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Foreword

Why would we benefit from a book to Women in Water Quality? One of the answers
lies in the benefits of diversity. Having more than one gender contribute to science
and engineering allows for the expansion of viewpoints and foci. This is quite evi-
dent in the text as the reader will discover that the addition of women to this field
helped launch what one might have formerly called sanitary engineering into envi-
ronmental engineering. Many of these springboard efforts are documented in the
chapter on the History Pioneering Women in Water Quality, spanning from the early
1870s to famous women scientists in the 1900s. And then, the text expands to state-
of-the-science chapters covering water quality issues and solutions in both engi-
neered and natural systems.

The chapters on water quality in engineered systems provide a wealth of infor-
mation for scholars and practitioners to use in their work both in the United States
and abroad. These include emerging technologies that allow for a more sustainable
future such as combining engineering and nature-based solutions to stormwater
management, reuse of non-potable water, optimizing bio-based remediation or bio-
films, and novel nutrient separation techniques. The authors bring a global perspec-
tive to these issues also adding international solutions for water quality and
prevention of viral outbreaks. The final chapters focus on modeling and fate of vari-
ous contaminants in natural systems. Understanding how these various chemicals
migrate and react in the natural environment is crucial to being able to develop
effective prevention or remediation techniques. I am honored to be one among the
many women who have dedicated their scholarly endeavors to ensuring improve-
ments in water quality at home and abroad.

Civil and Environmental Liv Haselbach, PE, PhD, FASCE, LEED AP BD+C
Engineering

Lamar University

Beaumont, TX, USA



Preface

Women in Water Quality: Investigations by Prominent Female Engineers is a collec-
tion of scientific papers by 12 women scientists and engineers working in the area
of water quality. The scientific papers are prefaced by our rich history — the women
who came before us in water quality, starting with the first female graduate from the
Massachusetts Institute of Technology — Ellen Swallow Richards. Brief biographies
of Ruth Patrick, Rachel Carson, and Sylvia Earle follow in chronological order.
Ellen Richard’s 1873 chemistry thesis is reprinted in the book’s appendix.

The contemporary and cutting edge research of the book’s technical authors is
divided into two major sections: water quality in engineered systems and water
quality in natural systems. Each technical paper is presented with the author’s
biography.

It has been a privilege to learn about the authors’ ingenuity, technical expertise,
and intrinsic passion for water quality.

Kansas City, MO, USA Deborah Jean O’Bannon
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Chapter 1
Pioneering Women in Water Quality

Check for
updates

Jill S. Tietjen

Abstract Women'’s contributions in water quality have revolutionized the thinking
of society about how to interact with the Earth’s natural resources. This chapter cov-
ers four prominent women pioneers in water quality. Ellen Henrietta Swallow
Richards, designated by Engineering News Record as “the first female environmen-
tal engineer,” developed the first state water quality standards in the late 1800s. Ruth
Patrick, after whom the biodiversity tenet the Patrick Principle is named, matched
the types and numbers of diatoms in water to the type and extent of water pollution
and invented the diatometer to collect and measure those diatoms. Rachel Carson,
credited as the catalyst for the environmental movement of the 1960s and 1970s that
continues today, wrote extensively about the oceans in addition to authoring Silent
Spring, an expos€ on pesticides. “Her Deepness” oceanographer Sylvia Earle is
working today to preserve the world’s oceans.

1.1 Introduction

Women’s contributions in water quality have revolutionized the thinking of society
about how to interact with the Earth’s natural resources. The first water purity tables
were developed by a woman. One of the key measures of water pollution in fresh-
water bodies was developed by a woman. A woman is credited with sparking the
environmental consciousness of the 1960s and 1970s that led to Earth Day and
today’s environmental movement. A woman is taking the lead to save our oceans.
The women briefly described in this chapter framed the science and ethos of the
chapter authors that follow in this volume.

J. S. Tietjen (P<)
Technically Speaking, Inc., Greenwood Village, CO, USA

© Springer Nature Switzerland AG 2020 3
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1.2 Ellen Henrietta Swallow Richards (1842-1911)

Ellen Henrietta Swallow Richards has been honored by Engineering News Record
as one of the top environmental engineering leaders of the last 125 years. She was a
true Renaissance woman and a pioneer who opened up many doors for the scientific
education of women. It was in 1999, when the magazine also designated her as “the
first female environmental engineer.” Her immense legacy includes seminal contri-
butions in the areas of environmental and sanitary engineering, groundbreaking
contributions toward water and air purification, leading edge analysis of food and
human diet, and the design of healthier and safe buildings. Richards produced the
first state water purity tables in 1887, helped establish the first systematic course in
sanitary engineering at the Massachusetts Institute of Technology (MIT), founded
the science of home economics, is called the “mother of ecology,” and was one of
the founders of what today is called the American Association of University Women
[1-3]. As with most women of this era, her beginnings were not quite as auspicious
as these many accolades might indicate.

Richards (neé Swallow) was born in 1842 to parents who were both school
teachers and she was encouraged to pursue the best education possible with her
family’s limited resources: much of her schooling was at home. As with many
young women of the time, her education included such topics as cooking and
embroidery, and at age 13 she won prizes at a fair for both an embroidered handker-
chief and the best loaf of bread [2, 4].

Her family moved from Dunstable, Massachusetts, to Westford, Massachusetts,
where she attended the Westford Academy, which was regarded as a fine school.
This was at a time when public education was not available or mandatory and many
women did not receive what we regard today as a fundamental education. Her father
opened a store to earn more money that could be used for her education, and
Richards attended to her studies and helped in the store. She also tutored other stu-
dents and began collecting plants and fossils. Her aptitude for applied science
became apparent, and she was able to observe the products that women bought at
her father’s store leading to an awareness of product purity as well as water and air
contamination [2, 4].

