes how RBF compares to competing processes for small water treatment 

plants. 

 
Table 8. Treatment Technology Summary: River Bed Filtration 

Problem or 

Contaminant(s) 

addressed 

Use of natural filtration of a surface water to remove contaminants, 

including natural organic matter that can result in DBP formation, to 

result in a higher quality water.  

Size of Plant 

Applicability 

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 is ideal for small 

communities that are located near a surface water.  

Comparison to 

competing 

technologies 

Competing technologies for surface water treatment include 

coagulation followed by conventional treatment (sedimentation, 

filtration) to remove NOM in the water. 

Operator level 

Required (1 to 5) 

RBF systems offer the potential to minimize the additional water 

treatment required beyond disinfection, potentially lowering the 

required operator level to 1 or 2. In some cases additional treatment 

including filtration and iron and manganese removal may still be 

required. 

Problems with 

intermittent 

operation 

RBF is a good process for intermittent operation based on the relative 

simplicity to the above ground system operation. 

Residuals 

Management. 
No residuals produced by RBF. 

Energy Use 

Electricity for the pumping will be dependent upon the well 

characteristics. In many cases, the electricity use will be less than a 

conventional water treatment plant because all unit operations in a 

conventional treatment plant may not be needed in RBF. 

Cost Comparison 
Requires electric power and maintenance, but less labor, chemical, 

and residual costs as compared to a conventional treatment system.  

Health Benefits 
Reducing disinfection byproducts such as THMs and haloacetic acids 

(HAAs) leads to less chance of carcinogenic substances in the water 

Monitoring 

Required 

Monitoring of regulated chemicals and microbial indicators in the 

river water and bank filtrate is required recommended. 

Regulatory Issues 
None expected. Typically determining if a water is under the influence 

of a surface water will be required. 
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WINSSS Project B: Non-Treatment Innovations: Overcoming Regulatory 
Barriers, Software for Improved Asset Management, and Distributed 
Sensing Networks 
 

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.  

This project included a systematic evaluation of the various state approaches to technology 

acceptance as a starting point for evaluating how other states might coordinate technology 

acceptance. These barriers were cataloged and compared. A national committee was convened 

with support and participation of the Association of State Drinking Water Administrators 

(ASDWA) to discuss and identify potential solutions.  

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) committed $100,000 to pay for 

the cost of the mobile pilot-testing trailer. 

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 results from the survey of state regulatory agencies was 

completed and the study was published in the August 2017 issue of the Journal of American 

Water Works Association. The paper is titled “State Barriers to Approval of Drinking Water 

Technologies for Small Systems.”  The DOI is: https://doi.org/10.5942/jawwa.2017.109.0096.  

Objective 2 
As part of the 2015 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 

https://doi.org/10.5942/jawwa.2017.109.0096
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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. 

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 

in early 2016. A breakout session was held at the ASDWA/US EPA Small Systems workshop in 

August 2016, and a follow-up session will be held at the workshop in August 2017. In addition, 

the workgroup held calls in December of 2016 and July of 2017. 

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 (shared technology acceptance and data 

sharing/portal).  

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 is generally a 3-year 

program that leads to development of best practices and best available technologies for the 

specific technology type being evaluated.  

Recognizing that the ITRC approach will likely not be appropriate for all new technologies, the 

workgroup focused on determining an acceptable approach and technology type that would be 

best suited to the ITRC model. Darrell Osterhoudt of ASDWA led a sub-group of seven states in 

developing a proposal for ITRC. This sub-group came up with a concept proposal related to an 

initial technology, micro- and ultrafiltration, that systems would put in to meet the requirements 

of LT2. The proposal was submitted to ITRC on July 7, 2017 and made it through their first cut 

of review. Discussions between this sub-group and the ITRC concerning the proposal and 

potential financial support for the proposed tasks are on-going. In addition, the workgroup has 

discussed collaborating with ECOS to develop a new sister organization to ITRC related to 

drinking water technology acceptance. The possible need for a new organization is because 

ITRC has historically worked on remediation technologies, and their 3-year process does not 

provide the type of ongoing technology review that the drinking water industry is more likely to 

need.  

A second sub-group is being formed to focus on a shared database and potential data portal, to 

allow the states to share pilot and challenge test information critical to technology acceptance. 

This second track, starting during the fall of 2017, is working with state technology leads to 

determine the best approach for sharing data that will be sustainable and useful to the states for 

accessing technology information. A part of this sub-group’s task involves evaluating individual 

state data needs to communicate a set of workable standards for technology developers, so that 

the states have a better understanding of where new technologies have been tested, approved, and 

used around the country.  
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Objective 3 
The New England workgroup, facilitated in part by Dave Reckhow, has been working with the 

Massachusetts Water Cluster, EPA Region 1, and ASDWA, toward developing a common set of 

standards acceptable to all the New England states. 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. 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. 

Proposed general model for Engaging the NE Testbed 

Structure. WINSSS will need to offer services to the states that make it worthwhile for them to 

participate in the program. A key service is to provide advice and possible instruction or training 

on emerging technologies that are beyond the current experience of the state agencies. In many 

cases, a specific type of expertise might not reside within the WINSSS team, and in that case, we 

would need to seek it, probably from the US academic community. Under this model, a primary 

technical expert (PTE) would work with the states through an assigned technology facilitator 

(TF). The TF could be a paid WINSSS research fellow or postdoc or perhaps a “volunteer” from 

the public sector. In either case, the TF would take on most of the work and thereby relieve the 

PTE from heavy burdens related to this activity. The PTE would probably be an associate or full 

professor from a research institution in the US. The PTE should be sufficiently engaged and 

interested in the work to offer his/her services as advisor to the TF and state agencies without 

any direct financial compensation. WINSSS offers the use of the mobile pilot should it be helpful 

in establishing criteria or doing on-site testing. 

Budgeting. The major cost for this work may be for TF compensation. In some cases, piloting 

may be included in the overall NE testbed project which could incur more costs. Some assistance 

may be available from WINSSS in the very short term, but plans need to be made for supporting 

these efforts through final resolution, as well as supporting future technology-specific efforts. 

Beneficiaries of this work include the: (1) regulatory community – States & US EPA, (2) 

technology suppliers, and (3) technology end users. We plan to explore possible funding options 

for the TF (and perhaps piloting) with the help of one or more entities from these three groups. 

Selection of Technologies. Based on a list of applications for approval of new technologies 

acquired from MA DEP, we proposed three test cases. They were (1) hypochlorite tablets, (2) 

electrochemical disinfection, and (3) magnetic ion exchange. If any of these are worth pursuing, 

it will be important to have the support of the NE state agencies. More recently, we have learned 

from the NE states that other technologies are of greater immediate concern to them. One of 

these is UV for the Ground Water Rule (GWR), which is discussed below.  

Specific project on UV 

The New England workgroup (especially CT) has focused on accommodating demands for 

approval of ultraviolet treatment, especially for meeting the 4-log viral inactivation requirements 

of the 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 
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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. 

In discussions with EPA region 1, a proposed TF and PTE were identified for the UV case. The 

TF was a regional EPA engineer and she was given approval by her supervisor to devote a fixed 

amount of time to this activity. The proposed PTE (Professor James P. Malley from UNH) was 

approached by Dave Reckhow and asked if he would serve in this capacity as a volunteer. He 

accepted, and on January 19, 2017, EPA region 1 launched this new program by convening a 

conference call with the NE states. Professor Malley was on the call to offer advice and answer 

questions regarding UV technology and validation. 

 

Future work 

The workgroup, which has national 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. 

 

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 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. 
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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 long-

term strategic and financial planning and minimizes costs associated with replacing assets 

prematurely or expenses from infrastructure failure. This project relates to creating a user-

friendly 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 version of a smart phone app to allow for data collection and data entry with both android and 

iOS versions has been developed by the Center for Educational Software Development (CESD) 

at the University of Massachusetts, Amherst. The beta version was developed with input from a 

https://doi.org/10.5942/jawwa.2017.109.0096
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highly experienced CUPSS user and trainer, Art Astarita of RCAP Solutions. During the summer 

of 2016 and then during the spring of 2017, undergraduate students tested the app as they 

collected asset data for real utilities. Brief case studies based on the use of the app have been 

posted to the WINSSS website. A key improvement added during the past year was image 

capture. A disclaimer, listed below, has been added to the app.  

“The CUPSS Mobile Assistant was developed at the University of Massachusetts 

Amherst for the Water Innovation Network for Sustainable Small Systems 

(WINSSS Center) and funded by the United States Environmental Protection 

Agency under Assistance Agreement RD-83560201-0. The software and views 

expressed herein are solely those of the authors and not endorsed or reviewed by 

the USEPA.” 

Public Health 

By making it easier for small communities to use asset management tools, this offers the 

potential to gain the benefits expected from asset management. These benefits include better 

financial planning and improved routine maintenance of facilities. A public water supplier with a 

strong financial basis and good routine maintenance is less likely to experience deficiencies that 

result in health-based MCL violations; thus it is reasonable to expect that this new app will have 

positive public health impacts 

 

Future Work 

A final version of the user-friendly app will be available for distribution in Fall 2017. 

