Annual Report (2014 – 2015)

David A. Reckhow (Center Director)

Professor, Department of Civil and Environmental Engineering
University of Massachusetts - Amherst
John E. Tobiason (Technology Co-Director)

Professor, Department of Civil and Environmental Engineering
University of Massachusetts - Amherst
Desmond F. Lawler (Technology Co-Director)

Professor, Department of Civil, Architectural and Environmental Engineering
University of Texas at Austin
Bruce Dvorak (Outreach Coordinator)

Professor, Department of Civil and Environmental Engineering
University of Nebraska – Lincoln

Funded by the US EPA National Center for Innovation in Small Drinking Water Systems EPA Agreement
Number RD 83560201-0

WINSSS Annual Report Year 1 (2014-2015)

EPA Agreement Number: RD 83560201-0
Title: Water Innovation Network for Sustainable Small Systems (WINSSS)
Investigators: Reckhow, David; Tobiason, John; Butler, Caitlin; Park, Chul; Shenoy, Prashant;
Lawler, Desmond; Kirisits, Mary J.; Katz, Lynn; Kinney, Kerry; Speitel, Gerald; Saleh, Navid;
Dvorak, Bruce; Ray, Chittaranjan; Lai, Rebecca; Wilson, Steve; Boyer, Treavor; Zhang, Qiong
(Jane); Brown, Jess
Institutions: University of Massachusetts Amherst; University of Texas Austin; University
of Nebraska Lincoln; University of Illinois Urbana-Champaign; University of Florida; University
of South Florida; Carollo Engineers
Period covered by the Report: July 1, 2014 – June 30, 2015
Date of Report: October 1st, 2015

Water Innovation Network for Sustainable Small Systems (WINSSS)

___________________________________________
David Reckhow, Center Director

__10/01/2015______
Date

___________________________________________
John Tobiason, Executive Committee Member

__10/01/2015______
Date

___________________________________________
Desmond Lawler, Executive Committee Member

__10/01/2015______
Date

___________________________________________
Bruce Dvorak, Executive Committee Member

__10/01/2015______
Date

___________________________________________
Patrick Wittbold, Center Quality Assurance Manager

__10/01/2015______
Date

Contents
Table of Figures .............................................................................................................................. 6
Objective ......................................................................................................................................... 7
Progress Summary .......................................................................................................................... 7
Center Governance and Administrative Units .................................................................. 7
Education and Outreach .............................................................................................................. 7
Research Project Outcome Assessment, Contaminant Regulation, and Sustainability .................. 8
Future Activities.............................................................................................................................. 8
WINSSS Project A: Implementation of Sustainable and Innovative Treatment Technologies ...... 9
Project A1: Implementing ferrate treatment of drinking water in the U.S. .............................. 10
Project A2: Simultaneous Removal of Inorganic Contaminants, DBP Precursors, and Particles
in Alum and Ferric Coagulation ............................................................................................... 13
Progress to date ................................................................................................................... 15
Project A3: Contaminant reduction, life cycle impacts, and life cycle costs of ion exchange
treatment and regeneration ........................................................................................................ 16
Project A4: Natural Filtration Impacts on Post Disinfection Water Quality in Small Systems 18
Project Objectives: ............................................................................................................... 19
Progress: .............................................................................................................................. 19
WINSSS Project B: Non-Treatment Innovations: Overcoming Regulatory Barriers, Software for
Improved Asset Management, and Distributed Sensing Networks .............................................. 20
Project B1: A Standardized Approach to Technology Approval.............................................. 20
Project Objectives ................................................................................................................ 21
Progress ............................................................................................................................... 21
Objective 1 ........................................................................................................................... 21
Objective 2 ........................................................................................................................... 22
Objective 3 ........................................................................................................................... 22
Future work ......................................................................................................................... 22
Project B2: Simplified Data Entry System ............................................................................... 23
Project Objectives ................................................................................................................ 23
Progress ............................................................................................................................... 23
Future work ......................................................................................................................... 24
Project B3: A Distributed Sensing and Monitoring System ..................................................... 24
Project Objectives ................................................................................................................ 24
Progress ............................................................................................................................... 24
WINSSS Annual Project Summary Year 1 (2014-2015): Project C ............................................ 27

Project C: Assessment and Development of Treatment Processes for DBP Precursor and DBP
Removal in Small Water Systems................................................................................................. 27
Introduction ............................................................................................................................... 27
Hollow Fiber Membrane Air Stripping..................................................................................... 28
Background .......................................................................................................................... 28
HFM Modeling Review and Development ............................................................................... 29
Experimental HFM System........................................................................................................... 30
Coupled ED and RO/NF Treatment .............................................................................................. 31
Background .......................................................................................................................... 31
Experimental ED System .......................................................................................................... 32
WINSSS Project D: Biological Management of Nitrogenous Chemicals in Small Systems:
Ammonia, Nitrite, Nitrate, and N-Disinfection By-Products ....................................................... 35
Background ............................................................................................................................... 35
Project Objectives ..................................................................................................................... 36
Project Progress ........................................................................................................................ 37
Task 1. Operate and interrogate bench-scale nitrifying biofilters .................................. 37
Task 2. Examine the impact of SMP on TrOC biodegradation ......................................... 41
Other Tasks .......................................................................................................................... 42
Coordination ........................................................................................................................ 42
Outreach ............................................................................................................................... 42
Abstracts Submitted ............................................................................................................ 42
Removal of ammonia and trace organic compounds in drinking water nitrifying biofilters:
temporal variations in organic compound removal and microbial community structure ............ 43
Impact of soluble microbial products (SMP) on trace organic contaminant (TrOC)
biodegradation .............................................................................................................................. 44
References ..................................................................................................................................... 45

Table of Figures
Figure 1- Illustration of range of ferrate treatment applications ................................................... 10
Figure 2 - Ferrate decay (Jiang et al, 2015, ES&T) and Fe particle sizing (Goodwill et al. 2015,
ES&T)) .......................................................................................................................................... 11
Figure 3- Impact of ferrate dosing on THMFP (Jiang et all 2015, AWWA ACE)....................... 12
Figure 4- Stochiometry of Mn(II) oxidation by ferrate (Goodwill et al, 2015, in preparation) ... 13
Figure 5- Ion exchange pilot plant installed at Cedar Key, FL ..................................................... 17
Figure 6- Response of commercial ORP electrode to chlorine residuals in a range of waters ..... 25
Figure 7- Modification of 10-µm carbon fiber electrode (CE) or 15-µm Ag wire electrode (AgE)
with Ag nanostructures. Scanning electron microscope image of electrodeposited Ag (A). Cyclic
voltammograms of Ag-modified CE (B) and Ag-modified AgE (C) in the absence ................... 26
Figure 8- Membrana Liqui-Cel® Extra-Flow hollow fiber membrane ........................................ 29
Figure 9 - Process flow diagram for the continuous flow experimental setup with the
MicroModule for THM air stripping. ........................................................................................... 32
Figure 10 - Electrodialysis Process Schematic –(Walker, et al., 2014) ........................................ 33
Figure 11- Left: batch-recycle experimental ED apparatus schematic (Walker,et al., 2014) and
right: whole system of lab-scale ED experiment .......................................................................... 34
Figure 12- Laboratory team at the University of Texas at Austin. Left to Right: Abel Ingle
(undergraduate student), Emily Palmer (M.S. student), Ethan Howley (undergraduate student)
and Michal Ziv-El (postdoctoral research fellow). ....................................................................... 36
Figure 13- Biofilter set-up. Biofilter trains 1-6 are arranged left to right. The syringes on the far
left add TrOCs and ammonia to the biofilter influents. The mixing chambers to the right of the
syringes mix the source water, ammonia, and TrOCs to homogenize t ....................................... 38
Figure 14- Percent ammonia removal in biofilter trains 1-6 (6-min EBCT) during the acclimation
phase. (a) Trains 1 (SW/GAC/TrOC) and 2 (SW/Sand/TrOC); (b) Trains 3 (GW/GAC/TrOC)
and 4 (GW/Sand/TrOC); (c) Trains 5 (SW/GAC) and 6 (SW/Sand). .......................................... 40
Figure 15- Influent and effluent turbidities for biofilter trains 3 and 4 (6-min EBCT) during the
acclimation phase. ......................................................................................................................... 41

Objective
The Water Innovation Network for Sustainable Small Systems (WINSSS) brings together a
national team of experts to transform drinking water treatment for small water systems
(SWS) to meet the urgent need for state-of-the-art innovation, development, demonstration, and
implementation of treatment, information, and process technologies in part by leveraging
existing relationships with industry through the Massachusetts Water Cluster. Specifically,
WINSSS will facilitate a clear pathway for innovation implementation by creating the following
outputs: (i) novel approaches to treating grouped contaminants such as organic carbon, trace
organics, disinfection by-products, and nitrogenous compounds, (ii) pilot demonstration of
promising technologies previously developed under EPA’s STAR program and other programs
which will address the contaminants above as well as metals such as As, Fe, Mn, and Cr, and
other inorganics such as F and sulfide, (iii) standardized testing requirements for multiple states,
(iv) tools to simplify system operations such as an asset management app and a distributed
sensing and monitoring notification system, (v) an extensive outreach system including a
website, newsletter, workshops and presentations, webinars and educational modules, and (vi) a
technology analysis database for determining a technology's suitability for implementation in
small systems considering energy, sustainability, robustness, human health, and human,
regulatory and system acceptance.