Richards graduated from the Westford Academy in 1863 and began working dili-
gently to save money at whatever opportunities came her way including teaching,
nursing, housekeeping, cleaning, and working in a store to further her education, all
at a time when her mother’s ill-health took a tremendous toll on her. During the
particularly hard last 2 years before she went to Vassar, which she labeled as
“Purgatory,” she wrote a cousin expressing her hope about the future: “Pray for me,
dear Annie, that my life may not be entirely in vain, that [ may be of some use in this
sinful world.” After Vassar College in Poughkeepsie, New York, opened in 1865,
she was admitted as a student and was able to attend starting in September 1868 (at
age 25) with the 300 dollars that she had saved [1-5].

Richards was admitted as a special student, joined the senior class in her second
year, and earned a bachelor’s degree in 1870. At Vassar, she seriously considered a
major in astronomy as she was significantly influenced by the groundbreaking
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scientist and advocate for women’s education Prof. Maria Mitchell. Prof. Mitchell,
who taught astronomy as the first professor hired at Vassar, was the first woman
elected to the American Academy of Arts and Sciences. However, Richards majored
in chemistry which she thought would be a subject that would have more practical
applications than astronomy. She also tutored some of the younger students in math-
ematics and Latin, helping her to earn the money she needed while at Vassar. On a
personal note, she was known around campus for not wasting a moment—she knit-
ted while walking up the five flights of steps to her dorm room and read books while
she walked to class! When she graduated, still not sure about the direction of her
life, she wrote to her parents: “My life is to be one of active fighting” [2, 4, 5].

In the fall of 1870, Richards was accepted to MIT, which had opened in 1861, as
a “special student” labeled the “Swallow Experiment.” As the first woman admitted
to a scientific school in the USA, Richards was not expected to pay tuition (she
thought because of her financial situation), “but I learned later it was because he [the
President] could say I was not a student, should any of the trustees or students make
a fuss about my presence. Had I realized upon what basis I was taken, I would not
have gone.”! She was careful not to “roil” the waters, but she fervently wished to
keep education options open for women who would follow her: “I hope in a quiet
way I am winning a way which others will keep open” [4].

In 1872, she began her work on water testing through her association with
Professor William Nichols, whose consulting work with the Massachusetts Board of
Health included testing public water supplies. Nichols, who had objected to admit-
ting women to MIT, said that the studies Richards conducted “made her a preemi-
nent international water scientist even before her graduation” (and she was his best
student!). She also worked with industrial chemist, Professor John Ordway. In 1873,
she was awarded a B.S. degree from MIT (see Appendix A for a transcription of her
thesis) as well as an M.A. degree from Vassar College. The master’s degree from
Vassar was based on her estimation of vanadium in iron ore samples [2, 3] (Fig. 1.1).

In a time when so few women
went to college,

ELLEN SWALLOW RICHARDS
BECAME TECH’S FIRST
ALUMNA IN 1873.

z

Fig. 1.1 Ellen Swallow Richards Acknowledgement (Source: MIT Alumni Association)

'Women were allowed to enroll officially at MIT in 1876.
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She remained at MIT for 2 more years as a graduate student but did not receive
a doctorate as the school did not want the first person awarded a doctorate in chem-
istry to be a woman. During those years, her interest in practical chemistry contin-
ued to increase [1, 2].

Ellen Swallow married Professor Robert Hallowell Richards in 1875. He was a
professor of mining engineering and head of MIT’s metallurgical laboratory, where
she worked for 10 years to further the cause of scientific education for women.
During this time, she consulted for her husband by “keeping up with all the German
and French mining and metallurgical periodicals (some 20 papers a week come into
our house)” and in 1879 became the first woman elected into the American Institute
of Mining and Metallurgical Engineers. Her analysis of copper ore samples from
the Copper Cliff Mine in Ontario, Canada, led to the development of a significant
nickel industry there [1, 2, 4, 6].

In 1876, the Women’s Education Association of Boston provided the funding she
had requested to open the Woman’s Laboratory at MIT. She was already familiar
with this organization as they had provided funding for a course she had helped
teach as an undergraduate: an experimental course in chemistry at the Girls’ High
School in Boston. Her new Laboratory, in space provided by MIT and with appara-
tus, books, and scholarships provided by the Women’s Education Association, pro-
vided women with training in chemical analysis, industrial chemistry, biology, and
mineralogy. Professor Ordway was in charge of the Laboratory; Richards was offi-
cially his assistant. She contributed her own funds annually during the years the
Laboratory was open. She focused individual attention on the women students
ensuring that they had all necessary remedial instruction and advised them on their
health and finances. Many of the approximately 500 women who were trained there
were able to secure high-level industrial and government consulting jobs. The
Laboratory was ultimately so successful that it was closed in 1883, as four women
had graduated and the rest were admitted to the regular courses at MIT [1-5].

Richards also performed consulting assignments for both government and indus-
try based on the work and clients she had met through Professor Ordway while she
directed the Woman’s Laboratory. Her projects included testing commercial prod-
ucts including home furnishings and food for toxic contaminants (wallpaper and
fabrics for arsenic) and air, water, and soil for the presence of harmful substances.
She also worked with commercial oils for which she developed tests for impurities
(referred to as the world standard for the evaporation of volatile oils) and studied the
causes of spontaneous combustion. Through her work with noncombustible oils,
she became an authority on industrial and urban fires. She worked with Edward
Atkinson to design the Aladdin Oven, which led to fire-resistant factories that were
models for industry. Her colleague Atkinson appointed her as the first woman sci-
ence consultant to the Manufacturers Mutual Insurance Company. She was also a
sought-after expert on analyzing schools and public buildings for fire resistance [1].