Concurrently, Art Astarita will help to convene a workgroup of CUPSS users to develop the 

white paper relative to potential further improvements to CUPSS, and may include lessons 

learned from the development of the app.  

 

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 
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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, paper-

based 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. 

Work on Hypothesis 2 will commence in the next year of the project, so the progress to date, 

shown below, is limited to the work on Hypothesis 1. 

Progress 

Hypothesis 1:  
To enable autonomous, remote sensing of water quality metrics, we have implemented a 

prototype water monitoring sensor that measures pH, ORP, temperature, and dissolved oxygen. 

Our prototype sensor was implemented using Particle’s Electron embedded processor node, and 

a suite of sensors manufactured by Atlas Scientific. The entire platform is housed inside a 

standard electric utility enclosure – a picture of the prototype is depicted in Figure 27. The 

probes are mounted inside standard ¾” pipe fittings for continuous monitoring of water quality 

metrics. 

 

 

Figure 27. Our current cloud-connected sensor prototype 

Embedded firmware running on the Electron reads the values measured by the probes once every 

5 seconds – analog front-end circuitry for each probe digitizes weak analog signals and makes 

them available on an I2C serial bus. After reading a complete set of sensor values, the data is 

uploaded to a public cloud service for visualization via the Electron’s 3G cellular radio. The 

cloud provides several services, including alarms, that generate SMS or email notifications when 

sensor values go above or below a programmed threshold. An example of this data is shown in 

Figure 28. 
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Figure 28. Example output of cloud visualized sensor data. 

Numerous off-the-shelf ORP, chlorine, and pH sensors have been acquired and assembled in a 

flow-through network for continuous monitoring as seen in Figure 29. The sensors are 

recurrently tested for stability and their response to different oxidants while varying pH. Of 

particular interest is the comparison of chlorine and ORP sensors.  

 

Figure 29. Flow-through sensor network for on-line real-time monitoring. 

Each sensor is calibrated, at minimum, a week before each run. A bucket is filled with water, 

adjusted for pH, and dosed successively with 0.05, 0.1, 0.25, 0.5, and 1.0 mg/L of residual 

oxidant (commonly chlorine). Free chlorine and chloramine concentrations are determined by 
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DPD titration. The example in Figure 30 shows the response and stability of various ORP 

sensors in real time over ten minutes for each residual chlorine concentration buffered to pH 7. It 

is clear that the deviation of sensor response decreases as chlorine residual increases. 

 

Figure 30. ORP response to 0.05, 0.1, 0.25, 0.5, and 1.0 mg/L free chlorine at pH 7 over ten minute each. 

Our next goals for our water quality sensing platform are to: 

1. Validate the stability and correctness over a long-time scale (weeks) when co-deploying 

the prototype sensor with a gold standard measurement setup used by the Environmental 

Engineering department. In particular, we want to ensure that we can detect water quality 

anomalies and gain better insight into how well probes hold their calibration over time. 

2. Integrate a flow sensor into our sensor suite. While deployed in a laboratory environment, 

water pumps can be used to generate flow required for accurate sensor measurements. 

When eventually deployed in homes, we need to sense when residents run their water and 

use these times as opportunities to sense the other values. By measuring the flow rate, we 

can properly interpret probe values. 

3. Implement a cloud-hosted algorithm, based on the findings in our first goal, that can 

combine time-series measurements of ORP and pH to determine an approximate count of 

lead or other heavy metals present in the water supply. 
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WINSSS Project C: Assessment and Development of Treatment Processes 
for DBP Precursor and DBP Removal in Small Water Systems 
Project PIs: Lynn E. Katz, Desmond F. Lawler, Navid Saleh, Kerry Kinney (University of 

Texas) 

Project C1: Hollow Fiber Membrane Air Stripping 

This project was completed in year 2 and is explained in detail in the 2015-16 annual report. This 

membrane process transfers volatile substances from the liquid phase to the gas (air) phase. The 

application to drinking water would primarily be to remove trihalomethanes after formation. The 

applicability to small water systems is indicated in the technology summary in Table 9. 

 

Table 9. Treatment Technology Summary: Hollow Fiber Membrane Air Stripping 

Problem or 

Contaminant(s) 

addressed 

Presence of trihalomethanes (THMs) in drinking water  

Size of Plant 

Applicability 

Applicable at any size plant but recommended for small size water 

treatment; membrane processes do not exhibit a strong economy of 

scale and the operation could be highly automated and monitored from 

afar. 

Comparison to 

competing 

technologies 

Competing technologies include granular activated carbon (GAC) 

adsorption, nanofiltration and packed-tower aeration 

Operator level 

Required (1 to 5) 
Training is required for operation of membrane systems. 

Problems with 

intermittent 

operation 

Not expected to be a problem. 

Residuals 

Management. 
THMs are transferred to the gas phase. 

Energy Use Electricity for operation would be high. 

Cost Comparison Costs were estimated to be comparable to GAC and NF. 

Health Benefits 
Reducing disinfection byproducts such as THMs leads to less chance 

of carcinogenic substances in the water.  

Monitoring 

Required 
Membrane flux and pressure monitoring is required. 

Regulatory Issues None expected. 

 

Project C2: Coupled ED and RO/NF Treatment 

Background 

Natural Organic Matter (NOM) refers to organic material present in surface or ground water. 

NOM causes color and taste problems and reacts with Cl2 and other disinfectants to form 

disinfection byproducts such as trihalomethanes (THMs) and haloacetic acids (HAAs) that can 
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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), nanofiltration 

(NF), and reverse osmosis (RO)—are possible methods to remove NOM. Among the available 

treatment methods, NF and RO show high removal efficiency of NOM rejection in the feed 

water. RO has been shown to be effective in removing NOM from fresh water (Shen et al., 

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). Other divalent ions can also lead to precipitate formation and 

fouling. Therefore, temporary removal of ions prior to NF or RO could provide a cost-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 31) 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 (or NF) to separate NOM. Until now, the research done on this project has 

focused on the two parts (ED and NF) separately. The ED unit can remove most ions while 

achieving minimal removal of NOM, because the diffusivity of NOM molecules is much less 

than that of common inorganic ions. The diluate from the ED system, containing few inorganic 

ions but NOM at nearly the influent concentration, will then be treated with NF or RO, with the 

result that the concentrate from this second process should contain most of the original NOM and 

few of the original inorganic ions. 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 

31. At this time, the values are only provided to illustrate the concept and are not based on 

experimental results.  

 

Figure 31. A coupled ED-RO System 
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The overall objective of this project is to evaluate the potential of this novel ED/NF or ED/RO 

system for small water systems. To this end, the specific goals of this research are 1) to find an 

optimal ion exchange membrane for the ED system to separate salts from NOM-containing 

water, 2) to determine salt separation characteristics for different feed water properties (such as 

NOM type and hardness), 3) to optimize operating conditions for NF or RO (membrane type and 

feed water flux), and finally 4) to establish the performance of coupled ED-NF or 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. 

Preliminary work with NF and RO membranes has also been performed and is also reported 

herein. 

Experimental System and Test Conditions 

Electrodialysis system and test conditions. Each experiment was conducted using a batch-recycle 

electrodialysis (ED) experimental apparatus (Figure 32). The batch-recycle electrodialysis 

experimental apparatus mainly consists of the electrodialyzer and the three streams: diluate (D), 

concentrate (C), and electrode rinse (E). The electrodialyzer is a PCCell ED 64002, which was 

acquired from PCCell/PCA, GmbH (Germany). The electrodialyzer consists of the anode, the 

cathode, the two end-plates, and the ion exchange membrane pairs. The anode and cathode are 

attached to the polypropylene end-plates and are made from expanded titanium metal with 

platinum/iridium coating. The two end-plates compress the ion exchange membrane pairs. 

Between the anode and cathode, cation exchange membranes (CEMs), spacers, and anion 

exchange membranes (AEMs) are arranged repeatedly. The spacers are plastic woven 

screen/mesh of thickness 0.41 mm and physically separate the anion- and cation-exchange 

membranes. The ED membranes are110 × 110 mm and the active membrane area, the nominal 

cross-sectional area subjected to the applied electric field, is 64 cm2. The three streams are 

circulated by separate laboratory-scale gear pumps. The volume of diluate and concentrate water 

tanks is 6 L. The concentrate and diluate flow rates (Q) are controlled by digital liquid flow 

controllers (McMillan Liquid Flo-Controller Model 400-6-A4). The volume of the electrode 

rinse stream was 2 L. The electrode rinse is supplied to both the anode and cathode in parallel 

and circulated. The three streams were continuously monitored for pH, conductivity (𝜅), and 

temperature (T) with Thermo Orion 4- Star pH and conductivity meters. The inter-membrane 

pressure (P)—the difference between the diluate and concentrate of the average pressure of the 

inlet and outlet—was minimized by adjusting the concentrate flow rate.  