Progress Summary
Upon approval of Quality Assurance Project Plans, research for each active Project (A, B, C, and
D) conducted in Year 1 primarily involved extensive literature review and preliminary data
collection under the guidance of the respective PIs according to the original research plans.
Particular effort was made to build a collaborative and engaging Center through regular meetings
of the WINSSS Executive Committee, meetings with individual PIs and the Executive
Committee, and biannual Center-wide meetings involving all PIs and students. These efforts are
ongoing and have been effective in making WINSSS a national center rather than a collection of
research projects. Research collaborations between WINSSS and DeRISK (the other national
drinking water center funded by US EPA) have also been initiated and encouraged through an
ongoing series of monthly meetings of all PIs and students involved.

Center Governance and Administrative Units
Potential members of the WINSSS Center Advisory Board and Science Advisory Council have
been identified and the first meeting for each group will take place in Year 2. Progress
summaries of the active Administrative Service Units 1 and 2 are given below. Service Units 3
and 4 will become active in Years 2 and 3 respectively.

Education and Outreach
Several meetings were held with the DeRISK Center to discuss program plans and to identify
where the efforts of the two centers might overlap. The state technology acceptance survey was
one instance where the WINSSS Center effort will help the DeRISK Center in achieving their
goals. It was also determined that it might be better to provide more combined outreach to our

stakeholders. A number of discussions were held in this regard, and we have tentatively agreed
to have one overarching website that provides high-level information about both centers, and
would direct users to either center’s website for more specific information. This overarching site
is in development and will be housed at drinkingwatercenters.org when completed. In addition,
WINSSS and DeRISK Centers agreed that having one newsletter to provide updates to
stakeholders made more sense than having separate newsletters and would provide an additional
avenue for collaboration and communication between the centers. The newsletter will include
project-related features as well as relevant publications, events, and news articles. The WINSSS
Center is leading this effort and the first joint newsletter is expected to be completed by the end
of October, 2015. Furthermore, we are using LinkedIn along with Twitter as our social media
outlets to promote and market the WINSSS Center.

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.

Future Activities
Changes to the original timeline and plans are expected to continue as originally proposed.
Efforts in building WINSSS into a cohesive Center as well as collaborations between WINSSS
and DeRISK will continue with the goals of training our students broadly and providing small
water systems with effective and useful support.

WINSSS Project A: Implementation of Sustainable and Innovative
Treatment Technologies
Period covered by the Report: July 1, 2014 – June 30, 2015
Date of Report: October 1st, 2015
EPA Agreement Number: RD 83560201-0

The focus of WINSSS Project A is on the implementation of innovative technologies that are
specifically designed for, or particularly apt for, small water systems. The underlying hypothesis
is that small water systems often require different technologies than do larger systems to
accomplish multiple treatment objectives. The overall objective is to test whether certain
innovative technologies are particularly appropriate for small water systems, and if so, to provide
guidelines for their implementation that would be geared to those small systems.
Project A has seven sub-projects. The three major sub-projects are spin-offs of previous (and
ongoing) US EPA STAR grants for innovative treatment technology research. Project A1 at
UMass (UM) is concerned with implementing the use of ferrate for oxidation. Project A2 at the
University of Texas (UT) is directed at the use of aluminum- and iron-based coagulants for
removal of inorganic contaminants (fluoride, arsenic, chromium, or manganese). Project A3 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. Smaller sub-projects within Project A investigate the impacts of
natural filtration (riverbank filtration or slow-sand filtration) on post-disinfection water quality
(A4, University of Nebraska, Lincoln), develop guidelines on the impacts of intermittent
operation on treatment performance (A5, UM), develop guidelines for coagulant selection (and
dose setting) for enhanced coagulation (A6, UT); and investigate the impacts of climate change
on the operation of small water systems (A7, UT/UM). The smaller projects rely primarily on a
review and interpretation of existing literature and water quality data, with small laboratory
analytical components to supplement the existing knowledge.
The summaries of activities and progress of projects A1-A4 for Year 1 are discussed below.
Projects A5-A7 are planned to begin in Year 2 of WINSSS (2015-2016) and thus, are not
included in this annual project summary.

Project A1: Implementing ferrate treatment of drinking water in the U.S.
Project PIs: John E. Tobiason, David A. Reckhow (University of Massachusetts)
The objective of WINSSS Project A1 is to demonstrate the ability of ferrate oxidation to solve a
wide range of water quality and treatment problems faced by small systems. The plan is to
evaluate ferrate treatment on several water sources at pilot or full-scale using continuous flow
treatment facilities, with the goal of obtaining data suitable for regulatory acceptance for ferrate
across the U.S. This WINSSS project builds upon the 2011 EPA STAR project entitled, “Use of
Ferrate in Small Drinking Water Treatment Systems” (EPA Grant #R835172), also led by
Project A1 co-PIs David Reckhow and John Tobiason. An illustration of the breadth of
contaminants potentially impacted by ferrate oxidation is shown in Figure 1 below.

Figure 1- Illustration of range of ferrate treatment applications

Direct WINSSS Project A1 activities during the first WINSSS fiscal year have been limited to
preparation for pilot-scale evaluation of ferrate treatment by development of the project QAPP
and procurement/development of piloting capabilities. However, very significant progress on
understanding ferrate treatment has been made under the final year of funding from the prior US
EPA STAR project (end date of Nov 2015 after a one-year no-cost extension). PhD students
Yanjun Jiang and Joseph Goodwill have made several conference presentations and have
published and prepared journal manuscripts. It important to stress that although there is a large

body of literature that evaluates the fundamental chemistry of ferrate and its reaction with
various constituents under specific well-controlled laboratory conditions, very little work has
been published that involves assessment of ferrate addition to actual or realistically simulated
drinking water sources.
Understanding the stoichiometry, rate, and transformation products of the reactions between an
oxidant/disinfectant and various water constituents is critical for use of that chemical in drinking
water treatment (DWT) practice. The potential advantages of ferrate for DWT are that it is a
strong oxidant/disinfectant with no, or limited, reaction by-products of health concern, unlike the
situation for some other commonly used chemicals such as chlorine, ozone or chlorine dioxide.
The decay of ferrate added to water, and the resulting transformation products, is affected by pH
and the types and concentrations of water constituents. Results from the ferrate project have
corroborated some prior findings (such as the impact of pH) while revealing important and
unexpected results for the rate of ferrate decay in natural waters.
Jiang et al. (2015) found that the rate of ferrate decay is significantly affected by the pH buffers
used in laboratory experiments, these buffers are typically phosphate, which interacts with the
iron particles resulting from ferrate decay. Ferrate decay in natural waters with natural organic
matter was slower than in laboratory waters without NOM (Figure 2). The amount and nature of
precipitated iron particles also influences the decay rate.

Figure 2 - Ferrate decay (Jiang et al, 2015, ES&T) and Fe particle sizing (Goodwill et al. 2015, ES&T))

Similar to permanganate, but not chlorine, ozone or chlorine dioxide, the direct transformation
product of ferrate (Fe(VI)) is an insoluble material iron oxide particles. Understanding the
nature of these particles is important for consideration of their removal in DWT and their
interactions with other constituents. Goodwill et al (2015) evaluated and compared ferrate
resultant particles and particles from ferric chloride coagulant addition as a function of pH and
the presence or absence of NOM (Figure 2). The work demonstrated that the ferrate resultant
particles are more similar to an Fe2O3 oxide than to the ferric hydroxide produced from ferric

coagulant addition. The ferrate resultant particles were smaller and were impacted by the
presence of NOM. The work also confirmed that laboratory work in a phosphate buffer prevents
the formation of iron colloids from ferrate whereas this phenomenon never occurs for natural
water conditions where ferrate would be utilized.
Additional work presented at conferences and soon to be submitted for journal publication
focusses on the oxidation of specific constituents and overall impact on natural water treatment.
For example, Jiang et al. (AWWA ACE , Boston MA 2014 and Anaheim, CA June 2015, soon to
be submitted for publication) has found that pre-oxidation with ferrate can substantially decrease
the potential for formation of THM and HAA disinfection by-products (Figure 3), in a range
similar to ozone pre-oxidation, although coagulation also removes much of the disinfection
byproduct formation potential (DBPFP); in contrast, ferrate oxidation after coagulation and
clarification, but prior to filtration, can have a much more substantial impact on DBPFP. The
performance of a continuous flow two stage treatment facility (upflow roughing filter clarifier,
downflow dual media filter) for surface water treatment with and without ferrate pre-oxidation
has been presented by Goodwill et al. (2014 AWWA ACE, Boston, MA), illustrating some
benefits of ferrate on DBP control. The stoichiometry and kinetics of ferrate oxidation of
reduced manganese (Mn(II)), and the resulting transformation products have been assessed by
Goodwill et al. (to be submitted, July 2015; see Figure 4). The results reveal a three electron
transfer from Fe(VI) in oxidation of Mn(II) which has not been previously documented, and
shows that, similar to ozone, overdosing of ferrate results in the formation of permanganate, an
undesired effect. Additional ongoing work includes assessing the interactions of ferrate with
bromide as well as removal of arsenic and other potential raw water contaminants.