Her students at the Woman’s Laboratory assisted in the analyses of impurities
of such common household staples as soda, vinegars, and washing powders.
They found watered-down milk, samples that were supposed to be cinnamon that
were entirely mahogany sawdust, sugar that was contaminated with salt and sand,
and sauces with tainted meat. These analyses became the foundation for her books
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The Chemistry of Cooking and Cleaning (1882) and Food Materials and Their
Adulterations (1885). The first Massachusetts Pure Food and Drug Act was enacted
in 1882 due to her pioneering research on public health. Richards consulted for the
US Department of Agriculture for whom she lectured and authored books, papers,
and bulletins on nutrition [1, 2, 4, 5, 7, 8].

Richards also organized the science section of the Society to Encourage Studies
at Home at this time. Since women were still not being welcomed into many col-
leges or universities, this correspondence school provided a means for women to
obtain a scientific education. Through the science section, she influenced thousands
of women who were being exposed to science for perhaps the first time and sent
them microscopes, texts, lesson plans, and specimens. She encouraged them to
study anything that interested them whether it be plants, food, or water. One student
wrote “T have eyes to see what I never saw before.” She personally communicated
with many of the students and began to realize the universality of ill-health among
middle-class housewives. To this end, she began stressing the importance to her
students of healthful food, comfortable dress, and exercise—both physical and
mental—and prepared a pamphlet to this end [2, 4, 5].

Richards again prevailed upon the Women’s Education Foundation in 1881 to
fund the Summer Seaside Laboratory for the purpose of conducting research in the
field of marine biology, an undeveloped academic field at that time. Originally in
Annisquam, Massachusetts, in 1887, the Summer Seaside Laboratory moved to
Woods Hole, Massachusetts, and is now known as the famous Marine Biology
Laboratory at Woods Hole. An amazing part of her legacy is that the remaining
pioneering women in water quality profiled in this chapter—Ruth Patrick, Rachel
Carson, and Sylvia Earle—all had affiliations with the Woods Hole Oceanographic
Institution (founded in 1930) [5].

In 1882, she was instrumental in organizing the Association of Collegiate
Alumnae (today known as the American Association of University Women—
AAUW). The organization was founded to fight the prevailing opinion that too
much education was dangerous for women as it was deemed to be dangerous to their
health. The organization provided fellowships to women in order to ensure that they
had the means to fund their education and worked to raise educational standards at
the college level for women. Richards was a leader in efforts to improve physical
education in colleges and to widen educational opportunities for women, particu-
larly for graduate education [2-5].

Richards was appointed as an instructor of sanitary chemistry, after the Woman’s
Laboratory closed—a position she would hold for the rest of her life. This position
was located in MIT’s newly established laboratory for the study of sanitation
chemistry and engineering with Professor Williams Nichols as the director and
Ellen Swallow Richards as his assistant. She taught air, water, and sewage analysis
and treatment and introduced biology to MIT’s curriculum after MIT established
the first program in sanitary engineering anywhere in the USA. Her textbook Air,
Water and Food for Colleges was published in 1900 with A.G. Woodman. Her
male students became the designers and operators of the world’s first modern sani-
tation facilities, and she encouraged them to become “missionaries for a better
world” [1, 2, 4].
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She supervised a study in 1887—-1889 of the quality of Massachusetts’ inland
waters for the Massachusetts State Board of Health. Over 40,000 samples of water
were analyzed which represented the water supply consumed by 83% of the state’s
population. In total, 100,000 analyses were conducted—a study that was unprece-
dented in its scale. This effort and her involvement with environmental chemistry
were significant contributions to the new science of ecology, for which she is often
referred to as the “mother.” She helped invent new laboratory techniques and appa-
ratuses which were needed to conduct these new analyses. Richards actually plotted
the samples on a map of the state of Massachusetts. Through these efforts, she was
able to detect geographic patterns in the chlorine data. Thus, she developed the
“Normal Chlorine Map” showing levels of similar chlorine throughout the state via
isochlors (imaginary lines linking the places that have the same levels of chlorine)
that served as an early warning system for inland water pollution.? She also devel-
oped “Water Purity Tables,” that were the first state water quality standards devel-
oped in the USA. She was the official water analyst for the Massachusetts State
Board of Health for the next 10 years [1-4, 9] (Figs. 1.2 and 1.3).

Richards opened the New England Kitchen in Boston in 1890 to demonstrate
how to select and prepare food in a wholesome manner. This effort was the result of
a study that she conducted, funded by Pauline Agassiz Shaw, “of the food and nutri-
tion of working men and its possible relation to the question of the use of intoxicat-
ing liquors.” This kitchen offered cooked food scientifically prepared for maximum
nourishment for sale to be eaten at home. The cooking area was also open for public
viewing to demonstrate how that food had been prepared. In 1893, Richards set up
the Rumford Kitchen at the Chicago World’s Fair that was an extension of the New
England Kitchen. She expanded the reach of her food preparation knowledge to the

STATE BOARD OF HEALTH
MAF OF THE
STATE OF MASSACHUSETTS.

SEHOWING

NORMAL CHLORINE.

Fig. 1.2 Ellen Swallow Richards’ Normal Chlorine Map

*Significant deviations from normal levels of chlorine are an indication of sewage contamination.
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Fig. 1.3 Ellen Swallow Richards collecting water samples. (Courtesy MIT Museum)

Boston School Committee when it contracted with the New England Kitchen to
provide nutritious school lunches. Her work led to other school systems and hospi-
tals consulting with her and seeking her expert advice on diet and nutrition [4].

She organized the first of a series of conferences in 1899 at Lake Placid,
New York, “for the betterment of the home.” These conferences are credited with
formally establishing the profession of home economics. The conferences created
courses of study for the new field at all levels of instruction including public schools,
colleges, agricultural and extension schools, and women’s clubs; prescribed stan-
dards for teacher training; compiled bibliographies of references; and discussed
nutrition, sanitation, and hygiene [4].