 

Figure 32. Left: batch-recycle experimental ED apparatus schematic (Walker et al., 2014) and right: whole system of 
lab-scale ED experiment 

Two different membrane pairs were used in this study – Neosepta CMX/AMX and PCSK/PCSA 

membrane pairs. CMX and PCSK membranes are cation selective membranes and AMX and 

PCSA membranes are anion selective membranes. Neosepta CMX and AMX membranes are 
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heterogeneous membranes manufactured by Astom Corp., Tokyo, Japan. PCSK and PCSA 

membranes are based on a polyester fabric and manufactured by PCA-Polymerchemie Altmeier 

GmbH (Germany). All the stock solutions and feed water were prepared using deionized water. 

ACS grade NaCl, CaCl2•2H2O, MgCl2•4H2O, and NaNO3, were obtained from Fisher Scientific 

(Pittsburgh, PA) and used for making feed water and ED rinse solution. Both Suwannee river 

NOM (SNOM, 2R101N) and Leonardite Humic Acid (LHA, 1S104H) were purchased from 

International Humic Substances Society (IHSS). According to IHSS, LHA has relatively more 

phenolic groups than SNOM and is more hydrophobic. The presence of divalent ions in the water 

with NOM affects NOM removal in RO. Therefore, the experiments focused on cations in the 

water. Six types of feed water were used for experiments (Table 10). Feeds 1 to 3 contained only 

sodium as a cation, while Feeds 4 to 6 contained sodium, calcium, and magnesium cations. At 

the same cation composition, experiments with the different types of NOM were conducted: 

experiments without NOM (Feeds 1 and 4), experiments with SNOM (Feeds 2 and 5), and 

experiments with LHA (Feeds 3 and 6). 

Table 10. Feed water compositions 

 
Type of 

Ions 
Type of NOM Note 

Feed 1 

Na+, Cl- 

None 500 mg/L Total Dissolved Solids (TDS) 

Feed 2 Suwannee river NOM 
500 mg/L TDS and 5 mg/L DOC 

Feed 3 Leonardite HA 

Feed 4 

Na+, Ca2+, 

Mg2+, Cl- 

None 
500 mg/L TDS and 100 mg/L as CaCO3 

Hardness 

Feed 5 Suwannee river NOM 
500 mg/L TDS,100 mg/L as CaCO3 

Hardness, and 5 mg/L DOC Feed 6 Leonardite HA 

 

Nano-filtration system and test conditions. A laboratory cross-flow mode filtration membrane 

system (CF042, Sterlitech, Kent, WA) with a flat sheet membrane cell was used in this research. 

A M-03S Hydracell pump (Wanner Eng., Inc., MN) was used for the feed flow and was 

equipped with a variable frequency drive (VFD, Emerson commander SK, TX) to control the 

pump speed and thus the feed flow rate. Figure 33. shows a schematic diagram of the laboratory-

scale membrane apparatus.  

  

 

Figure 33. Left: A schematic diagram of the NF apparatus and Right: lab-scale NF system and appurtenances 
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A virgin membrane was used for every experiment at the recommended operating pressure (4.8 

bar, 70 psi). To date, experiments have focused on the NF270 membrane with an active 

membrane area of 42 cm2. The NF270 membrane, supplied by Dow-Filmtec (MI), is designed to 

remove a high percentage of organics in the water. Two different sets of experiments were 

conducted, one with salts but no NOM, and the other with NOM but no salts; in each case, 

experiments were performed with a range of feed flow rates. The experimental conditions are 

described in Table 11.  

Table 11. The experimental conditions for NF experiments 

Ion removal experiments 

Flow rate (mL/min) 250, 500, 800, 1000 

pH 6.5 - 8 

Operation time (h) 3 

TDS (mg/L) 500 

NOM removal 

experiments 

Flow rate (mL/min) 500, 800, 1200 

pH 6.5 - 8 

Type of NOM Suwannee river NOM 

Operation time (h) 6 

 

Results and Discussion 

ED Experiments with different types of NOM and different membranes. This research determined 

the separation characteristics of cations and NOM by electrodialysis using two different ion 

exchange membrane pairs. In terms of cation separation in the simpler systems (Feeds 1 through 

3), the Na+ separation trends were similar for both the CMX/AMX and the PCSK/PCSA 

membrane pairs, as shown in Figure 34. However, careful inspection shows that the presence of 

either type of NOM (Suwannee or LHA) slightly decreased Na+ separation in both membrane 

pairs. Thus, it appears that the presence of NOM leads to reduced cation removal by ED. This 

effect might be attributed to the presence of sulfate in SNOM and LHA compounds, but the 

mechanism is unknown and we expect to look further into this issue. 
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Figure 34. Na+ ion separation in different IEMs with/without NOM in Feed waters 1 through 3. (Left: CMX/AMX, 
right: PCSK/PCSA) 

The results of experiments using Feeds 4 to 6 that contained both monovalent and divalent 

cations are shown in Figure 35. The CMX/AMX membrane pair shows better separation of Na+, 
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Ca2+, and Mg2+ compared to the PCSK/PCSA pair. Also, Ca2+ and Mg2+ separation in the 

CMX/AMX membrane pair were higher than for Na+. Therefore, the CMX/AMX membrane pair 

is more appropriate with regard to removing divalent ions like Ca2+ and Mg2+ for the combined 

ED/RO system.  
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Figure 35. Separation of Na+, Ca2+, and Mg2+ ions in ED experiments: (A) CMX/AMX without NOM (Feed 4), (B) 
PCSK/PCSA without NOM (Feed 4), (C) CMX/AMX with SNOM (Feed 5), (D) PCSK/PCSA with SNOM (Feed 5), (E) 
CMX/AMX with LHA (Feed 6), (F) PCSK/PCSA with LHA (Feed 6) 

According to the separation results for NOM (Table 12), the total NOM mass in the diluate and 

concentrate together gradually diminished through the experiment, as indicated by the fraction of 

the original DOC present at 40% conductivity removal and at the final condition (80% 
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conductivity removal). The assumption was that the mass loss from the solutions was due to 

adsorption of NOM to the membranes. That assumption was confirmed by performing acid and 

base cleanings of the membranes after the experiment; the recovery of DOC from the membranes 

led to the (approximate) 100% recovery of the NOM for all experiments. The greater NOM mass 

loss in the PCSK/PCSA membrane experiments compared to the CMX/AMX membrane 

experiments was attributed to a greater affinity of the former for organic matter. The mass loss in 

the PCSK/PCSA membrane experiments was higher in the experiment with LHA compared to 

SNOM due to higher the specific UV absorbance (SUVA) value. SUVA is the ratio of UV254 to 

DOC. SUVA (L/mg∙m) is an indicator of the relative fraction of aromatic NOM components and 

the hydrophobicity of NOM. SUVA greater than 4 refers high molar mass compounds and 

mostly high hydrophobicity, and SUVA less than 2 refers low molar mass compounds, and low 

hydrophobicity (Metsämuuronen et al., 2014). SNOM SUVA value is 2.97 – 4.44 L/mg∙m and 

LHA SUVA value is 9.27 – 11.94 L/mg∙m), which indicates higher hydrophobicity and higher 

molar mass of LHA. For the CMX/AMX membranes, the loss of both SNOM and LHA was 

approximately the same. Taken together, the results of the inorganic ion and NOM separation 

experiments confirm that the CMX/AMX membrane pair is more appropriate for the combined 

ED/RO system.  

Table 12. The total mass ratio (DOC/DOC0) of NOM in the ED experiments 

Type of 

ions 

 SNOM (DOC/DOC0) LHA (DOC/DOC0) 

CMX/AMX PCSK/PCSA CMX/AMX PCSK/PCSA 

Na+, Cl- 

Initial 1 1 1 1 

@40 % 

conductivity 

removal 

0.99 0.96 0.98 0.95 

Final 0.98 0.86 0.95 0.84 

Recovery w 

acid clean 
0.02 0.04 0.01 0.02 

Recovery w 

base clean 
0 0.16 0.01 0.16 

Na+, 

Ca2+, 

Mg2+, 

Cl- 

Initial 1 1 1 1 

@40 % 

conductivity 

removal 

0.98 0.98 0.98 0.89 

Final 0.97 0.93 0.97 0.84 

Recovery w 

acid clean 
0.03 0.04 0.01 0.02 

Recovery w 

base clean 
0 0.02 0.02 0.01 

 

The results from one of the experiments (Feed 5) are replotted in Figure 36 using specific energy 

for the abscissa to display data for both the inorganic ions and the NOM together. The surrogate 

measure of absorbance at 254 nm was used for the NOM concentration, whereas the inorganic 

ions were measured via ICP. Several trends are clear from the data in this figure. First and most 

importantly for this research, the inorganic ions (Na+, Mg2+, and Ca2+) were all removed to a 
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dramatic extent while the NOM concentration remained essentially constant. Second, the 

abscissa, specific energy consumed (including both the electrical energy and the pumping energy 

expended for the flow), provides a direct measure of the power required for the ED system; the 

final value of less than 0.2 kWh/m3 of diluate produced for an 80% conductivity reduction is a 

very reasonable energy expenditure. Third, the shape of the curves for all the ions makes it clear 

that a greater energy expenditure is required for each incremental improvement in diluate quality. 