Figure 3- Impact of ferrate dosing on THMFP (Jiang et all 2015, AWWA ACE)

Figure 4- Stochiometry of Mn(II) oxidation by ferrate (Goodwill et al, 2015, in preparation)

Immediately planned work during the second year of WINSSS Project A1 on ferrate treatment
includes selection of natural source waters for pilot treatment and determination of the
appropriate approach for demonstration-scale testing (mobile pilot trailer versus site-specific
installed pilot facilities versus more limited continuous flow testing at UMass).

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.
Potential revisions to current regulatory standards for inorganic contaminants in
drinking water could place further strain on treatment plants already struggling to meet present
limits. This project is concerned with four inorganic contaminants that fall into this category:
fluoride, chromium, arsenic, and manganese. The fluoride maximum contaminant level (MCL) is
currently under review, and possible changes to the regulation (a reduction from 4 mg/L to 1.5 or
2.0 mg/L) could make it difficult for community water systems using sources containing elevated
levels of fluoride to treat their drinking water to meet new standards. The chromium standards
are under debate, with California recently enacting its own MCL of 10 g/L of total chromium, a
tenth of the current national secondary standard of 100 g/L. The arsenic MCL of 10 mg/L is
difficult for some small utilities to meet, and the primary means that is used to meet this standard
is to choose water sources that have lower arsenic concentrations.

Many surface water treatment plants in the U.S. currently use aluminum-or iron-based salts, such
as aluminum sulfate (alum), polyaluminium chloride, ferric or ferrous sulfate, and ferric chloride
as coagulants during conventional treatment for removal of particles from drinking water
sources. Moreover, enhanced aluminum or iron coagulation requires higher concentrations of
aluminum or iron added to the process and has been shown to be effective for removal of
disinfectant byproduct precursors, i.e., natural organic matter (NOM). The presence of various
inorganic contaminants such as arsenic and manganese in addition to fluoride and chromium
may interfere with the formation of aluminum hydroxide or ferric hydroxide precipitates, and
these interrelationships among NOM, metal precipitation, and inorganic contaminant removal are
not well understood.
To date, little research has looked at the efficiency of removing both inorganics and organics
from the perspective of the precipitation process. A fundamental understanding of how fluoride,
arsenic, chromium, and manganese alter the properties of aluminum or iron precipitates and how
these inorganic ions and NOM molecules compete as ligands interacting with soluble aluminum
or iron species is lacking. As a result, the development of guidelines for implementation and
optimization of a treatment scheme that uses aluminum or iron in the presence of competing
inorganics requires a multi-faceted approach in which the development of a mechanistic
understanding of these interactions is conducted in concert with macroscopic experiments to
identify optimum conditions for simultaneous removal of the chosen inorganic contaminants and
NOM.
Moreover, the proposed guidelines must be verified through field testing to validate the
recommendations and sufficiently fill part of the gap for revising present treatment schemes to
accommodate inorganic removal. The ongoing official review of the fluoride maximum
contaminant level by the Environmental Protection Agency and California’s recent chromium
limit reduction makes investigating these processes and developing a set of treatment guidelines
for removal of these various inorganics all the more pertinent.
The primary goal of this research is to better understand the removal of the chosen inorganic ions
and their interactions with NOM and particles during alum or iron coagulation processes in small
drinking water systems. The objectives of this research shape the project into three natural
phases moving from experimentation to development of a treatment model. The first phase
involves developing a mechanistic understanding of the interactions among fluoride, arsenic,
chromium, manganese, organic ligands, and aluminum and iron during enhanced coagulation
processes. The second phase applies this mechanistic understanding to waters containing NOM
for a range of parameters including coagulant concentrations, NOM concentrations, and NOM
sources. Results from this phase will be used to verify the mechanistic interpretation developed
within the first phase and serve as preliminary guidelines for implementation of enhanced
coagulation processes for simultaneous removal of the indicated inorganics and NOM in a small
drinking water system. The third and final phase of the project will consist of conducting pilot
tests at two or more different sites using the inorganic/NOM removal guidelines developed
during the previous phase. These on-site studies will provide verification concerning the efficacy
of the guidelines and for the application of enhanced coagulation for removal of both the
inorganic ions and NOM.

The project is three full years in duration consisting primarily of laboratory experimentation
involving jar test experiments. These experiments will be conducted on synthetic and natural
waters appropriate to the phases of the project. The final year of experimentation will focus on
jar tests using natural waters and consist of pilot studies at least two small water system sites that
have problems with one or more of the chosen inorganics. Concurrently, the treatment models
determined from phases one and two will be verified and revised after the pilot studies.

Progress to date
This project is a direct continuation and expansion of our USEPA STAR grant on fluoride
removal; that project is still on-going, and will be for approximately another year. Work on that
grant is direct preparation for work on this WINSSS project A-2. Recent work on the fluoride
grant has included doing jar tests and measuring removal of both fluoride and NOM from a
Colorado source water that has elevated fluoride levels (and low NOM). Preparations are now
underway for a trip to that Colorado plant to conduct the small-scale pilot tests to see if the
results from the batch jar tests can be duplicated in a continuous flow pilot test. The plant
currently uses a polymeric aluminum coagulant but our tests will be performed using alum.
Another major thrust of the recent work on the fluoride project has been spectroscopic work on
the conformation of aluminum oxides and hydroxides and what effects various ligands present
during the precipitation have on the conformation. The work was performed by graduate student
Mitch Bartolo using ATR-FTIR (Fourier Transform Infrared spectroscopy with attenuated total
reflectance) spectroscopy at Princeton University under the guidance of Dr. Satish Myneni. Jar
tests to allow the precipitation were performed with several variables: different ligands (fluoride,
silica, pyromellitic acid, salicylic acid, phthalic acid, sulfate, chloride, and combinations of
fluoride with the other six), different pH values, and at different times (to see the effect of aging
over a several week period). The low molecular weight organic acids were chosen as NOM
surrogates. The extensive data from these analyses have not yet been evaluated, but we expect to
learn the degree of complexation and incorporation of ligands into the solid structure versus
ligand adsorption and whether the organic acids form inner or outer sphere complexes with the
aluminum hydroxide solids. The aging experiments are expected to indicate how the amorphous
solids gradually begin to crystallize, and how that process is affected by the various ligands. This
work builds on that reported by Guan et al. (2006) in which they also used ATR-FTIR to study
how phenolic groups impacted the interaction of NOM (or NOM surrogates) with metal oxides
and hydroxides.
Finally, the QAPP for this project has been approved by the WINSSS QA manager.

Project A3: Contaminant reduction, life cycle impacts, and life cycle costs
of ion exchange treatment and regeneration
Project PIs: Treavor Boyer (University of Florida), Jane Zhang (University of South Florida)
Project A3 builds upon the 2011 EPA STAR grant (R835334) entitled, “Small, Safe, Sustainable
(S3) Public Water Systems through Innovative Ion Exchange” (PIs Boyer and Zhang). Outputs
from 2011 STAR project include: new data on combined ion exchange for removal of multiple
contaminants and regeneration using alternatives to NaCl; new capabilities for ion exchange
process modeling, such as including regeneration efficiency; pilot plant study on combined ion
exchange for removal of multiple contaminants; and life cycle assessment (LCA) and life cycle
cost analysis (LCCA) on combined ion exchange and alternative regeneration. Accordingly, the
goal of Project A3 is to move the 2011 STAR project to implementation by overcoming the
barriers to implementing ion exchange. The barriers identified relate to regeneration and
evaluating the sustainability of ion exchange treatment.
In Project A3, the plan is to conduct two to three demonstration (i.e., pilot plant) studies that
focus on ion exchange regeneration and coupling ion exchange process modeling with life cycle
assessment (LCA) and life cycle cost analysis (LCCA). To accomplish Project A3, the following
activities will be conducted. Evaluate anion exchange removal of multiple contaminants such as
DOC, bromide, nitrate, perchlorate, and chromate, and evaluate regeneration efficiency using
NaCl, KCl, and NaHCO3. Pilot plant testing will allow for collection of LCA and LCCA
inventory data, which is especially useful for evaluating the regeneration process. The use of an
ion exchange process model developed as part of the 2011 STAR grant to couple ion exchange
treatment with LCA will be applied to the pilot plant data. The coupled ion exchange process
model–LCA model will be implemented in Excel (or similar software) to create a water
utility/operations tool. The tool will have four interfaces: conversion factor (e.g., greenhouse gas
emissions), input (e.g., contaminants and concentrations), treatment (e.g., type of regeneration
chemical), and output (e.g., removal efficiency, waste stream characteristics, environmental
impacts).
Year 1 (2014/2015) of Project A3 has been devoted to completing the QAPP (which has been
approved), and planning and installing the ion exchange pilot plant. Year 2 (2015/2016) and
Year 3 (2016/2017) of Project A3 will be used to conduct research and outreach activities, with
the majority of the effort devoted to pilot plant testing. Pilot plant testing as part of Project A3
will start in August 2015. An ion exchange pilot system has been installed at a small drinking
water system in Cedar Key, FL (shown in Figure 5). The focus of the pilot plant testing will be on
comparing the regeneration efficiency of NaCl with KCl and NaHCO3. It is envisioned that the
ion exchange pilot system will be tested at two other locations in collaboration with other
WINSSS researchers. For example, based on input from Bruce Dvorak, water quality problems
in Nebraska might be a good match for anion exchange. During the ion exchange pilot plant
testing, data will be collected as part of life cycle inventory to inform the LCA and LCCA. In
summary, the focus of Year 2 will be on ion exchange pilot plant testing with the focus of Year 3
on process modeling and integration with LCA/LCCA.