She also helped organize a school of housekeeping in 1899 at the Woman’s
Educational and Industrial Union in Boston that became the department of home
economics at Simmons College. Richards was instrumental in founding the
American Home Economics Association established for the “improvement of living
conditions in the home, the institutional household and the community.” She insisted
that this new field of home economics be based on economics and sociology and
served as the first president until her retirement in 1910. She even helped financially
sponsor the Association’s Journal of Home Economics and wrote 10 books applying
science to issues of daily life. Her home served as a living laboratory: there were no
heavy draperies, carpets, or coal stove. Instead, she had lightweight curtains, rugs
over hardwood floors, a vacuum cleaner, gas for cooking, ventilation, year-round
hot water heater, and a telephone. She applied the principles of a clean environment
to homes and buildings, addressing what today is often referred to as “Sick Building
Syndrome.” She undertook a survey of the buildings at MIT and informed the
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President that many had serious health hazards that needed to be remedied and for
which she recommended solutions. She believed that “One of the most serious prob-
lems of civilization is maintaining clean water and clean air, not only for ourselves
but for the Planet” [1].

Richards is also credited with discovering the process of cleaning wool with
naptha through which she revolutionized the dry cleaning industry. She examined
methods to systematize and simplify housework and feed families at reasonable
costs. In 1910, the council of the National Education Association appointed her to
supervise the teaching of home economics in public schools. Truly, for 25 years,
Richards had been “the prophet, interpreter, inspirer, and the engineer” of home
economics [2-4, 8].

Richards was a prolific author and speaker and a person who believed that knowl-
edge should be shared. She authored more than 30 books and pamphlets and pub-
lished numerous papers in addition to the nutrition bulletins she produced for the
US Department of Agriculture. Some of her books, in addition to those listed above,
include Home Sanitation: A Manual for Housekeepers (1887), Domestic Economy
as a Factor in Public Education (1889), Sanitation in Daily Life (1907), Laboratory
Notes on Industrial Water Analysis: A Survey Course for Engineers (1908),
Conservation by Sanitation (1911), and Euthenics: The Science of Controllable
Environment (1912). Richards believed that her ideas could be called euthenics—
the science of controlled environment for right living; thus many call her the devel-
oper of sanitary engineering. A generous woman with many interests, her
sister-in-law referred to her as “Ellencyclopedia” [1, 3, 8].

Ellen Swallow Richards never received a Ph.D. from MIT, but she did receive an
honorary Doctor of Science from Smith College in 1910. She was listed in the first
edition of American Men and Women of Science and was elevated to the rank of
Fellow of the American Association for the Advancement of Science (AAAS) in
1878. Richards was a member of the American Chemical Society, the American
Public Health Association, and the Boston Society of Natural History. She served
for many years on the Board of Trustees of Vassar College. Richards was posthu-
mously inducted into the National Women’s Hall of Fame in 1993. She was driven
to serve society, and once rued that there were only 24 hours in a day: “I wish I were
triplets.” The Ellen Swallow Richards Professorship Fund, established in 1973 at
MIT on the 100-year anniversary of her graduation, honors her achievements and is
intended to strengthen the role of women on the faculty at MIT [5, 7].

1.3 Ruth Patrick (1907-2013)

Dr. Ruth Patrick is credited with laying the groundwork for modern water pollution
control efforts. Over her 60-year career, Ruth Patrick advanced the field of limnol-
ogy, which is the study of freshwater biology. Patrick is recognized, along with
Rachel Carson, as having ushered in the current concern for the environment and
ecology [7, 10] .
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Patrick was encouraged by her father, who gave her a microscope when she was
7 years old and told her “Don’t cook, don’t sew; you can hire people to do that. Read
and improve your mind.” [3]. In 2004, she said [10]:

I collected everything: worms, mushrooms, plants, rocks. I remember the feeling I got
when my father would roll back the top of his big desk in the library and roll out the micro-
scope. He would make slides with drops of the water samples we had collected, and I would
climb up on his knee and peer in. It was miraculous, looking through a window at a whole
other world.

She studied botany, receiving her undergraduate degree from Coker College and
both her ML.S. (thesis title: “A Study of the Diatoms of Charlottesville and Vicinity”™)
and Ph.D. (dissertation title: “A Taxonomic and Distributional Study of Some
Diatoms from Siam and the Federated Malay States™) degrees at the University of
Virginia. Her summers were spent at the Woods Hole Biological Laboratory, the
Cold Spring Harbor Biological Laboratory, and the Biological Laboratory of the
University of Virginia at Mountain Lake [11].

Patrick was originally hired as a “volunteer” (without pay—as women scientists
at the time were not paid) in 1933 at the Academy of Natural Sciences in Philadelphia,
Pennsylvania. Patrick’s initial efforts were in microscopy to work with their collec-
tion of diatoms, considered to be one of the best collections in the world. Diatoms
are microscopic, symmetric single-celled algae with silica cell walls. They are an
important part of the food chain of freshwater ecosystems and indicators of water
quality. She continued without pay until 1945 while supporting herself through part-
time teaching at the Pennsylvania School of Horticulture and making chick embryo
slides for Temple University [3, 10, 12] (Figs. 1.4 and 1.5).

She progressed through several positions at the Academy of Natural Sciences
including curator of the Leidy Microscopical Society (1937-1947) and the associate
curator of the Academy’s microscopy department (1937-1947). In 1947, she became
the curator and chairwoman of the Academy’s limnology department, which
she founded, today called the Patrick Center for Environmental Research.?

Fig. 1.4 Example centric
diatom: Arachnoidiscus sp.
(source: IDW-online.de)

50 pm

3In 2011, the Academy of Natural Sciences became affiliated with Drexel University [13].
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Fig. 1.5 Example pennate
diatom: Fragilaria sp.
(source: unh.edu)

In 1973, Patrick was named the Francis Boyer Research Chair of Limnology at the
Academy. From 1973 to 1976, she served as chairwoman of the Academy’s board,
the first woman to hold that position. Concurrently, she taught at the University of
Pennsylvania. Her courses included limnology, pollution biology, and phycology.
Her research included taxonomy, ecology, the physiology of diatoms, the biody-
namic cycle of rivers, and the diversity of aquatic ecosystems [3, 7, 10-12].