Recall that, in the proposed two-step process, the diluate will be treated further in an NF or RO 

unit, so this figure makes the tradeoff of energy use between the ED process (which should 

decrease fouling in the subsequent pressure membrane process) and the NF or RO process come 

into focus. Finally, the separation of the divalent ions (Ca+2 and Mg+2) was much greater than 

that of the monovalent Na+, and this too is beneficial for the proposed two-step process because 

the divalent ions are expected to be the primary cause of fouling by NOM.  
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Figure 36. Electrodialysis results for hard water with SNOM present 

NF Experiments results: ions and NOM removal at different flow rates. Figure 37. shows the ion 

rejection with time. Magnesium exhibited the highest rejection rate among the three cations 

(Na+, Ca2+, and Mg2+), while sodium had the lowest; NF membranes are often referred to as 

softening membranes since they remove multivalent ions well while allowing most monovalent 

ions to pass through. The rate difference between magnesium and calcium reflects the fact that 

Ca2+ has a higher diffusion coefficient than Mg2+. The rejection rate for all of the ions was better 

at the higher flow rate because boundary thickness is thinner at higher flow rates (Wagner et al., 

2009). Since sodium is the most abundant cation in the feed water, the conductivity and sodium 

data exhibited similar trends.  
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Figure 37. Ion rejection rate with NF 270 membrane at the different flow rates 

 The data for rejection of Suwannee River NOM, shown in Figure 38, indicate that 

organic removal was considerably better than that of the inorganic cations in the NF270 

membrane. This result indicates that NF270 has high potential for a coupled ED-NF/RO system. 

Like the cation rejection results, organic rejection improved at higher flow rate. The thinner 

boundary thickness at the higher flow rate provides better organic rejection. Taken together, the 

relatively poor removal of ions and the high removal efficiency for NOM bode well for the 

combined ED/NF treatment envisioned in this project. These results support the hypotheses of 

this research. In the ED system, significant removal of ions is expected while NOM will barely 

be removed at all. Subsequent treatment of the ED diluate in a NF system will provide excellent 

NOM removal with little inorganic ion removal. Thus, mixing of the ED concentrate and the NF 

filtrate will result in a water with a low concentration of NOM and a near original concentration 

of the inorganic ions.  
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Figure 38. Suwannee river NOM rejection rate at different flow rates 

Summary and Future Work 

The ED 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 ion separation rates and NOM separation trends. Between CMV/AMV 

and PCSK/PCSA membrane setups, the former is more appropriate for a coupled ED-NF/RO 

system because it shows low NOM separation and low accumulation of organics on the 

membrane surface. In the NF experiments, higher flowrate leads to better ion removal and better 

NOM removal efficiency. Also, the research results suggest that the NF270 is an appropriate 

membrane for the purpose of a coupled ED-NF/RO system because it achieves high organic 

removal and low monovalent cation removal.  

To further understand the ED process, longer experimental runtimes will be employed to 

evaluate the potential for fouling by NOM on the selected ion exchange membranes. Also, 

experiments using feed water with both ions and NOM will be conducted to evaluate the NF270 

membrane performance, and the experiments with NF270 will be extended to test other NF and 

RO membranes to identify an optimal NF/RO membrane for the system. Finally, a coupled ED-

NF/RO system will be verified in long-term continuous flow experiments to test whether this 

system will be viable for small water systems. Future work will also examine the impact of 

molecular weight of the organic matter to assess the range of potential of this process. 

Table 13 summarizes how this proposed ED/RO technology compares to competing processes 

for small water treatment plants. 
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Table 13. Treatment Technology Summary: A Coupled ED-NF/RO system for NOM Removal 

Problem or 

Contaminant(s) 

addressed 

Presence of NOM (DBP precursors) with divalent ions, such as 

calcium or magnesium, in source water  

Size of Plant 

Applicability 

Applicable at any size plant but recommended for small size water 

treatment; membrane processes do not exhibit a strong economy of 

scale and the operation could be highly automated and monitored from 

afar. 

Comparison to 

competing 

technologies 

Competing technologies include enhanced coagulation followed by 

conventional treatment (sedimentation, filtration) to remove NOM in 

the water. Other technologies for removing NOM are rarely used. This 

technology is expected to be far more effective at NOM removal and 

therefore could be particularly valuable for plants with high influent 

TOC. 

Operator level 

Required (1 to 5) 

Sophisticated training is required for operation of membrane systems, 

especially for ED systems which are not common. 

Problems with 

intermittent 

operation 

Not expected to be a problem. 

Residuals 

Management 

Residuals are the concentrated NOM with calcium and magnesium. 

Discharge to sewer might be allowed in some instances, but otherwise 

deep well injection is likely to be required. Residuals are a significant 

problem in enhanced coagulation as well; metal hydroxide sludges are 

voluminous. 

Energy Use 
Electricity for the operation would be high; both ED and NF require 

high energy use. 

Cost Comparison 

Requires electric power and membrane filters but reduced labor and 

chemical costs compared to existing enhanced coagulation processes. 

A detailed cost comparison would have to be performed. 

Health Benefits 
Reducing disinfection byproducts such as THMs and haloacetic acids 

(HAAs) leads to less chance of carcinogenic substances in the water.  

Monitoring 

Required 
Membrane flux and pressure monitoring is required. 

Regulatory Issues 
None expected, but State approval for the first plants could require 

extensive piloting to prove the effectiveness. 
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Project C3: Microwave-irradiated inactivation of pathogens 

Background 

The Schumpeterian trilogy of technological change, i.e., invention, innovation, and diffusion, 

highlights the importance and benefits of societal acceptance of any new technology (Stoneman 

and Diederen, 1994). Once a technology has diffused deep into the societal fabric, the spectrum 
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of its application expands and allows for unintended uses, some of which might be 

transformative. One such example is mobile communication, which was not originally 

engineered to assist in healthcare, but now is utilized to disseminate medical information and has 

transformed this sector globally (Istepanian et al., 2004; Lester et al., 2010). Microwave (MW) 

technology is affordable and similar in social adoptability and thus can be utilized to impact low-

income communities across the globe, particularly to gain them access to safe drinking water. 

Although the position of MW radiation in the electromagnetic spectrum precludes its direct use 

in inactivating waterborne pathogens at a reasonable cost, finding a way to harness the power of 

MW radiation in an effective antimicrobial technology could potentially benefit a large global 

population. 

Irradiation-based disinfection technologies are gaining popularity because of advances in 

equipment reliability and reduction of undesirable disinfection by-products (Zhou and Smith, 

2001; Pyrgiotakis et al., 2014). The rapid growth of nanotechnology has prompted significant 

interest in environmental applications, and nano-scale materials are now being incorporated into 

such irradiation-based disinfection devices to improve reliability, reduce operating costs, and 

increase their disinfection efficiency (Shannon et al., 2008; Pyrgiotakis et al., 2014; Kim et al., 

2017). Nanoparticles are used as photocatalysts to enhance and accelerate the inactivation rate of 

pathogenic microorganisms (Kim et al., 2017; Wang et al., 2017). Light irradiated onto 

photocatalytic materials can effectively generate reactive oxygen species (ROS), one of the key 

modes of disinfection (Shannon et al., 2008). Of particular interest are combinations of materials 

and irradiation systems that use low-cost visible and/or UV light to achieve high disinfection 

capacity. However, efficiency of any such technology depends on incident flux and wavelength 

of the radiation, specific water characteristics, absorption length in water, reactor geometry and 

hydrodynamics, contact efficiency of species in water and the photocatalysts, and inactivation 

kinetics (Shannon et al., 2008). 

The enhancement of low-energy electromagnetic radiation, e.g., visible and near infrared 

radiation, to produce ROS (Kim et al., 2012) is of particular interest, as a part of the on-going 

effort to develop new alternative antimicrobial technologies. Such amplification of low energy 

photons to higher energy (Cates et al., 2012) has been successfully demonstrated using 

lanthanide series metals (e.g., Er3+ and Tm3+) (Wang et al., 2009; Zhou et al., 2015). Their 

unique 4fn (n = 0–14) 5d0–1 inner shell configurations are well shielded by the outer filled 5s25p6 

sub-shell electrons and thus have an abundance of unique energy levels. When populated, these 

states can be long lived (up to 0.1 s), making these ideal to serve as electron donors (Chen and 

Zhou, 2015). To-date, successful utilization of low energy MW radiation for efficient generation 

of ROS and thus inactivation of pathogens has not been demonstrated. 