Figure 5- Ion exchange pilot plant installed at Cedar Key, FL

.

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.
3. Collect data on the use of RBF in terms of operational requirements, operational costs, and
water quality in order to allow for future comparisons to other treatment options;

Progress:
This project is slated to start in the second year of the Center. Preliminary work on the project
has included the identification of two river bank filtration test locations in Nebraska, and
obtaining an agreement with each small utility to allow for testing. In addition the collaboration
of the state primacy agency, the Nebraska Department of Health and Human Services, has been
obtained. All needed testing methods and equipment have been procured from the University of
Nebraska laboratories. All standard operating procedures have been documented and a Quality
Assurance Program Plan will be submitted by the start of August 2015. It is anticipated that the
project and testing will commence in the fall of 2015.

WINSSS Project B: Non-Treatment Innovations: Overcoming Regulatory
Barriers, Software for Improved Asset Management, and Distributed
Sensing Networks
Period covered by the Report: July 1, 2014 – June 30, 2015
Date of Report: October 1st, 2015
EPA Agreement Number: RD 83560201-0

The focus of WINSSS Project B is on non-treatment process innovations that can be altered to
benefit small systems. It is divided into sub-projects with the following key hypotheses: (1) A
primary barrier to multi-state acceptance of new technologies is the lack of information and the
lack of a standard documentation that can be utilized by multiple state regulatory agencies
(Project B1). The primary objective is to develop standard documentation to help agencies more
quickly approve new technologies and to use New England as a test bed for this approach. (2)
Innovation in the use of Smartphones for inputting asset data will assist small systems (Project
B2). The objective is to develop a robust Smartphone inventory application to work in
conjunction with the Check-up Program for Small Systems (CUPSS). (3) A network in a
distribution system of commercially-available probes combined with wireless communication
technology can improve decision making, and that innovative low-cost paper-based
electrochemical sensors can be produced (Project B3). The objectives are to develop and
demonstrate the use of the probes and wireless/radio frequency communications devices within a
small system situation and to design and demonstrate the paper-based sensors for nitrate and
conductivity.
The summaries of activities and progress of projects B1-B3 for Year 1 are discussed below.

Project B1: A Standardized Approach to Technology Approval
Project PIs: Bruce Dvorak (University of Nebraska), Steven Wilson (University of Illinois),
Dave Reckhow (University of Massachusetts)
Currently, regulatory acceptance of new treatment technologies for use by small community
water systems occurs on a state-by-state basis. The fact that each state has varying laws, rules
and procedures for the regulatory acceptance of new technologies can be a major barrier to the
diffusion of new technologies nationwide. Without the active support of state regulators,
consulting engineers that assist small systems and small systems themselves will often not
consider innovations and will instead continue to utilize existing approaches. Systematic
evaluation of the various state approaches to technology acceptance would provide a starting
point for evaluating how other states might coordinate technology acceptance. When these
barriers are cataloged and compared, they will provide a basis for state regulators to determine
where groups of states may have potential for developing cross-state regulatory acceptance based
on those evaluations. A national committee, convened with support and participation of the
Association of State Drinking Water Administrators (ASDWA), will also be instrumental in

discussing and identifying potential solutions. This project will catalog and evaluate technology
acceptance criteria, legal requirements, and working procedures among state technology
acceptance programs to provide a framework to offer a possible cooperative approach to
technology approval.

Project Objectives
1. Identify and catalog specific state-by-state criteria, legal requirements, and working
procedures for, and barriers to, approving new technologies via gathering data from key
state agency personnel from all states.
2. Facilitate workgroups, in conjunction with ASDWA, of state agency personnel to further
articulate the specific barriers, further state-to-state communication, seek agreement
among states where possible, and document approaches to overcome barriers to
coordinated, multi-state acceptance.
3. Successfully deploy a uniform set of state requirements for the adoption of innovative
small drinking water system technologies in New England, including the use of a mobile
pilot testing facility, which can serve as a roadmap for a national approach to acceptance.
Note that the Massachusetts Clean Energy Center (Mass CEC) is committing $100,000 to
pay for the cost of the mobile pilot-testing trailer.

Progress
Objective 1
Several meetings were held with the DeRISK Center after we identified some commonalities in
efforts related to this project. This resulted in an agreement that DeRISK would support these
project efforts and be an active participant in soliciting input from states, development of the
survey, and working with the workgroup. ASDWA and the two Centers jointly developed and
tested a Survey Monkey questionnaire, with the help of 6 states who agreed to beta test the
survey. Both the University of Illinois and the University of Nebraska were provided
applications for exemption through their Institutional Review Boards for work with human
subjects, and those exemptions were granted prior to sending out the survey. ASDWA sent the
survey to state administrators on June 22, 2015. The state regulators were contacted and asked to
complete the survey by July 9th.
The results from the beta testing indicate that the information gathered from the survey will be
very interesting to not only the states, but all stakeholders involved in drinking water technology
development and acceptance. We requested, and were granted, approval to present the survey
results at the EPA Small Systems Workshop held in Cincinnati, OH Aug 25-27, 2015.

Objective 2
The last survey question asks if the respondent would be interested in participating in the
workgroup that will evaluate the survey results and develop recommendations. From those
respondents that say yes, and others identified by ASDWA and the Centers, an initial meeting
will be set up. ASDWA and the EPA Office of Research and Development, who host the Small
Systems workshop, agreed to provide a break out session for those interested in this workgroup
to meet. This “kickoff” meeting allowed participants to see the collected data and develop a
timeline for future meetings and conference calls.

Objective 3
In the first half of 2015, WINSSS has been working with EPA Region 1 to initiate some
discussion on the New England test bed component of B1. The initial proposal was to first
explore how the 6 NE states handled acceptance of 3 technologies in the recent past, and only
then move on to some new ones. It was thought that this could be done via a retrospective
analysis. The first choice for this group was the following three technologies:
1.
Calcium hypochlorite briquettes (small innovation)
2.
MIOX (larger innovation)
3.
MIEX (major new process)
In May 2015, Dave Reckhow presented the plan to representatives of the 6 NE states at a
meeting of the New England state regulators. Three of the states were ready to make a
commitment to the study, one felt that there were not the resources to actively participate and the
other two were not yet ready to commit. There seemed to be a strong interest in using UV
treatment as a focal point for this work. While more complicated than the three listed above,
focus on UV would allow the New England states to benefit from similar discussions currently
taking place among the Confluence cluster (OH, KY, IN).
As of mid-September 2015, the mobile treatment lab was still in fabrication. Delivery is
expected on our around October 1, 2015. Arrangements are being made to acquire some key
pieces of equipment that could be installed once the trailer is delivered.

Future work
The most immediate work will be to evaluate the survey results and conduct follow-up
interviews with respondents to fill in details, get clarification, and ask follow-up questions that
arise based on survey results. An initial assessment was conducted in mid-August, and the
presentation and workgroup materials for the EPA Small Systems Workshop was (the week of
August 24th, 2015) was based on this analysis. At that meeting, a schedule and timeline,
amenable to workgroup members was discussed for developing a white paper that identifies
commonalities in requirements, barriers that must be overcome, and finally, a list of specific
requirements for vendors to facilitate acceptance of new technologies. Using those results, the
New England workgroup, working with the Massachusetts Water Cluster, EPA Region 1, and

ASDWA, will work toward developing a common set of standards acceptable to all of the New
England states.
A 36 foot mobile-pilot-plant has been designed to be used for technology evaluation and piloting
of small systems. The unit will consist of two treatment trains as well as a small laboratory
space. The mobile-pilot-unit in conjunction with the UMass Amherst Laboratories will be used
to test and evaluate new and innovative technologies which will be appropriate for small
systems. By investigating and comparing differences in each State’s requirements for a
technology approval, a standardized approach will be designed for testing the new technologies.