Patrick gave a paper in the late 1940s at a scientific conference on her diatom
research in the Poconos. An oil company executive in the audience was so impressed
with the ability of diatoms to predict the health of a body of water that he provided
the funds to support her research. With these funds, in 1948, Patrick undertook a
survey of the then severely polluted Conestoga Creek in Pennsylvania: the first
study of its kind. The Creek contained many types of pollution including fertilizer
runoff, sewage, and waste products (some of them toxic) from industries in the area.
She matched the types and numbers of diatoms in the water to the type and extent
of pollution. This procedure is today used universally but was groundbreaking at the
time. To aid in the effort, she invented the diatometer, a clear acrylic device that
holds glass microscope slides. The diatometer collects the diatoms from bodies of
water: they attach to the slides and grow there. Her research showed that healthier
bodies of water contain many species of organisms. The belief that biodiversity (the
number and kinds of species) is the key indicator of water health is today known as
the Patrick Principle in her honor. The Patrick Principle is the foundation of all cur-
rent environmental assessments [3, 10, 11, 14].

My great aim has been to be able to diagnose the presence of pollution and develop means
of cleaning things up. [15]

Patrick was actively involved in the drafting of the federal Clean Water Act, passed
in 1972. She was called the foremost authority on America’s river systems. Patrick
estimated at one point that she had waded into 850 different rivers around the globe
including the Amazon River. She established baseline conditions on the Savannah
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River before the opening of the Savannah River Nuclear Power Plant and then mon-
itored river conditions after it opened. At the request of the Army Corps of Engineers,
she evaluated the effect of channelization on rivers throughout the USA. After the
Three Mile Island accident in 1979, she was asked to assess radionuclide contami-
nation of the Susquehanna River [11].

She was instrumental in 1967 in the founding of the Stroud Water Research
Center on the banks of White Clay Creek in Pennsylvania. The first project of the
Center was devoted to understanding the biological structure and ecological func-
tioning of a riffle-pool sequence in this creek. The interdisciplinary team approach
examined chemistry, microbial ecology, entomology, hydrology, and fish, among
other topics, and produced a new paradigm for flowing water systems called “The
River Continuum”—one of the most highly cited papers in the field of stream ecol-
ogy. The Center continues in operation today adhering to Patrick’s original vision:
to advance knowledge and stewardship of freshwater systems through global
research, education, and restoration [11].

Patrick taught at the University of Pennsylvania for more than 35 years and wrote
books and hundreds of technical articles. She collaborated with Charles Reimer on
the two-volume Diatoms of the United States. She also wrote Groundwater
Contamination in the United States (1983, 1987), Power So Great, Colors of
Tomorrow, and the series Rivers of the United States [3, 7, 10, 12, 16].

Dr. Patrick was the first woman to serve on the board of directors of the DuPont
Corporation and was its first environmental activist. She also served on the board of
directors of Pennsylvania Power and Light and advised presidents Lyndon B. Johnson
(on water pollution) and Ronald Reagan (on acid rain) as well as several Pennsylvania
governors on water quality issues. She served on water pollution and water quality
panels for the National Academy of Sciences and the US Department of Interior as
well as other federal advisory groups. These included the National Academy of
Sciences Committee on Science and Public Policy, the General Advisory Committee
of the Environmental Protection Agency, the Advisory Council of the Renewable
Resources Foundation, and the Smithsonian Institution Council. Her professional
affiliations included the Phycological Society of America (president), American
Society of Naturalists (president), Botanical Society of America, American Society
of Limnology and Oceanography, American Institute of Biological Sciences,
Ecological Society of America, and the American Society of Plant Taxonomists. She
also served on the board of directors of the World Wildlife Fund [11, 16].

Patrick was a great believer in scientists, government, and industry working
together to solve problems. She said: [3, 10, 12]

My great theme in life is that academia, government, and industry have got to work closely
on all the big problems of the world. Unless academics and industry get together there will
not be many bright young people trained in the future. We have to develop an atmosphere
where the industrialist trusts the scientist and the scientist trusts the industrialist. You’ve got
to trust people.

Patrick was elected to the National Academy of Sciences in 1970 as the 12th woman
to receive this form of recognition. Patrick received the National Medal of Science
in 1996 from President Bill Clinton “for her algal research, particularly the ecology
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and paleoecology of diatoms, and for elucidating the importance of biodiversity of
aquatic life in ascertaining the natural condition of rivers and the effects of pollu-
tion.” She was elected as a Fellow of the American Academy of Arts and Science in
1976 and was the recipient of over 25 honorary degrees. Dr. Patrick was inducted
into the National Women’s Hall of Fame in 2009 [2, 10, 14].

1.4 Rachel Carson (1907-1964)

Biologist Rachel Carson is most famous for her 1962 book Silent Spring, which
exposed the dangers of the overuse of pesticides. Her book is often credited with
being the catalyst that led to the first Earth Day in 1970 and the current environmen-
tal movement. She hadwrote three other books related to the oceans, of which two
became bestsellers.

Carson was determined to be a writer from the time she was a child. She majored
in English at the Pennsylvania College for Women where she graduated magna cum
laude. While in college, she also found an interest in natural history that was magni-
fied by a required zoology course. She attended graduate school at Johns Hopkins
University after spending the summer at the Marine Biological Laboratory in Woods
Hole, Massachusetts. In 1932, she earned her master’s degree in marine biology
from Johns Hopkins University [2, 7].

Carson decided to apply for and accepted (in 1936) a position as a junior aquatic
biologist with the US Bureau of Fisheries, for whom she had previously worked on
a part-time basis, in order to help support family members. She was one of the first
two women to be hired by the Bureau in a professional position. She would stay a
federal government employee through 1952 [2, 7].