Developed during the Second World War, low-frequency 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 and Baghurst, 1991). In this region, the energy of the MW 

photons (between 1.24×10-3 to 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). However, even this apparently weak MW radiation 

has proven to be germicidal when used at high intensity and for an extended period of time in 

sterilizing dry materials (Keller et al., 1988). MW technology is effectively used to sterilize 
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dentures and dental tools/devices (Vergani et al., 2011), where 10 min of microwaving at 720 W 

is required for sterilization (Neppelenbroek et al., 2008). The antimicrobial impact of MW 

radiation is not well understood, but it is hypothesized to emanate mostly from thermal action 

(Yeo et al., 1999) and from dielectric rupture (Zimmerman et al., 1974). However, disinfecting 

water with MW has not been successful to date, likely due to the extended irradiation period that 

would be required and associated energy costs. 

An alternative irradiation-based antimicrobial technology that can take advantage of an already 

adopted, affordable, and available device can be greatly beneficial. In this study, the MW 

absorption-potential of carbon nanotubes has been combined with the spectral conversion-ability 

of lanthanide series metal oxides and the resulting pathogen inactivation potency is 

demonstrated. A novel nanohybrid (NH) (Saleh et al., 2014; Saleh et al., 2015), multiwalled 

carbon nanotube (MWNT) chemically hybridized with erbium (Er3+) oxide has been synthesized 

using a sol gel method. The material has been characterized to confirm hybridization and 

determine its physicochemical properties via high-resolution transmission electron microscopy 

(HRTEM), scanning transmission electron microscopy (STEM), thermal gravimetric analysis 

(TGA), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS). This report 

presents breakthrough inactivation results of a common opportunistic environmental organism, 

P. aeruginosa. The mechanism of inactivation has been enumerated by determining ROS 

generation and by confirming its role with ROS scavengers, while eliminating other possible 

mechanisms by accounting for appropriate controls. Results obtained from this study can be 

considered as the ‘invention’ of a new irradiation-based antimicrobial technology for water that 

demonstrates promise for utilization of widely available MW technology as a potential 

disinfection device. 

Experimental System and Test Conditions 

Materials. Isopropanol (2-propanol, 99%, USP), nitric acid (70%), and concentrated sulfuric acid 

were obtained from Fisher Scientific (Houston, TX). MWNTs (> 95% carbon purity) with an 

average diameter of 8-15 nm and length of 10-50 µm were obtained from Cheap Tubes Inc., 

(Cambridgeport, VT). Amplex® UltraRed reagent (Cat. No. A36006) and Amplex® 

Red/UltraRed stop reagent (Cat. No. A33855) were procured from Invitrogen (Carlsbad, CA). 

Erbium(III) oxide (99.5%, REO) was purchased from Alfa Aesar™ (Ward Hill, MA) while 

erbium(III) nitrate pentahydrate (99.9% trace metal basis) was procured from Acros Organics™ 

(Geel, Belgium). Catalase (CAT), superoxide dismutase (SOD), and methanol (MET, 99.9%) 

were obtained from Sigma (St. Louis, MO). Other reagents were purchased from Fisher 

Scientific (Houston, TX), unless otherwise noted. 

Synthesis of NHs. MWNTs with an average diameter of 8-15 nm and >95% purity (Cheap Tubes 

Inc., Cambridgeport, VT) were first acid-etched by refluxing in a 1:1 (v/v) mixture of 

concentrated nitric (70%) and sulfuric acid (96.5%) at 80 ºC for 3 h. Functionalized MWNTs 

were thoroughly washed with ultrapure water (Synergy ultrapure water, EMD Millipore, 

Darmstadt, Germany) and vacuum-filtered using porous polytetrafluoroethylene (PTFE) 

membrane filters (0.2 µM, EMD Millipore, Darmstadt, Germany). The MWNT cake obtained 

was washed with distilled water until the pH was neutral, dried in a desiccator, and subsequently 

hand-ground with mortar and pestle to fine powder to be dispersed in anhydrous isopropanol 

with an ultrasonic dismembrator (Q700 Qsonica, Newtown, CT). NHs with three C:Er molar 

ratios, NH-1 (16:1), NH-2 (8:1), and NH-3 (4:1), were synthesized via a sol gel process (Das et 

al., 2017). For this purpose, erbium precursor (Er(NO3)3·5H2O) was dissolved in isopropanol, 
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bath sonicated, and added drop-wise at a constant rate (0.435 mL/min) to the previously 

dispersed MWNTs under ultra-high purity N2 (NI UHP15A, Airgas) at 80 ºC for 3 h. The 

mixture was then evaporated and the residue was calcined under N2 at 400 ºC for 3 h in a tube 

furnace (Lindberg/Blue M TF55035A-1, Thermo Scientific, Asheville, NC). Finally, the NHs 

were hand-ground with mortar and pestle and dispersed ultrasonically in ultrapure water before 

use. 

NH characterization. A JEOL 2010F HRTEM (JEOL USA Inc., Pleasanton, CA) at various 

magnifications and at an accelerating voltage of 200 kV collected MWNT and NH images. The 

same equipment was used to obtain high annular angle dark field STEM images at high 

magnification alongside with EDX to obtain elemental mapping of the materials. Crystalline 

structures of the powdered samples were investigated by performing XRD using a Rigaku R-axis 

Spider (Rigaku Americas Corporation, The Woodlands, TX). The XRD has a curved imaged 

plate diffractometer equipped with an image plate detector and Cu-Kα irradiator (0.154 nm 

wavelength) and a graphite monochromator. Thermal oxidation properties were examined using 

a TGA with differential scanning calorimetric capabilities (Mettler-Toledo AG, Schwerzenbach, 

Switzerland). TGA was performed by flowing air from 25 to 800 ºC with a heating ramp of 10 

ºC min-1. XPS (Kratos Axis Ultra DLD, Kratos Analytical Ltd., Manchester, UK) spectra were 

recorded on dry powders to examine the surface chemistry of the samples. 

Antimicrobial potency. Antimicrobiality was assessed by exposing a gram-negative opportunistic 

pathogenic strain of P. aeruginosa (PAO1) to the NHs with appropriate controls. P. aeruginosa 

is ubiquitous in the natural environment, resistant to conventional disinfection, and its biofilm 

form protects it from chemical disinfectants, UV light, and other environmental stressors (Kekeç 

et al., 2016); these attributes make it a perfect model microorganism that is more resistant than 

other planktonic bacteria (Kekeç et al., 2016). A freezer stock of PAO1 was streaked on a Luria 

Bertani (LB) agar plate and grown overnight. A single colony from the plate was inoculated in 

15 mL LB medium and incubated at 37 °C on a shaker (200 rpm) for 16 h. 100 μL of the culture 

was added to a fresh LB medium and was incubated at 37 °C for 4-6 h until the culture reached 

mid-exponential phase (optical density at 600 nm of 0.25-0.30). The suspension was then 

centrifuged (5810R, Eppendorf AG, Hamburg, Germany) at 2500×g for 15 min, and the 

supernatant was removed. The remaining cell residue was re-suspended in 15 mL 1X GibcoTM 

phosphate buffer saline (PBS) solution (Fisher Scientific, Pittsburgh, PA). This procedure of 

centrifugation and re-suspension in PBS media was repeated twice to remove the remaining LB 

growth medium. Concentrations of 10 mg/L erbium salts, erbium oxide, MWNTs, and NHs 

samples were prepared in 1X PBS as stocks. Each sample was autoclaved and bath sonicated for 

30 min prior to the exposure studies. A 20 μL sample was then added to 180 μL of the bacterial 

suspension (in PBS) on a microtiter plate to achieve a final bacterial exposure concentration of 

1 mg/L for each sample. A control was also prepared by adding 20 μL sterile ultrapure DI water 

to the bacterial suspension to account for the same dilution as that of the other samples. Bacterial 

suspensions were then subjected to MW irradiation (20 s at 110 W), while an identical set of 

samples was kept in the dark for the same exposure time. Each sample was tested in triplicates. 

The samples were then serially diluted using 1X PBS, 10 µL samples were pipetted and grown 

on LB agar plates, incubated for 12-16 h at 37 ºC, and finally colonies were enumerated by direct 

count. 

Measuring temperature change. The temperature of the samples was measured by a k-type 

beaded wire stainless steel thermocouple (SC-GG-K-30-36, Omega, Stamford, CT) before and 
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after MW irradiation. The thermocouple was connected to a digital thermometer (CL3512A, 

Omega, Stamford, CT), with a temperature range of -220 to 1372 °C. It is acknowledged that 

such measurements will produce bulk change in temperature and will be incapable of 

determining local variation at the nano-scale.  

Determination of H2O2 concentration. A non-radical derivative of oxygen as a surrogate for 

ROS, H2O2, was monitored with Amplex® UltraRed Reagent (Cat. No. A36006) hydrogen 

peroxide/peroxidase assay kit with Amplex® Red/UltraRed Stop Reagent (Cat. No. A33855). 