Project B2: Simplified Data Entry System
Project PIs: Bruce Dvorak (University of Nebraska), Steven Wilson (University of Illinois)
A key challenge faced by many small systems is in performing asset management. One of the
barriers to asset management is data entry into on-line systems. Improved asset management,
including a better understanding of the current state of the utility’s assets leads to better longterm financial planning and strategies and minimizes costs associated with replacing assets
prematurely or expenses from infrastructure failure. This project relates to creating a userfriendly smart phone app that improves the ease of data entry for asset management software,
specifically for the Check-Up Program for Small Systems (CUPSS) software.

Project 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 contract has been put in place to involve a highly experienced CUPSS user and trainer, Art
Astarita of RCAP Solutions, to assist with this project. The Center for Educational Software
Development (CESD) at the University of Massachusetts, Amherst has been engaged in starting
the development of the user friendly application and has started work on the app. A list of
potential beta test locations in New England, Nebraska, and Illinois has been prepared.

Future work
It is anticipated that a preliminary user friendly app will be developed during the fall of 2015,
and the app will be beta tested during the spring and summer of 2016. On-line case studies
based on the app use will be produced by the fall of 2016. It is anticipated that the app will be
sufficiently tested to allow for dissemination by the end of 2016. Co-currently, Art Astarita will
help to convene a workgroup of CUPSS users to develop the white paper. It is anticipated that
the white paper will be completed after the completion of the app beta testing.

Project B3: A Distributed Sensing and Monitoring System
Project PIs: David A. Reckhow, Prashant Shenoy (University of Massachusetts), Rebecca Lai
(University of Nebraska)
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, oxxidation 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.

Project Objectives
Project B3 seeks to make significant improvements in sensing and monitoring systems. This
improvement is important because a new generation of simple networked sensors offers the
potential to reduce monitoring costs, improve regulatory compliance, and generally increase the
amount of water quality data available to small water utilities, regulators, and consumers. The
hypotheses are that (1) a network of off-the-shelf electrochemical probes combined with wireless
communication technology can be a reliable and cost-effective monitoring device in the
distribution system for parameters such as conductivity and (ORP), and (2) innovative, paperbased electrochemical sensors can be developed for conductivity and nitrate and linked to the
communication devices developed for hypothesis 1 to allow for remote reporting of data.

Progress
For hypothesis 1, two commercial ORP electrodes were acquired and tested in the laboratory
against standard chlorine solutions. These were found to give linear and curvilinear responses in
the range of interest (0-1 mg/L chlorine residual) from 400 to 650 mV (Figure 6). The promise of
these electrode systems for monitoring chlorine residual in remote or unattended plants is good.
It is important that either pH control or pH correction be incorporated as the responses are highly
pH dependent. Future testing will incorporate other types of treated waters with differing water
chemistry and will include both free and combined chlorine residuals. This work will also
explore robustness, long tern operation and needs for maintenance. Incorporation of this sensor
into a communication network will begin in the next progress period.

Figure 6- Response of commercial ORP electrode to chlorine residuals in a range of waters

For hypothesis 2, a simple method to fabricate silver (Ag)-modified carbon and Ag
ultramicroelectrodes (UMEs) for electrochemical detection of nitrate has been developed.
Several methods for electrodeposition of Ag were investigated and the results show that the
addition of a complexing agent (ammonium sulfate) in the Ag deposition solution is necessary
for electrodeposition of nanostructured Ag that adheres well to the electrode. The
electrodeposited Ag on both types of electrodes has branch-like structures that are well-suited for
electrocatalytic reduction of nitrate (Figure 7). The use of UMEs is advantageous; the sigmoidalshaped cyclic voltammogram allows for sensitive detection of nitrate by reducing the capacitive
current, as well as enabling easy quantification of the nitrate reduction current. Both cyclic
voltammetry and chronoamperometry were used to characterize the electrodes; independent of
the electrochemical interrogation technique, both sensors have a wide linear dynamic range (4 1000 µM) and a low limit of detection (LOD) (3.2 - 5.1 µM). The LODs are substantially lower
than the EPA maximum contaminant level of 10 mg/L (161.3 µM). More importantly, they are
reusable up to ~100 interrogation cycles and are selective enough to be used for direct detection
of nitrate in a synthetic aquifer sample without any sample pretreatment and/or pH adjustment
(Figure 7B, C). A manuscript on this work is under revision (Analytica Chimica Acta –
Manuscript number ACA-15-1116).

Figure 7- Modification of 10-µm carbon fiber electrode (CE) or 15-µm Ag wire electrode (AgE) with Ag
nanostructures. Scanning electron microscope image of electrodeposited Ag (A). Cyclic voltammograms
of Ag-modified CE (B) and Ag-modified AgE (C) in the absence
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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)

Introduction
This project focuses on technologies for meeting DBP regulations that (1) decrease DBPprecursor concentrations, and (2) remove DBPs after their formation. Technological, economic,
and operational assessment will be conducted for conventional and non-conventional processes
to meet water quality requirements. Research over the first year has focused on a review of
classic and current literature for treatment processes for DBP reductions geared toward small
systems.
Decreasing the concentration of NOM in water treatment is commonly achieved by granular
activated carbon (GAC) adsorption, nanofiltration, and enhanced coagulation (Clark et al. 1994,
EPA 2001, EPA 2005a and b, Ødegaard et al., 2010, Roy 2010). These processes are the
conventional technologies that will serve as the baseline for comparison of other novel
technologies for decreasing DBP-precursor concentrations. Oxidation/biofiltration is an
evolving process for removing NOM from drinking water that has been used in relatively smallscale systems to date (Ødegaard et al. 2010). However, pre- oxidation prior to biofiltration is
likely to be more complex especially given that processes such as ozonation would require
significant capital and operating challenges. Moreover, the oxidation-biofiltration process works
better for low NOM concentrations; other processes (e.g., enhanced coagulation or membrane
filtration) might need to be combined with oxidation-biofiltration processes (Ødegaard et al.
2010) for higher NOM waters. Thus, this evolving process will not be specifically addressed
within this phase of the research, but may be explored at a later date.
GAC adsorption and packed tower aeration are two popular methods of removing DBPs after
formation (Adams and Clark 1991, Clark et al. 1994, EPA 2001, Helfrich 2008, Samadi et al.
2009, Sherant 2008, Zander et al. 1989). In addition, anion exchange methods such as the
MIEX® process represent evolving processes that have become relatively mature in recent years
(Slunjski et al., 2000). While the MIEX® process is rather complex in its operation and would be
even more so if used in a plant that operates intermittently (for example, eight hours per day, as
is often the case for small systems), it warrants evaluation as part of this research. A number of

recent studies have produced data to develop at a minimum a preliminary comparison which
might be sufficient for our evaluation (e.g., Nguyen et al., 2011; Ning et al., 2011; Dirkas et al.,
2011; Humbert et al., 2012; Gan et al., 2013a, b). These methods will serve as the baseline
technologies for comparing novel technologies examined in this research.
Research over the past year has begun to explore two novel technologies for comparison to these
conventional technologies. The first addresses removal of DBPs after formation using hollow
fiber membrane air stripping, and the second addresses reduced DBP formation via coupled
electrodialysis and reverse osmosis/nanofiltration.

Hollow Fiber Membrane Air Stripping
Background
A number of novel techniques for DBP treatment have been investigated over the past decade (or
longer) including membrane air stripping (Zander et al., 1989), zirconium coagulation,
nanofiltration, regenerative magnetic TiO2 adsorption (Ling and Husain 2014), and carbonized
electrospun nanofibrous membrane filtration (Singh et al. 2010). In early work in this area,
Zander et al. (1989) compared the performances of packed tower aeration and hollow fiber
membrane air stripping for the removal of volatile organic chemicals (VOCs) including
chloroform, bromoform, and bromodichloromethane). This comparison revealed the promise of
hollow fiber membrane (HFM) air stripping as the mass transfer coefficients in the pilot-scale
membrane system were more than an order of magnitude higher than those determined in packed
tower aeration systems. Moreover, lower air-to-water ratios were obtained in the HFM system
compared to the packed tower for similar removal efficiencies. While this early work was
successful, the design of the HFM was not optimal and later revisions to the HFM membrane
design have improved its performance. Thus, hollow fiber membrane contactors for DBP
removal by air stripping are an evolving technology that is ripe for evaluation for small water
systems. Drioli et al. (2005) reviewed recent advances and applications of membrane contactors.
These membrane contactors have the advantage of high and constant interfacial area that is
independent of liquid and gas flowrates, high overall mass transfer coefficients, and lower
heights of transfer units translating to increased efficiency. The disadvantages include the
additional resistance to mass transfer from the membrane itself, limited lifespan of the
membrane, and the resulting costs of replacement. Two membrane module configurations have
been tested for THM and VOC air stripping: a single-stage, countercurrent module and the
redesigned module with a baffle to create a two-stage cross-current-flow setup. Semmens et al.
(1989), Zander et al. (1989), Bhowmick and Semmens (1994), and Juang et al. (2005) used an
unbaffled hollow fiber membrane contactor fabricated in-house, a membrane module from
Hoechst Celanese (Celgard MHF-X20), and a membrane module from Microdyn Co,
respectively. Each group of experiments ran water through the lumen of the membrane. This
membrane contactor design allowed channeling to occur so that the air flow on the shell side did
not achieve full carrying capacity. Nevertheless, these experiments demonstrated reasonable
performance, as follows:

•
•
•
•

Batch experiments with air-to-water ratios ranging from 5 to 120 (stripping factors from 0.85
to 120) achieved approximately 80% removal efficiency for chloroform (Semmens et al.
1989).
Continuous flow experiments with air-to-water ratios ranging from 5 to 46 (stripping factors
from 0.87 to 7.8) achieved up to 80% removal efficiency for select VOCs (Zander et al.
1989).
Continuous flow closed-loop air-stripping experiments with air-to-water ratios ranging from
26 to 130 (stripping factors from 3.2 to 16.2) achieved from 20 to 60% removal efficiency for
chloroform (Bhowmick and Semmens 1994).
Batch experiments with air-to-water ratios from 6 to 16 (stripping factors from 1.6 to 4.3)
achieved 80-90% removal efficiency for toluene (Juang et al. 2005).