Her first article “Undersea” was published in 1937 in the Atlantic Monthly. Her
first book Under the Sea Wind—a Naturalist’s Picture of Ocean Life was published
in 1941. Although well- received, it did not become a bestseller until after the 1951
publication of The Sea Around Us. The Sea Around Us was not only a bestseller; it
won a National Book Award and was translated into 30 languages [6, 7, 17].

The Bureau of Fisheries merged with the Biological Survey in 1940 to form the
US Fish and Wildlife Service, with a stated purpose of conservation. Carson wrote
two large monographs during World War II, Food from the Sea: Fish and Shellfish
of New England (1943) and Food from the Sea: Fish and Shellfish of the South
Atlantic and Gulf Coasts (1944). The goals of these monographs were to prevent
overfishing of certain fish species and to help find new food sources. In 1947, Carson
became editor in chief of the bureau’s publications. She produced 12 pamphlets
regarding national wildlife refuges in the series titled Conservation in Action [6, T].

Carson enjoyed some success with the 1951 publication of The Sea Around Us
and her receipt of a Guggenheim Foundation fellowship. She felt financially secure
enough to resign from her job and turned to writing full time. She told a friend “If
I could choose what seems to me the ideal existence, it would be just to live by
writing.” She had previously said that “biology has given me something to write
about.” Her next book, The Edge of the Sea, was published in 1956. These books
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Fig. 1.6 DDT Cl
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gave lyrical and precise information on the physics, chemistry, and biology of the
ocean and its shores in a way that was both enjoyable to read and educational [2, 7].

Her seminal work, Silent Spring, published in 1962, is an exposé on the dangers
of the pesticide DDT. A bestseller, the book has been credited with initiating the
environmental movement of the 1960s and 1970s and being the catalyst for the first
Earth Day. The book raised the concept, not previously considered by the scientific
community or the public at large, that human behavior could cause irreparable dam-
age to the environment. It also caused much controversy. Never before had there
been the thought that small perturbations in the food chain could cause severe, far-
reaching effects. After Silent Spring, the world took a new direction [7] (Fig. 1.6).

Rachel Carson was the recipient of multiple awards including the 1952 John
Burroughs Medal, the 1954 Gold Medal of the New York Zoological Society, and
the 1963 Conservationist of the Year Award from the National Wildlife Federation.
She was inducted into the National Women’s Hall of Fame in 1973 [7].

1.5 Sylvia Earle (1935-)

Dr. Sylvia Earle has been called “Her Deepness,” a “Living Legend,” and a “Hero
for the Planet.” Oceanographer, author, lecturer, and marine biologist Earle was
encouraged by her parents in her love of nature. She said:

I wasn’t shown frogs with the attitude ‘yuk,” but rather my mother would show my brothers
and me how beautiful they are and how fascinating it was to look at their gorgeous eyes. [3]

When it was time for her to go to college, Earle’s parents supported her major in
biology but wanted her to get her teaching credentials and learn how to type “just in
case” [3, 18].

Earle received her B.S. from Florida State University in 1955 and her master’s
degree in botany from Duke University in 1956. She conducted fieldwork in the
Gulf of Mexico as her thesis was a detailed study of algae in the Gulf. Earle said she
has collected more than 20,000 samples and still keeps informed on that ecosystem.
She said “When I began making collections in the Gulf, it was a very different body
of water than it is now—the habitats have changed. So I have a very interesting
baseline.” She received her Ph.D. from Duke University in 1966 [3].
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Earle was the resident director of the Cape Haze Marine Laboratories in Sarasota,
Florida, and later moved to Massachusetts and served as both a research scholar at
the Radcliffe Institute and research fellow at the Farlow Herbarium at Harvard
University. In 1976, she moved to California where she became a research biologist
and curator at the California Academy of Sciences and a fellow of botany at the
Natural History Museum, University of California, Berkeley [3].

The love of the sea was also calling Earle during these years. In 1970, Earle lived
in an underwater chamber for 14 days with four other oceanographers as part of the
government-funded Tektite II Project. This was the first all-female team and she was
its leader. When they returned to the surface, they had a ticker-tape parade and a
reception at the Nixon White House. All told, she has led more than 50 expeditions
and logged more than 7000 hours under water. Her dedication to learning about the
oceans and their conservation was not always honored by newspaper accounts of
her expeditions. One such headline from the Mombasa, Kenya, paper read “Sylvia
sails away with 70 men—and expects no problem,” and one headline about the
Tektite II project read “6 women and only one hairdryer” [3, 19, 20].

The study of marine biology was dramatically changed with the advent of self-
contained underwater breathing apparatus (SCUBA) equipment. Earle was one of
the first researchers to use SCUBA equipment and observe plant and animal habitats
and life beneath the sea and was able to identify many new species. She set the
unbelievable record of free diving to a depth of 1250 feet [3].

Earle and her former husband recognized the limitations of SCUBA and set up a
company in 1981 to build a submersible craft that could dive deeper than humans in
SCUBA gear. The design for the Deep Rover submersible was originally sketched
on a napkin. The design is still used as a mid-water machine capable of going to
ocean depths of up to 3000 feet [3].

Earle was the first woman to serve as the chief scientist for the National Oceanic
and Atmospheric Administration (NOAA). NOAA conducts underwater research,
manages fisheries, collects atmospheric data, and monitors marine spills. After she
left that position, she worked with a team of Japanese scientists to develop equip-
ment to send a remote submersible to depths of 36,000 feet [3] (Fig. 1.7).