This compound is non-fluorescent until it is reacted with a combination of H2O2 and horseradish 

peroxidase. Samples of erbium salt, erbium oxide, MWNTs and NHs were individually dispersed 

in ultrapure DI water at 1 mg/L. The prepared samples and nanomaterial suspensions were added 

to the working solution of the ROS assay kit using a 96-well black assay microplate (Corning, 

NY), following the manufacturer’s protocol. To evaluate the MW-induced H2O2 generation, the 

suspended samples were irradiated for 20 s at 110 W (611 mW∙h) with a conventional MW oven 

(1100 W, 2.4 GHz, JES1460DSBB, GE®). An identical set of samples was kept in the dark for 

the same time of exposure. Amplex Ultrared stop reagent was added to each sample to capture 

the fluorescence of the oxidized product until measured using a Synergy-HT microplate reader 

(Biotek, Winooski, VT) with appropriate excitation (485 nm) and emission filters (590 nm). 

Each measurement was performed in triplicates and the background fluorescence intensity (for 

DI water) was subtracted from all readings. 

ROS scavengers. To further investigate the potential role of ROS by MW-irradiated NHs, CAT, 

SOD, and MET scavengers of H2O2, superoxide (O2
•-), and hydroxyl radical (OH•) respectively, 

were utilized. Cell suspensions (2 mL) were treated with 1.0 mg/L of NH-1 in the presence or 

absence of CAT (286 units, Sigma, St. Louis, MO), SOD (200 units Sigma, St. Louis, MO) and 

MET (0.3 M, Sigma, St. Louis, MO). The bacterial suspensions were then subjected to MW 

irradiation (20 s at 110 W), while an identical set of samples was kept in the dark for the same 

exposure time. Each sample was tested in triplicates. Antimicrobiality was assessed by plating 

onto LB agar medium and subsequent counting of formed colonies following the method 

described in the disinfection potency section above. 

Results and Discussion 

Synthesis and characterization of the NHs. NHs with three C:Er3+ molar ratios, i.e., 16:1 (NH-1), 

8:1 (NH-2), and 4:1 (NH-3), were synthesized via a sol gel process. Representative HRTEMs 

and STEM micrographs show successful hybridization of MWNTs with Er (Figure 39). The 

HRTEM micrograph displays debundled MWNTs with average shell thickness of 21.3±2.6 nm 

(Figure 39a), where crystalline features are uniformly distributed at the surfaces of the MWNTs 

indicating hybridization with a metal/metal oxide nanocrystal (Figure 39b). The elemental 

composition of the hybridized MWNTs and the uniformity of the metal oxide nanocrystals are 

presented via STEM imaging (Figure 39c). Representative STEM element-specific micrographs 

show uniform distribution for C, Er, and O, throughout the MWNT backbone. Control over 

synthesis with loading and distribution uniformity of erbium oxide on MWNTs is demonstrated 

via STEM images, elemental mapping, and elemental composition. 
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Figure 39. Representative HRTEM micrograph of (a) MWNT (> 95% carbon purity, 8-15 nm average diameter, and 

10-50 µm length) and (b) NH-1 (inset shows crystalline erbium oxide lattices). (c) STEM image and elemental 

mapping of NH-1. Samples of aqueous dispersions for (a) and (b) were placed on lacey carbon coated copper TEM 

grids (SPI Supplies, West Chester, PA) and air-dried over a few minutes. HRTEM and STEM accelerating voltage 

set to 200 kV. Several representative micrographs were obtained. 

Quantitation of elemental composition for the NHs is presented with XPS analysis (Figure 40a). 

XPS spectra for the NHs with varied Er loading reveal the presence of characteristic O1s, C1s, 

and Er4d peaks (Figure 40a). O1s peaks (at 532 eV) are narrow and confirm the presence of 

different forms of erbium oxide and C-O bonds on the surface of the MWNTs. C1s (at 284.8 eV) 

peaks are typical for sp3 hybridized C-C bonds. The region of Er4d does not exhibit a typical free 

ion doublet structure at the region between binding energies of 167.5 and 169.5 eV, and the 

complex multiplet structure to the left of the peak at 169.5 eV is attenuated as shown by the 3 

NH signals (Figure 40b) (Guerfi et al., 2005). However, the peaks at binding energy 169 eV are 

typical of Er2O3 compound, which will change the spacing and intensity of the doublet peaks 

after an annealing process (Guerfi et al., 2005). The atomic ratios of C:Er3+ obtained via XPS are 

1.29 (NH-1), 0.72 (NH-2), and 0.19 (NH-3), which demonstrate achieving control over the 

hybridization process. 

The crystallinity of erbium oxides on MWNT surfaces was confirmed with XRD spectra (Figure 

40c). MWNT XRD spectrum (gray) shows a distinctive sharp peak and small broad peaks at 

26.3º and 43º, which correspond to (002) and (100) lattice planes, respectively (Rigdon and 

Huang, 2014). The XRD spectrum of erbium oxide (dash blue) shows highly crystalline Er2O3 

signature with a sharp peak at 29.4°, which corresponds to (222) diffraction planes. Other 

diffraction planes analyzed, i.e., (211), (431), (440), and (622), are consistent with literature 

reports (Miritello et al, 2006). The XRD spectrum of the representative NH-1 shows suppressed 

peak occurrences for those of the MWNTs, suggesting successful hybridization of the material. 
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Figure 40. (a) XPS spectra, (b) XPS region displaying typical Er4d multiplet structure, (c) XRD spectra of MWNT, 

erbium oxide, and NH-1, and (d) differential mass loss curve from TGA for the MWNT and NHs. Thin layers of 

dried samples were analyzed using a Kratos XPS equipped with a monochromated Al 𝐾𝛼  X-ray source (1.486 keV). 

XRD equiped with Cu-Kα irradiator (0.154 nm wavelength) and a graphite monochromator was used at a step 

width of 0.02° (between 2θ values of 20° and 60°) and a scanning rate of 2° min-1. Dry samples (3-5 mg) were 

heated at 10 ºC min-1 ramp up to 800 ºC for TGA/DTG determination. 

To determine whether the erbium oxide nanocrystals crystalized onto MWNT surfaces with no 

chemical bonding or rather true hybridization has been achieved, peak oxidation temperature of 

the MWNTs and NHs is determined. TGA results (Figure 40d) show a significant downward 

shift of the peak oxidation temperature (from 636 ºC to 475 ºC) for MWNTs upon hybridization. 

Such shift can be attributed to enhanced heat flow onto MWNT surfaces via chemically bonded 

metallic nanocrystals (Aksel and Eder, 2010). The downward shift in the peak temperature 

persisted with the increase in erbium oxide content, which further supports the heat flow 
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analysis. Analyzing the percent mass loss profiles of these materials reveals mass remaining 

percentages of MWNTs and the NHs, i.e., 6.8% (MWNT), 48.1% (NH-1), 60.7% (NH-2), and 

73.2% (NH-3), which concur well with the metal content analysis obtained from EDX. The 

differences between XPS and TGA/EDX ratios for C:Er3+ suggest that erbium oxides are being 

crystalized not only on the surfaces but might also be incorporated within the carbon tubules as 

may be observed in Figure 39b. 

Antimicrobial potency. Inactivation of opportunistic pathogen P. aeruginosa with an initial 

population density of ~107 CFU/mL was successfully achieved with MW irradiation in the 

presence of NHs (Figure 41). The control samples (irradiated and non-irradiated Er salt, Er oxide 

particles, and MWNTs) show no significant impact on bacterial inactivation (Figure 41a). NH-1 

shows at least one log unit reduction of P. aeruginosa when compared to appropriate 

unirradiated controls and other irradiated materials. Inactivation of P. aeruginosa with other 

samples is not observed. The increase in Er oxide loading onto MWNTs (irradiated samples) 

shows a negative correlation with bacterial viability reduction (Figure 41b). 

 

Figure 41. (a) Bacterial inactivation of P. aeruginosa exposed to NH-1, and appropriate controls; (b) comparison of 
logarithmic cell removal of P. aeruginosa exposed to NHs. Material concentration utilized in all experiments was 
maintained at 1 mg/L. Initial concentration of P. aeruginosa ~107 CFU/mL. Samples (200 µL) were irradiated in 

microtiter plates for 20 s at 110 W (611 mW∙h) using a conventional MW oven. Error bars represent one standard 
deviation measured from experimental triplicates. 

Microwave’s potency for inactivating P. aeruginosa compares well with literature reports; 

however, such reports are based on photocatalytic disinfection of water as a function of a 

complex set of variables. Our study presents breakthrough inactivation results, and as such, 

comparison of these results with other reported data is presented to highlight its potential to 

compete with other irradiation-based technologies. Literature evidences suggest that strains of P. 

aeruginosa (AOH1 and NCIMB 10421) when exposed to photocatalytic Ag-TiO2 films and 

irradiated with UV for at least 1-6 h, can result in one log bacterial reduction (energy 

expenditure: 2.24 mW∙cm−2) (Foster et al., 2016). Similarly, single log inactivation of P. 

aeruginosa (NCTC 10662) was also achieved by photocatalytic TiO2 thin film treatment, when 
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irradiated with UV (3 mW∙cm−2) for 35 min (Dunlop et al., 2016). Comparable inactivation 

efficiency of P. aeruginosa (ATCC 9027) is observed for solar irradiated TiO2 when irradiated 

for 1 h (energy expenditure: 1 kW∙h) (Lonnen et al., 2005). Escherichia coli (OH157:H7), a 

more susceptible bacterial species to irradiative inactivation (compared to P. aeruginosa), 

underwent single log inactivation with C70-modified TiO2 NHs under 10 min irradiation of 

visible light (energy expenditure: 0.05 kW∙h). The results presented herein demonstrate superior 

inactivation performance of the novel NHs prepared in this study, where an opportunistic 

pathogenic strain is irradiated with the lowest intensity electromagnetic radiation, MWs. In this 

study, a significant reduction in exposure time (20 s) and expended energy (0.0006 kW∙h) 

compared to literature reported UV and visible radiation excited nanomaterial cases, further 

proves the efficacy and transformative nature of this nano-enabled antimicrobial technology. 