The redesigned Liqui-Cel® Extra-Flow module from Membrana (Figure 8) contains a shell side
baffle and a central tuber feeder with the air flow on the lumen side to avoid the channeling seen
in the previous model (Gabelman and Hwang 1999). Recent testing has shown that it has
promise for THM removal, as follows:
•
•

Batch experiments with air-to-water ratios from 1 to 2.3 (stripping factors from 0.15 to 0.34)
achieved approximately 99% removal efficiency for chloroform (Mahmud et al., 2000).
Continuous flow vacuum-assisted air stripping experiments with air-to-water ratios from 1 to
5 (stripping factors from 0.43 to 4.9) achieved 60-96% removal efficiency for cis-1,2dichloroethene (Tarafder et al., 2007).

Figure 8- Membrana Liqui-Cel® Extra-Flow hollow fiber membrane

HFM Modeling Review and Development
As indicated above the redesigned Liqui-Cel® Extra-Flow module from Membrana contains a
shell side baffle and a central tube feeder and operates in cross-flow mode. Previous research
that has incorporated predictive modeling in evaluation of HFMs has employed counter-current

flow dynamics to describe membrane operation. As a result, model predictions rarely matched
performance. Research efforts this year focused on implementing a cross-flow model to describe
and predict previous membrane performance. A Murphree stage efficiency model has been
developed based on previous research by Seibert (1997). The Murphree efficiency describes the
efficiency of a single separation stage in the overall module based on how well mixed the vapor
and liquid phases are before moving to the next stage. The overall efficiency of the module can
be calculated from the Murphree efficiency.
The model was able to adequately predict data from experimental setups with stripping factors
greater than 1.5 as seen in the data from Zander et al. (1989), Bhowmick and Semmens (1994),
Juang et al. (2005), and Tarafder et al. (2007). The old HFM design was modeled as single-stage
while the baffled design was a two-stage module. This model appears capable of providing
adequate prediction of the HFM system that we will be employing and will be applied to the data
collected in the experimental system operated in this research.

Experimental HFM System
Previous research has provided limited data for the re-designed HFM system in batch systems or
under vacuum assisted operation. Our research will specifically evaluate THM air stripping in
continuous flow systems and will employ the modeling approach described above to develop a
predictive tool for assessing HFM performance. The membrane selected is the Liqui-Cel ExtraFlow module (LLC, formerly Hoechst Celanese). The module employs Celgard microporous
polypropylene fibers that are woven into a fabric and wrapped around the central tube feeder that
supplies the fluid to the shell-side. The fibers have an inside diameter of 30 µm and a wall
thickness of 240 µm. The uniform spacing of the fibers provided by the woven fabric leads to
higher mass transfer coefficients. Commercial modules up to 35 cm in diameter are available and
are reported to process up to 21.1 m3/(m2-min) as compared to typical packed column of 0.81 to
1.63 m3/(m2-min) . The membrane modules can be arranged in parallel or in series to obtain the
desired processing rate and separation performance. Smaller diameter modules, down to 7 cm,
are available for laboratory and pilot testing and will be used in this research.
Initial experiments will be conducted to assess the extent of sorption onto the membrane.
Influent concentrations will extend over several orders of magnitude and include realistic water
concentrations. The sorption experiments will be conducted by placing the hollow fiber module
containing the fibers in contact with a pre-selected water chemistry containing one or more
solutes (THMs). The modules will be completely filled with this solution and the ends will be
sealed with glass caps. The initial concentration of the THM will be varied, and after preliminary
experiments are conducted to ascertain the time to attain equilibrium, the concentration in the
solution will be increased periodically. The fibers will be allowed to re-equilibrate with
increasing THM concentrations in step-wise fashion. Sorption will be evaluated for each of the
THMs individually and in combination to evaluate potential competitive adsorption.
To examine the performance of the Liqui-Cel® membrane contactors for THM air stripping
under atmospheric conditions, we will test the Micromodule® with cross flow separation under
air-to-water ratios ranging from 10 to 43 as a single-stage, continuous flow experiment to
optimize the stripping factor and operating conditions (Figure 9). In our experimental setup, water

flow rates will range from 5 to 10 mL/min and air flow rates will range from 100 to 350 mL/min.
The impact of various process variables including liquid flow rate, gas flow rate, THM
concentration, and background water chemistry (e.g., single and multi-solutes and in the
presence of NOM) will be studied for each of the THMs. The THM solution will be maintained
in a head-space free large volume syringe and fed into the influent stream just upstream of the
module to yield influent concentrations ranging from 50 to 200 µg/L. The removal of bromoform
will be a key parameter to observe since it is the least volatile of the THMs and theoretically
require the maximum air-to-water ratio provided by this membrane. The data from these
experiments will be analyzed as a cross-flow contactor to determine the mass transfer
coefficients and the impact of the operating variables studied. Particular attention will be paid to
developing sufficient data to allow cross-flow air stripping model development and estimation of
the economies of scale for small water systems.
Whereas previous research has only measured VOC concentrations in the entering and exit liquid
flows, we will complete a full mass balance on both the liquid and gas flows to fully characterize
the stripping efficiency of the hollow fiber membranes. Mass transfer coefficients determined
experimentally will be compared to those predicted by the Murphree stage efficiency model
developed.
The design of the system is complete and the components of the system have been purchased.
We are waiting on several components on backorder to complete the system. In addition, the
QAPP has been completed for the project including the analytical methods for THM analysis in
gas and aqueous phases.

Coupled ED and RO/NF Treatment
Background
RO and NF have been shown to be effective for removal of NOM from fresh waters. However,
fouling due to colloids, biofouling, precipitates, NOM or other organics is a significant issue to
be considered for application to drinking water treatment. In the case of NOM and organic
fouling, it has been shown through both macroscopic data and interfacial force measurements
that the presence of Ca2+ increases fouling due to bridging of organic molecules (Lee and
Elimelech, 2006). High concentrations of Ca2+ also leads to precipitate formation. Thus, the
temporary removal of salts prior to either RO or NF could provide a cost effective technology for
select systems. The application of a coupled ED/RO system has been shown to be effective for
NOM isolation and concentration in freshwater and seawater

Figure 9 - Process flow diagram for the continuous flow experimental setup with the MicroModule for
THM air stripping.

(Koprivnjak et al. 2006; Vetter et al. 2007). The proposed research utilizes RO to separate NOM
from the water and ED to remove the salts during NOM concentration. The proposed research
will utilize a continuous flow process with ED and either RO or NF placed in series. The ED
unit will remove most of the salts (including the critical removal of calcium) while achieving
minimal removal of NOM, because the diffusivity (or, identically, the specific ionic
conductance) of NOM molecules is much less than that of common inorganic ions. The diluate
from the ED system (low in salts, normal in NOM) will then be treated with either RO or NF
with the concentrate from that process containing most of the original NOM. Finally, the
concentrate from the ED system will be recombined with the diluate from the RO or NF that has
significantly reduced NOM, resulting in a water with nearly the same salt concentration as the
original water but greatly reduced NOM concentration.

Experimental ED System
The majority of work conducted for this part of the project during the first year has been focused
on setup of the ED system to be employed during the project. A schematic of the setup to be
used in this research is shown in Figure 10.