Dr. Earle is currently Explorer-in-Residence at the National Geographic Society
and the Rosemary and Roger Enrico Chair for Ocean Exploration. Earle says:

I hope for your help to explore and protect the wild ocean in ways that will restore the health
and, in so doing, secure hope for humankind. Health to the ocean means health for us. [18]

Fig. 1.7 NOAA logo
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Fig. 1.8 LEGO figure of
Dr. Sylvia Earle. (Maia
Weinstock used with
permission)

It’s filled with living things that shape the chemistry of Earth. It’s where we get most of our
oxygen, from small organisms that make up the plankton in the sea. Of course trees and
other green things have much to do with generating oxygen and taking up carbon dioxide—
but there’s no green without blue. [21]

Earle has published books and hundreds of scientific papers and other publications
on marine life. She has been at the helm of ocean exploration for more than four
decades. Earle is a dedicated advocate of public education regarding the importance
of oceans as an essential environmental habitat. To promote ocean education, LEGO
issued a Dr. Sylvia Earle LEGO set in 2015 including a minifig of Dr. Earle as well
as a deep-sea exploration vessel, deep-sea submarine, deep-sea helicopter, deep-sea
starter set, and a deep-sea SCUBA scooter [3, 18, 19] (Fig. 1.8).

Earle has received more than 100 national and international honors including
Glamour Women of the Year, Netherlands Order of the Golden Ark, Australia’s
International Banksia Award, and medals from the Royal Geographical Society, the
National Wildlife Federation, and the Philadelphia Academy of Sciences. Dr. Earle
is a tireless advocate for the Earth’s oceans and was inducted into the National
Women'’s Hall of Fame in 2000 [3, 18, 19].

All the authors in this volume are women who have contributed to water quality
science and research. Enjoy learning about their work and reading their stories!
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Jill S. Tietjen, PE., entered the University of Virginia in the fall of 1972 (the third year that
women were admitted as undergraduates) intending to be a mathematics major. But midway
through her first semester, she found engineering and made all of the arrangements necessary to
transfer. In 1976, she graduated with a B.S. in Applied Mathematics (minor in Electrical
Engineering) (Tau Beta Pi, Virginia Alpha) and went to work in the electric utility industry. During
her 40 years in the industry, she worked for Duke Power Company, Mobil Oil Corporation’s
Mining and Coal Division, Stone & Webster Management Consultants, RCG/Hagler Bailly, and
for her own firm, Technically Speaking, Inc. She also served as the Director of the Women in
Engineering Program at the University of Colorado at Boulder from 1997 to 2000.

Galvanized by the fact that no one, not even her Ph.D. engineer father, had encouraged her to
pursue an engineering education and that only after her graduation did she discover that her degree
was not ABET-accredited, she joined the Society of Women Engineers (SWE) and for 40 years has
worked to encourage young women to pursue science, technology, engineering, and mathematics
(STEM) careers. In 1982, she became licensed as a professional engineer in Colorado. She served
as National President of SWE during 1991-1992.

Tietjen started working on jigsaw puzzles at age 2 and has always loved to solve problems. She
derives tremendous satisfaction seeing the result of her work—the electricity product that is so
reliable that most Americans just take its provision for granted. Flying at night and seeing the lights
below, she knows that she had a hand in this infrastructure miracle. An expert witness, she worked
to plan new power plants.
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Her efforts to nominate women for awards began in SWE and have progressed to her acknowl-
edgment as one of the top nominators of women in the country. Her nominees have received the
National Medal of Technology and the Kate Gleason Medal; they have been inducted into the
National Women’s Hall and Fame and state halls including Colorado, Maryland, and Delaware and
have received university and professional society recognition. Tietjen believes that it is imperative
to nominate women for awards—for the role modeling and knowledge of women’s accomplish-
ments that it provides for the youth of our country.

Tietjen received her MBA from the University of North Carolina at Charlotte. She has been the
recipient of many awards including the Distinguished Service Award from SWE (of which she has
been named a Fellow) and the Distinguished Alumna Award from the University of Virginia, and
she has been inducted into the Colorado Women’s Hall of Fame. Tietjen sits on the boards of
Georgia Transmission Corporation and Merrick & Company. Her publications include the bestsell-
ing and award-winning book Her Story: A Timeline of the Women Who Changed America for which
she received the Daughters of the American Revolution History Award Medal. Her latest book,
published in 2019, is Hollywood: Her Story, An Illustrated History of Women and the Movies.
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Chapter 2

Integrating Engineered and Nature-Based
Solutions for Urban Stormwater
Management
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Laura A. Wendling and Erika E. Holt

Abstract Urban areas increasingly face the challenge of effectively managing
water resources to minimize both flooding and freshwater scarcity.
Hydrometeorological consequences of climate change exacerbate the effects of sur-
face sealing and increased runoff in urban areas, the overexploitation of available
water resources, water pollution, and aging infrastructures. These issues highlight
the need for new robust and reliable techniques to manage flooding and improve the
quality of surface runoff. The effective integration of robust engineering and design
standards, novel material technologies, and innovative blue-green infrastructure
solutions can serve to reconnect the urban hydrologic cycle, enhancing the resil-
ience of urban areas to climate change. Engineered blue-green-gray systems that
combine urban waterways with functional vegetation, geo- or bio-based filter mate-
rials, and related technologies can create holistic systems for sustainable manage-
ment of urban stormwater quantity and quality.

2.1 Introduction

Urban stormwater runoff threatens the ecological integrity of urban waterbodies but
also provides an underutilized opportunity to capture, treat, and use stormwater in
urban applications. Stormwater runoff across surfaces and sewer network overflows
are increasingly common in cities due to the increasing extent of impervious sur-
faces, aging infrastructure, and often undersized, centralized stormwater networks
coupled with global changes in precipitation intensity. Sealing of soil surfaces by
impervious materials is a common consequence of urbanization. Constructed sur-
faces such as rooftops, sidewalks, roads, and parking lots covered by impenetrable
materials prevent water from infiltrating the underlying soil. Sparse vegetation on
impervious surfaces increases the speed at which water is able to move across these
surfaces relative to a vegetated landscape. Thus, surface sealing substantially alters
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Fig. 2.1 Surface sealing in
urban areas reduces
infiltration (near field),
increasing stormwater
runoff and flood risk

the urban hydrologic cycle by reducing infiltration and increasing the surface
stormwater flowrates (Fig. 2.1). The net result of increased surface imperviousness,
or surface sealing, in urban areas is increased stormwater runoff volume and rates of
peak stormwater discharge, along with increased pollutant loads to receiving
waterbodies.