Proposed antimicrobial mechanisms. 

Dissolution of metal ions. Literature suggests that dissolution of metal ions from high curvature 

nano-sized particles can serve as a dominant mechanism for antimicrobiality; e.g., nano-Ag, 

which contributes ionic silver, is utilized as an effective antimicrobial agent (Chambers et al., 

2014). The NHs utilized in this study however, contain a lanthanide series metal oxide (i.e., 

erbium), which has extremely low aqueous solubility (Chen et al., 2008), thus likely will not 

incur antimicrobiality via dissolution. Results presented in Figure 41a further validates this 

claim. P. aeruginosa when exposed to dissolved Er3+ in an amount equivalent to Er present in the 

NHs show no appreciable inactivation. Thus, dissolved ions are not likely the cause of bacterial 

inactivation in this case. 

Microwave Heating. An increase of temperature over time can result in denaturation, damage to 

the cell membrane, and coagulation of protein materials inside the bacterial cells, affecting their 

viability. Studies have shown that viable counts of high bacterial density cultures of P. 

aeruginosa (1.7×109 CFU cm-2) decrease up to 6 orders of magnitude when subjected to 50-80 

°C for 1-30 min (O’Toole et al., 2015). However, the maximum temperature change recorded in 

this study is 2.10±0.30 °C from room temperature, when the samples were MW-irradiated for 20 

s at 110 W. Such evidences suggest that inactivation by thermal shock of P. aeruginosa or MW 

heating is unlikely to be the dominant mechanism. 

Synergistic effects of combined MW heating and ROS species. Antimicrobial action via MW 

heating can be significantly enhanced if complemented with low concentration of H2O2 

(Kuchma, 1998). Both cell destruction and DNA injuries can be achieved as shown for exposure 

of E. coli (K-12) and P. aeruginosa (102) by consecutive MW irradiation (up to 50 °C) and 

addition of H2O2 (0.08% v/v) (Kuchma, 1998). It is believed that the synergistic effects consist 

of inhibition of the repair mechanisms in bacteria due to ROS addition. However, in this study, 

no additional H2O2 was added into the system. The range of temperature increase (~2 °C) and no 

H2O2 addition thus remove this mechanism as a possible mechanism for inactivation. 

ROS-mediated antimicrobiality. The remaining possible mechanism for inactivation is 

extracellular ROS, which can be produced due to irradiation of the samples with an external 

energy source (i.e., MW). Formation of H2O2 species is measured as a surrogate for ROS 

generation in this study (Figure 42). When irradiated with MW, NH-1 produces nearly twice the  

H2O2 (8.71 µM) compared to the unirradiated case (4.46 µM), and at least seven times as much 

as the control samples (i.e., Er salt, Er oxide, and MWNTs) as shown in Figure 42a. NH-1 (16:1 

molar ratio) is the most effective of the three NHs synthesized in producing H2O2 (Figure 42b). 
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The increase in Er loading on MWNTs negatively correlates with the ROS production ability, as 

presented in Figure 41b. NH-2 and NH-3 do not produce significant amounts of H2O2 as 

compared to NH-1. Balance between MW absorption ability of the MWNTs with electron 

donation capacity of the metal oxides is necessary to achieve enhanced antimicrobiality.  

 

Figure 42. (a) H2O2 production with and without MW irradiation by NH-1 and by the appropriate controls; (b) 

comparison of ROS production between the NHs. Material concentration utilized in all experiments was maintained 

at 1 mg/L. Samples (100 µL) were irradiated in microtiter plates for 20 s at 110 W (611 mW∙h) using a conventional 

MW oven. Error bars represent one standard deviation measured from experimental triplicates. 

ROS scavenger study. Bacterial inactivation in presence of CAT, SOD, and MET scavengers 

definitively prove that ROS played a leading role in the antimicrobiality of P. aeruginosa. Figure 

43 shows that no significant bacterial inactivation was observed in any of the controls, 

irrespective of microwave irradiation. What these results particularly reveal is that NHs when 

irradiated with microwave in the presence of any (or all) of the three scavengers show little to no 

inactivation, however, NH-1had 1.64 ± 0.09 log removal of bacteria in the absence of the 

scavengers. Such scavenger studies have been utilized earlier to demonstrate a definitive role of 

ROS in antimicrobiality (He et al., 2016). 
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Figure 43. Logarithmic cell reduction of P. aeruginosa exposed to NH-1 with and without H2O2, O2
•-, and OH•, 

scavengers CAT, SOD, and MET, respectively. Material concentration utilized in all experiments is maintained at 1 
mg/L. Initial concentration of P. aeruginosa ~107 CFU/mL. Samples (200 µL) were irradiated in microtiter plates 

for 20 s at 110 W (611 mW∙h) using a conventional MW oven. Error bars represent one standard deviation 
measured from triplicate samples. 

Summary and Future Work 

This study is the first to have developed a nano-scale heterostructure, effective in harnessing and 

utilizing MW radiation for ROS production and microbial inactivation. Synergistic abilities of 

MWNTs’ MW absorption-ability with lanthanide series oxides’ spectral conversion-capacity has 

allowed for successful ROS generation. Effective antimicrobiality with ROS utilizing one of the 

lowest energy radiation (MW) at an exceptionally low energy cost (0.0006 kW∙h) is potentially 

transformative. This simple yet elegant technological breakthrough will allow achieving a 

beneficial unintended use (i.e., bacterial inactivation) from this widely-distributed MW 

technology. The nascent benefits of MW, i.e., its ability to operate in the absence of clear optical 

pathways (e.g., in turbid waters), its diffused presence deep into the societal fabric, and its 

potentially low economic and energetic footprints will allow for likely future implementation as 

an effective point-of-use water treatment solution. Factors such as costs of the technology as 

compared to proven existing disinfection processes, treatable volume of water, higher log-

removal of P. aeruginosa and a wide range of waterborne pathogens, material lifespan, and 

optimal operational parameters will be determined. The mode of application of the material to 

achieve an effective operational and maintenance level and systematic evaluation of nano 

environmental health and safety issues will also be determined. Once the material design and 

parameters of irradiation are optimized and this technology is further developed as an affordable 

and effective point-of-use system, it can potentially be transformative to impact a global 

population by gaining them access to safe drinking water. The technology summary, and how 

this technology would fit into rural systems is shown in Table 14. 
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Table 14. Treatment Technology Summary: Nona-enabled microwave-based microbial inactivation 

Problem or 

Contaminant(s) 

addressed 

Presence of microbes in water 

Size of Plant 

Applicability 

Small-scale application. Scale-up may be possible but is subject to 

future validation and study 

Comparison to 

competing 

technologies 

Competing technologies include UV irradiation based microbial 

inactivation  

Operator level 

Required (1 to 5) 
Unknown 

Problems with 

intermittent 

Operation 

Not determined yet. The materials developed need to be incorporated 

into a device to determine possible problems with intermittent 

operation. 

Residuals 

Management 

Nanomaterials utilized in this technology need to be immobilized onto 

a ceramic or polymeric surface. Failure to appropriate immobilization 

may contribute to introduction of nanomaterial contamination in 

drinking water. 

Energy Use 

At least one log unit of microbial inactivation can be achieved via 

ROS generation with only 20 s of MW irradiation at 110 W (0.0006 

kW∙h energy use), using a conventional MW oven. However, testing 

on large volume of water is desired to assess energy need.  

Cost Comparison 

Material cost may be compared to other photocatalytic material (e.g., 

nano-scale titanium dioxide). However, additional cost might accrue 

due to synthesis of these novel nanomaterials.  

Health Benefits 
Direct benefits include reduction in live pathogens in water, leading to 

a notable decrease in pathogen-inflicted diseases. 

Monitoring 

Required 
Unknown at this point of the technological development. 

Regulatory Issues 
Currently there is no established regulatory policy for nanomaterials. 