Figure 10 - Electrodialysis Process Schematic –(Walker, et al., 2014)

An ED system uses electrical potential gradient to separate charged ions or contaminants in the
water. Raw water passes through the space between CEM and AEM in the electrodialyzer stack.
Charged ions in the water move across the ion exchange membranes; as shown in Figure 10,
negatively charged ions move toward the anode, but these ions can pass only through AEMs. On
the other hand, positively charged ions move toward cathode, but these ions can pass through
only CEMs. This dynamic results in the majority of ions gathering in every other water section
between CEMs and AEMs, while the remaining water sections contain fewer ions. The high ion
water portion is referred to as the concentrate, while the low ion portion is called the diluate. The
electrode rinse indicated in the figure is used to avoid buildup of ions and gases (O2 and H2) near
the electrodes.
The full laboratory-scale ED system consists of the electrodialyzer stack, data acquisition
equipment, power supply system, pumps, and a computer for monitoring and controlling. Figure
11 is a schematic and a photo of laboratory-scale ED experimental apparatus. The system is
typically operated as a batch-recycle reactor; however, we will be operating in continuous flow
mode in conjunction with RO or NF systems. The apparatus is assembled with equipment for
monitoring hydraulic, electrical, and chemical behavior, such as pressure transducers,
pH/conductivity meters, thermometers, mass balance, and flow meters. Laboratory-scale gear
pumps circulate diluate, concentrate, and electrode rinse. The pressure and the electrode rinse
flow are monitored by National Instruments multi-function ADC (NI USB-6008); the
concentrate and dilate liquid flow are monitored and controlled by National Instruments multifunction ADC (NI USB-6009); and mass, voltage, electrical current, conductivity, pH, and
temperature measurements are transmitted through RS-232 serial connections. LabVIEWTM
supervisory control and data acquisition (SCADA) software programs have been developed to
control and monitor the electrodialysis experiment continuously.

Figure 11- Left: batch-recycle
experimental ED apparatus schematic
(Walker,et al., 2014) and right: whole
system of lab-scale ED experiment

The electrodialyzer is the most important part of the experimental setup. Ours is a PCCell
ED 64002 electrodialyzer, manufactured by PCCell/PCA, GmbH (Germany). The active crosssectional area is 64 cm2 and the flow path length is approximately 9.0 cm. The above
experimental setup will be used to optimize the ED system to treat waters with NOM of varying
composition and background water quality. The optimization process will involve determining
the operational parameters (pH, temperature, flow rate, and voltage, etc.) to yield the highest
removal efficiencies for each water within the coupled ED/RO and ED/NF systems.

WINSSS Project D: Biological Management of Nitrogenous Chemicals in
Small Systems: Ammonia, Nitrite, Nitrate, and N-Disinfection ByProducts
Project PIs: Mary Jo Kirisits, Gerald E. Speitel, Kerry Kinney (University of Texas), David A.
Reckhow, Chul Park (University of Massachusetts), Jess Brown (Carollo Engineers)

Background
Nitrogen (N) is present in drinking water in a variety of forms including ammonia (NH3), nitrite
(NO2-), nitrate (NO3-), dissolved organic nitrogen (DON), and nitrogenous disinfection byproducts (N-DBPs). Managing nitrogen is an especially important problem for small water
systems (SWS) that are faced with degraded source water quality and insufficient funding to
prevent violations. Biological treatment processes provide an attractive treatment option for
small water systems (SWS) because they can be automated and can be the lowest cost treatment
option for certain contaminants and contaminant groupings. 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 pathogen suppression and trace organic compound (TrOC) removal. This work will be
conducted in batch bottle studies, bench-scale reactors, and pilot-scale treatment systems. The
project is divided into three sub-projects: nitrification, denitrification, and N-DBPs.
The nitrification sub-project includes three tasks: operating and interrogating bench-scale
nitrification biofilters, examining the impact of soluble microbial products (SMP) on TrOC
degradation, and operating and interrogating pilot-scale nitrification biofilters. The
denitrification sub-project consists of operating and interrogating bench-scale denitrification
biofilters. For the nitrification and denitrification sub-projects conducted at the University of
Texas at Austin, a postdoctoral research fellow and an M.S. student will share the responsibility
for the experiments, sample analysis, and data collection; two undergraduate researchers assist
them (Figure 12).

Figure 12- Laboratory team at the University of Texas at Austin. Left to Right: Abel Ingle (undergraduate
student), Emily Palmer (M.S. student), Ethan Howley (undergraduate student) and Michal Ziv-El
(postdoctoral research fellow).

The third sub-project, regarding N-DBPs, will assess the formation of N-DBPs from the
disinfection of biofilter-originated DON. The University of Massachusetts at Amherst will lead
this sub-project.

Project Objectives
The first sub-project, nitrification, is focused on the removal of ammonia and TrOCs from
drinking water. The three objectives driving this sub-project are as follows:
1. Assess the efficacy of fixed-bed nitrifying biofilters for drinking water treatment as a
function of source water and packing material.
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 guiding hypotheses are that a nitrification process will reduce the occurrence of potential
pathogens and that SMP generation in a drinking-water nitrification process will induce
heterotrophs to produce enzymes that also can degrade TrOCs.
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 working hypothesis is that the accumulation of nitrite resulting from below-optimum
temperatures can be offset by micronutrient addition.
The final sub-project, N-DBPs, has the following objective:
5. Evaluate the formation of N-DBPs in disinfected effluent from nitrification and
denitrification biofilters.
The hypothesis is that N-DBP formation will not be changed substantially by biofiltration.

Project Progress
The Quality Assurance Project Plan (QAPP) has been written; it was signed by all parties, with
an effective date of July 2, 2015. Project progress by task is given in the following sections.

Task 1. Operate and interrogate bench-scale nitrifying biofilters
The goals of this task are to use drinking water biofilters to remove source water ammonia,
assess whether the removal of complex organic compounds - including natural organic matter
(NOM) in the source water influent or SMP from the biofilter microorganisms - correlates with
the removal of TrOCs, and evaluate temporal variations in biofilter microbial community
structure, including pathogens.
Six down-flow biofilter trains (each with two biofilters in series) were designed to simulate fullscale biofilters by utilizing the biofilter-scaling model by Manem and Rittmann (1990). Each
biofilter has an empty bed contact time (EBCT) of 3 minutes, simulating a full-scale EBCT of 10
minutes. Two of the biofilter trains (1 and 3) are the base cases, using granular activated carbon
(GAC) as the packing material and TrOCs in the surface water or groundwater feed, and the
other four biofilters serve as controls. Table 1 outlines the six biofilter configurations.

.

Biofilt
er #
1

Packing
Material
GAC

Source
Water
SW

TrO
Cs
Yes

2

Sand

SW

Yes

3

GAC

GW

Yes

4

Sand

GW

Yes

5

GAC

SW

No

6

Sand

SW

No

Control Type
TrOC biological control
for biofilter train 1
TrOC biological control
for biofilter train 3
Nitrification control for
biofilter train 1
Nitrification control for
biofilter train 2

Table 1- Nitrification biofilter distinguishing parameters. SW=surface water, GW=groundwater

Currently, five of the biofilter trains are in the nitrification acclimation phase and biofilter train 3
is nearing steady-state nitrification. During this design and acclimation period, where the
biofilters are being run directly with natural waters, the biofilters are backwashed every 7 days;
this allows the maintenance of the design flowrate (1.5 mL/min). Figure 13 is a picture of the
biofilter set-up.

Figure 13- Biofilter set-up. Biofilter trains 1-6 are arranged left to right. The syringes on the far left add
TrOCs and ammonia to the biofilter influents. The mixing chambers to the right of the syringes mix the
source water, ammonia, and TrOCs to homogenize t

The inocula and source waters are from Austin, TX. The groundwater is from the Lady Bird
Johnson Wildflower Center and surface water is from Lake Austin. These waters were evaluated
for pH, dissolved oxygen (DO), conductivity, turbidity, ammonia, nitrite, nitrate, heterotrophic
plate counts (HPC), and various inorganic cations (calcium, magnesium, potassium, and
sodium). The surface water biofilters are amended with ammonia. The groundwater has naturally
occurring ammonia, so only TrOCs are supplemented.
The influent TrOCs are 2-methylisoborneol (MIB), geosmin, bisphenol A, atrazine, diazinon,
citalopram, ibuprofen, diclofenac, bis(2-ethylhexyl) phthalate (DEHP), and dibutyl phthalate
(DBP). The total concentration of TrOCs entering the biofilters is 5 μg/L. The suite of TrOCs
was selected based on (a) coverage of a range of chemical classes and applications, (b) ubiquity
in natural surface and groundwaters, (c) likely ability to biodegrade under aerobic conditions,
and (d) likely ability of nitrification to aid in the biodegradation of some of the TrOCs
(specifically ibuprofen, diclofenac, and diazinon; Rattier et al. (2013)).
On May 7, 2015, the biofilters were inoculated with fresh source water to initiate the acclimation
phase. The pre-QAPP data (prior to July 2, 2015) shown in this report are only used to track the
progress of acclimation and are not being officially reported for hypothesis testing. Currently,
the ammonia is measured bi-weekly and pH, DO, HPC, turbidity, nitrite, and nitrate are
measured weekly. Samples for the microbial community will be taken at 50% nitrification,
steady-state nitrification, and concurrently with samplings for TrOC measurements. All data
collected are kept online in a secured, shared space (UTBox); all members of the group are able
to access and add data.
Figure 14 shows preliminary ammonia removal data for the two biofilters in series for each train
(6-min EBCT total). As shown in Figure 14b, biofilter train 3 is removing ammonia;

concomitantly, increases in effluent nitrite and nitrate are observed (data not shown). Ammonia
removal is low or sporadic in the other trains, and measures to rectify this will be tested; for
instance, we will test the addition of a small amount of simple organic compounds to the influent
to stimulate heterotrophic biofilm formation in the biofilters, which should aid in the
establishment of nitrifiers in the biofilm.
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Figure 14- Percent ammonia removal in biofilter trains 1-6 (6-min EBCT) during the acclimation phase. (a)
Trains 1 (SW/GAC/TrOC) and 2 (SW/Sand/TrOC); (b) Trains 3 (GW/GAC/TrOC) and 4 (GW/Sand/TrOC); (c)
Trains 5 (SW/GAC) and 6 (SW/Sand).

As expected, turbidity decreases through the biofilters, confirming that the biofilters are
removing particles (Figure 15).
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Figure 15- Influent and effluent turbidities for biofilter trains 3 and 4 (6-min EBCT) during the acclimation
phase.

DO measurements began on day 41. As expected, more DO consumption occurs in biofilter
train 3 as compared to the other trains (data not shown) because of its substantial nitrification.

Task 2. Examine the impact of SMP on TrOC biodegradation
The goal of this task is to determine the impact of SMP on the removal of TrOC by heterotrophic
bacteria. This goal will be accomplished by isolating SMP from a pure culture of the nitrifying
bacterium, Nitrosomonas europaea, and from biofilter train 5 of Task 1; heterotrophic cultures
will be grown with SMP or a simple organic compound (pyruvate) as the carbon source and
electron donor. Then, TrOCs will be added, and TrOC removal will be monitored over time to
see if the presence of SMP (which are complex organics) improves the overall removal of TrOC
(which also are complex organics).
Currently, N. europaea is being grown in batch culture. This culture will be used to inoculate a
fermenter with DO and pH control so that higher SMP concentrations can be achieved. The
SMP concentration in the effluent of biofilter train 5 will be much lower than that in the
fermenter; therefore, various protocols for isolating and concentrating the organic matter in the
biofilter effluent (which includes SMP and residual NOM and TrOC), such as dialysis and
ultrafiltration, are being explored.

Other Tasks
The remaining tasks of the project will officially start in the coming year, though preparations
have already begun. For instance, the University of Texas at Austin team is exploring possible
collaborations for the pilot study, such that WINSSS funding can be leveraged to produce an
even more comprehensive data set; additionally, design of the denitrification filters has begun
and materials are being assembled. The University of Massachusetts at Amherst team is
preparing to receive biofilter effluent samples from the University of Texas at Austin for
dissolved organic carbon and N-DBP analyses.

Coordination
PI Kirisits has met with the University of Texas at Austin team on a weekly basis, and she will
initiate quarterly meetings with the University of Massachusetts at Amherst in September 2015.

Outreach
Outreach to undergraduate students at the University of Texas at Austin is ongoing in the project.
Two undergraduate students are working on Task 1: Ethan Howley, a senior civil engineering
major and Abel Ingle, a junior civil engineering major. Ethan Howley started assisting with the
project in September 2014. He also is working on an independent project related to Project D:
isolating ammonia-oxidizing archaea (AOA) from the nitrifying biofilters. Abel Ingle began
working on the project in June 2015 through the Summer Research Academy.

Abstracts Submitted
Two abstracts were submitted to the AWWA Biological Treatment Symposium (January 2016 in
Long Beach, California). The two abstracts are appended as follows.

Removal of ammonia and trace organic compounds in drinking water
nitrifying biofilters: temporal variations in organic compound removal
and microbial community structure
Michal Ziv-El, Ethan Howley, Emily Palmer, Gerald E. Speitel, Jr., and Mary Jo Kirisits
Controlled nitrification (i.e., oxidation of ammonia) in drinking water treatment plants avoids the
degradation of water quality associated with uncontrolled nitrification in the distribution system,
including the loss of disinfectant residual, pathogen regrowth, and taste and odor problems. The goals of
this study are to (1) use drinking water biofilters to remove source water ammonia; (2) assess whether the
removal of complex organic compounds, including natural organic matter (NOM) in the source water
influent or soluble microbial products (SMP) from the biofilter microorganisms, correlates with the
removal of trace organic compounds (TrOCs); and (3) evaluate temporal variations in biofilter microbial
community structure, including pathogens. The latter two aims have not been studied systematically in the
literature. Six down-flow biofilters with an influent ammonia concentration of 1.5 mg-N/L are being
operated in parallel with different combinations of packing material (granular activated carbon [GAC] or
sand), source water and associated inoculum (surface water or groundwater), and presence or absence of a
suite of ten TrOCs that covers a range of chemical classes and applications (MIB, geosmin, bisphenol A,
atrazine, diazinon, citalopram, ibuprofen, diclofenac, bis(2-ethylhexyl) phthalate, and dibutyl phthalate)
with a total of concentration of 5 μg/L. Two of the biofilters are the base cases, using GAC as the packing
material and TrOCs in the surface water or groundwater feed, and the other four biofilters serve as
controls. One pair of sand biofilters serves as controls for biological (as opposed to sorptive) TrOC
removal, where one has a surface water influent and the other has a groundwater influent; these filters
also provide data on the effect of packing material on microbial community structure. Another pair of
biofilters, one with GAC and one with sand, serves as controls for the effect of TrOCs on nitrification and
microbial community structure; they have surface water influent without TrOCs. The biofilters are being
operated in four phases: nitrification acclimation, steady-state nitrification, steady-state TrOC removal,
and confirmation of TrOC biodegradation (as opposed to sorptive removal). In the biofilters, microbial
community structure (via sequencing of the 16S rRNA and amoA genes of Bacteria and Archaea with
MiSeq Illumina), complex organic compounds, and TrOCs will be assessed in the influent and effluent
water at the following time points: 50% nitrification, steady-state nitrification, acclimation to steady-state
TrOC removal (multiple sampling events), and one month post-steady-state TrOC removal. DNA also
will be extracted directly from the filter media at two points (steady-state nitrification and one month
post-steady-state TrOC removal). The biofilters are currently in the nitrification acclimation phase and
are expected to be close to steady-state removal of TrOCs by the time of the symposium.

Impact of soluble microbial products (SMP) on trace organic contaminant
(TrOC) biodegradation
Emily E. C. Palmer, Michal Ziv-El, Gerald E. Speitel Jr., and Mary Jo Kirisits
The University of Texas at Austin
With the increasing popularity of biological filtration for drinking water treatment, a better
understanding is needed of the biological removal mechanisms of trace contaminants. Some
microorganisms in drinking-water biofilters excrete soluble microbial products (SMP), which provide an
additional carbon source to the heterotrophic microbial community. Metabolizing these complex organics
might aid in the production of enzymes capable of degrading trace organic contaminants (TrOC), such as
pesticides, pharmaceuticals, and plasticizers. The goal of this research is to determine if the presence of
SMP improves the biodegradation of TrOC by drinking-water bacteria.
In this work, SMP will be isolated from two sources. First, SMP will be obtained from a pure culture of
the ammonia-oxidizing bacterium Nitrosomonas europaea Winogradsky (ATCC® 19718™), grown in
aerated fill-and-draw batch reactors with carbon dioxide as the sole carbon source. Second, SMP will be
obtained from the effluent of a bench-scale nitrifying biofilter operated in our laboratory. The
concentration of SMP from both sources will be determined in the size ranges 100 - 500 Da, 500 – 1000
Da and > 1000 Da. Three growth media containing the TrOC diazinon (a pesticide) will be supplemented
with 0 to 10 mg-C/L SMP. The first medium will be based on natural water (Lake Austin water; Austin,
TX); the second medium will be based on distilled deionized water (DDW) supplemented with acetate;
the third medium will be based on DDW supplemented with acetate and pyruvate. Acetate was chosen
because it is a common choice when electron donor is supplemented to a biofilter, and pyruvate was
chosen because it is a common intermediate in the biodegradation of organic compounds. For each
medium, the 0 mg/L SMP condition represents a control that will be used to determine baseline TrOC
biodegradation. Thus, each medium contains a carbon source to support heterotrophic growth, and the
media will be inoculated with heterotrophic bacteria isolated from a drinking-water biofilter. Over time,
heterotrophic plate counts and the concentrations of TrOC, SMP in each size fraction, and total SMP will
be monitored. These experiments will demonstrate if incorporating SMP as a carbon source aids in the
biodegradation of TrOC as compared to using simple organic compounds - acetate and pyruvate - as
carbon sources.
To date, the methods for quantifying SMP and TrOC have been finalized, the N. europaea culture is
being grown, and the nitrifying biofilter is being operated. SMP will be isolated in June, and batch
experiments in the presence/absence of SMP will be started in July; all experiments are expected to be
completed before January 2016.
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