When established, the technology must comply with such policies.  
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Products 
 

Project PIs: Mary Jo Kirisits, Gerald E. Speitel Jr., Kerry Kinney (University of Texas), David 

A. Reckhow, Chul Park (University of Massachusetts), Jess Brown (Carollo Engineers) 

 

Introduction  

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 by-

products (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 sub-

projects: 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 pilot-

scale 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; the N-DBP sub-project is led by the University of Massachusetts at Amherst (UMass) 

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.  
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Progress 

Task 1. Operate and interrogate bench-scale nitrifying biofilters 

Four down-flow biofilter trains (each with two biofilters in series) are operated, where each 

biofilter has an empty bed contact time (EBCT) of 3 min, simulating a full-scale EBCT of 10 

min. Two trains are operated with natural organic matter (NOM) from surface water (SW), and 

two are operated with NOM from groundwater (GW). For each type of NOM, one train is 

nitrifying (1 mg/L NH3-N) and one is non-nitrifying (i.e., the ‘standard aerobic’ biofilters). Each 

influent contains a suite of ten TrOCs. All trains are operated such that the total dissolved 

oxygen (DO) consumption due to dissolved organic carbon (DOC) is the same.  

As compared to the GW biofilters, the SW biofilters showed faster acclimation and/or increased 

removal of some TrOCs, including gemfibrozil (Figure 44a), MIB, caffeine, diclofenac, and 

naproxen; the GW biofilters did not show faster acclimation or increased removal of any of the 

TrOCs as compared to the SW biofilters. As compared to standard aerobic biofilters, the 

nitrifying biofilters showed faster acclimation and/or increased removal of some TrOCs, 

including geosmin (Figure 44b), MIB, and thiabendazole. 

 

 

Figure 44. Removal of (a) gemfibrozil in SW and GW biofilters, and (b) geosmin in nitrifying and standard aerobic 
(non-nitrifying) biofilters. 

Task 2. Examine the impact of SMP on TrOC biodegradation 

This task was completed in Year 2. Refer to the 2016 WINSSS Annual Report for information. 

Task 3. Operate and interrogate pilot-scale nitrifying biofilter  

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, 

extracellular enzyme activity (α-D-glucosidase, β-D-glucosidase, β-Nacetylglucosaminidase, and 

acid/alkaline phosphatase), biofilm morphology via scanning electron microscopy, extracellular 
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polymeric substance (EPS) concentrations, and microbial community structure. We are working 

with our collaborators to compile our data sets and write a manuscript. 

Task 4. Operate and interrogate bench–scale denitrifying biofilters 

In this task, two bench-scale biofilter trains are used to examine the impact of temperature on 

denitrification. Both trains (with two, 3-min biofilters in series) were started up at 25 oC. Then, 

while one train was maintained at 25C, the other train was acclimated stepwise to temperatures 

of 18C, 13C, 10C, and 7C. 

Temperature was found to significantly impact the operation of the biofilters and their 

community structures. The rate of denitrification slowed substantially at 7C, and this effect 

became more pronounced as the influent concentration of nitrate was increased to 2 and then 10 

mg-N/L, where short-term nitrite accumulation was observed. Decreasing the temperature had a 

marked impact on the microbial community structure both in terms of the dominant genera and 

the richness of the community.  

Task 5. Assess N-DBP formation from biofilter-originated DON  

In this task, two raw waters (SW and GW) and their effluents through two types of bench-scale 

biofilters (nitrifying and standard aerobic), were post-chlorinated and -chloraminated to assess 

formation of DBPs from reactions with DOC and DON in each water. Water samples from the 

biofilters were collected monthly over 7 months. The targeted DBPs were regulated 

trihalomethanes (THMs) and haloacetic acids (HAAs) and unregulated N-DBPs including 

haloacetonitriles (HANs) and halonitromethanes (HNMs). DOC, DON, and DBP formation 

potentials were quantified. 

The overall formation potentials of THMs, HANs, HAAs, and HNMs were higher in chlorinated 

waters than in chloraminated waters, which was expected because chlorine is a stronger oxidant 

than is monochloramine.  

The fractional removals of DOC, DON, and those four classes of DBPs by the biofilters were 

calculated (
𝐼𝑁−𝑂𝑈𝑇

𝐼𝑁
); positive values indicate removal, and negative values indicate production 

(Figure 45 and Figure 46). The DON in nitrifying and standard aerobic biofilters increased at a 

median of 0.14 and 0.003, respectively, suggesting the generation of DON. On the other hand, 

the DOC in the nitrifying and standard aerobic biofilters decreased, indicating its net removal.  

As shown in Figure 45, the median formation potentials of the four classes of DBPs decreased 

through the nitrifying biofilters when the waters were chlorinated. Figure 46 shows that the 

median formation potentials of THMs, HAAs, and HNMs decreased and that for HANs slightly 

increased through the standard aerobic biofilters when the waters were chlorinated. When the 

waters were treated with monochloramine (NH2Cl), the overall formation potentials of HANs 

increased through the nitrifying biofilters, but not through the standard aerobic biofilters, 

signifying that the amount of DON and its chloramination are factors affecting HAN formation.  
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Figure 45. Removal ratios of DOC, DON, and four classes of DBPs in both chlorinated and chloraminated waters 

through nitrifying biofilters. 

 

Figure 46. Removal ratios of DOC, DON, and four classes of DBPs in both chlorinated and chloraminated waters 
through standard aerobic biofilters. 

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 presented 

data from this project at the American Water Works Association Annual Conference (see Papers 

and Presentations section). 
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Public Health 

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 results indicate that biofiltration provides excellent removal of some 

pharmaceuticals and personal care products, such that this technology could be used to decrease 

customer exposure to some TrOCs in SWS. 

Summary 

Table 15 summarizes how biofiltration compares to competing processes for small water 

treatment plants. 

Table 15. Treatment Technology Summary: Biofiltration for Ammonia and PPCP Removal 

Problem or 

Contaminant(s) 

Addressed 

Biofiltration can be used to address several contaminants including 

NOM (DBP precursors, regrowth potential), iron, manganese, 

ammonia, and microconstituents like taste & odor and 

pharmaceuticals and personal care products (PPCPs). This table 

focuses on ammonia and PPCP applications. 

Size of Plant 

Applicability 

Often used at large-scale treatment plants (surface water) but also used 

for small- and intermediate-sized treatment plants (surface water and 

groundwater).  

Comparison to 

Competing 

Technologies 

For ammonia, competing technologies include breakpoint 

chlorination, ion exchange (IX), air stripping at high pH, and reverse 

osmosis (RO). For PPCPs, the most common competing technologies 

include RO and advanced oxidation processes (AOPs). In general, 

biofiltration requires lower energy and generates fewer concentrated 

residuals (i.e., contaminants are typically converted to innocuous end-

products instead of being concentrated). pH adjustment is typically not 

required while pH adjustment is required for air stripping. In general, 

RO and AOPs address a wider range of PPCPs than does biofiltration. 

This range expands for biofiltration when an ozone step is included 

upstream. 

Operator Level 

Required 

(1 to 5) 

No particular certification is required for biofiltration, but training on 

biofiltration monitoring and control strategies would be beneficial. 

Problems with 

Intermittent 

Operation 

Provided the biofilter is maintained wet, intermittent operation (hours 

to days on/off) is not expected to appreciably impact biofiltration. 

Residuals 

Management 

Along with trapped/accumulated particles, residuals associated with 

biofiltration include sloughed biomass. Residuals handling would be 

comparable to that of a conventional filtration process (e.g., discharge 

to a wastewater treatment facility, landfill disposal, or land 

application). 



96 

Energy Use Low energy; comparable to conventional filtration. 

Cost Comparison 

Lower operation and maintenance (O&M) costs than most competing 

technologies. Capital costs might be higher than those for breakpoint 

chlorination, IX, AOPs, or air stripping. Filtration is required for 

surface water, so biofiltration exerts negligible additional capital costs. 

Life cycle costs for biofiltration are typically lower than for most other 

technologies. 

Health Benefits 

Biofiltration can reduce chlorine demand (e.g., eliminating need for 

breakpoint chlorination) and NOM, thereby possibly decreasing 

DBPs. Decreasing PPCPs might decrease the endocrine disrupting 

potential of the treated water. 

Monitoring 

Required 

Head loss accumulation, unit filter run volumes, turbidity; other 

microbiological parameters, such as adenosine triphosphate (ATP), 

extracellular polymeric substances (EPS), heterotrophic plate counts 

(HPCs), and microbial community structure, can be monitored. 

Regulatory Issues 

None expected. For surface water plants, biofiltration is only a matter 

of tweaking the operational approach of the filtration step (i.e., it is not 

a new unit process). For groundwater plants, the biofiltration process 

might be designed and operated strictly for ammonia removal, which 

could require pilot testing to confirm design criteria and treatment 

performance. 

 

Papers and Presentations 

Webinar:  WINSSS, DeRISK, and RES’EAU, March 31, 2017. “Removal of trace organic 

contaminants as a secondary benefit in standard aerobic versus nitrifying drinking water 

biofilters.” Michal Ziv-El. 

AWWA Annual Conference and Exhibition, June 2016, Philadelphia, Pennsylvania. “What are 

these microbes doing in my filter?” Mary Jo Kirisits. 

 

 

http://www.umass.edu/winsss
http://www.colorado.edu/deriskcenter/
http://reseauwaternet.ca/