There are many hydrometeorological consequences of climate change. Changes
in rainfall exacerbate the effects of surface sealing and increased runoff in urban
areas, highlighting the need for new robust and reliable ways to manage flooding
and the quality of surface runoff. Flood events are expected to increase in the future
as a consequence of climate change and are particularly costly, accounting for two-
thirds of the economic costs of damages attributed to natural disasters in Europe
[11]. Nearly 20% of European cities with >100, 000 inhabitants are highly vulner-
able to flooding [12].

Urban stormwater collection systems are burdened by increasing urban popula-
tions in addition to the increased proportion of stormwater runoff compared with
undeveloped landscapes. The world’s population has gradually transitioned from
predominantly rural to urban, with the urban population exceeding the rural popula-
tion worldwide for the first time in 2007. Urbanization is particularly marked in
postindustrialized nations of the Northern hemisphere with approximately 73% and
81% of the European and North American populations, respectively, residing in
urban areas in 2014 [35]. The United Nations [35] predicts that, by the year 2050,
66% of the world’s population will be living in urban areas.

Urban stormwater contains a variety of contaminants that can adversely affect
receiving waters. High sediment loads and contaminants such as metals, pathogens,
and pesticides as well as the nutrient elements nitrogen and phosphorus are com-
mon in surface runoff. Most stormwater runoff is discharged directly into rivers,
lakes, and the sea without any treatment. Only that portion of stormwater captured
by the urban sewer network can be treated in municipal water treatment facilities.
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The intermittent presence of stormwater in combined sewer networks, typical in
older town centers and some industrial estates, can result in storm event wastewater
overflows. Municipalities face the complex challenge of effectively managing water
resources to minimize both flooding and the discharge of pollutants associated with
the higher volumes of stormwater runoff to improve environmental sustainability
and safeguard the well-being of urban residents.

The composition and quantities of contaminants in urban stormwater are largely
dictated by catchment land use. Road surfaces are the principal source and conveyor
of pollutants in urban stormwater runoff [24], but urban stormwater runoff also
includes surface runoff and drainage discharges from other impervious surfaces as
well as public open spaces and green spaces, road verges, and construction sites
(Table 2.1). Metals and substances that contribute to eutrophication of surface
waters (in particular, nitrogen and phosphorus) are among the main pollutants of
concern listed in the EU Water Framework Directive [7]. Metals are particularly
prevalent in urban dust and surface runoff. Vehicle traffic is a major source of cad-
mium, copper, lead, nickel, and zinc [1, 15, 16, 39]. The EU Water Framework

Table 2.1 Pollutant sources, mean event concentrations, and European Union and US
environmental water quality standards. All pollutant concentrations are expressed in mg/L.
(Modified from Lundy et al. [24])

EU water
Event mean quality US water quality
Pollutants and sources concentrations | standards®® standards®™

Sewer misconnections; urban Total P: 0.02-39 | Total P: 0.18 Total P: 0.008-0.128¢

amenity fertilizer; residential; | Total N: 0.1-20 | Total N: 5-65 | Total N: 0.1-2.18¢
highways, motorways and major NO;: 0.1-4.7

roads; road gullies and pipe NH,: 0238 NH.: 0.25-9"

drains
Highways, motorways and major | Cd: 0.2-13 Cd: AA Cd: CMC 2; CCC 0.25%¢
roads; urban distributor roads; 0.08-0.25¢;
suburban roads; commercial MAC
estates; residential; roofs; road 0.45-1.5¢
gullies and pipe drains Pb: 1-2410 Pb: AA7.2; | Pb: CMC 65; CCC 2.5%¢
MAC N/A
Cu: 1-282 Cu: variable, calculated
via biotic ligand model
Ni: 2-493 Ni: AA 20; Ni: CMC 470; CCC 52%¢
MAC N/A

Zn: 53-3550 Zn: 8-125¢ Zn: CMC & CCC 120%¢

“European Union environmental quality standards (EQSs) for priority and priority hazardous sub-
stances Cd, Pb, Ni [8]; UK EQSs for Cu, Zn [5]

"AA annual average concentration, MAC maximum allowable concentration

“Total P and total N: Summary of Ecoregional Nutrient Criteria for freshwater systems [34]

4US EPA Recommended Water Quality Criteria for freshwater aquatic life

¢CMC Criteria Maximum Concentration, CCC Criteria Continuous Concentration

‘Depending on designation of use

¢Freshwater criteria vary depending on water hardness
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Directive lists cadmium, lead, and their respective compounds as priority sub-
stances, and cadmium is further identified as a priority hazardous substance.

Chemical fertilizers applied to lawns, gardens, public open spaces, golf courses,
and other areas are major contributors to nutrient loads in urban stormwater runoff [4,
14, 30, 38]. Excessive nutrient inputs to coastal waters can result in the development
of hypoxic zones. Hypoxic zones may occur naturally in coastal marine areas; how-
ever, anthropogenic activities during the previous 50 years have resulted in a dra-
matic increase in the magnitude and extent of hypoxic coastal zones around the world
[27]. Marine hypoxic zones develop as a result of nitrogen and phosphorus enrich-
ment of coastal waters. The quantity of reactive nitrogen and phosphorus currently
released to the world’s oceans is an estimated three times greater than emissions
during pre-industrial times [26, 32]. This abundant supply of nutrients causes eutro-
phication: a tremendous increase in net primary productivity by phytoplankton and
other autotrophs. When the autotrophs die, they sink to the bottom of the waterbody
and are decomposed by bacteria, resulting in reduced oxygen levels. As winds move
surface waters away from the coastline, the hypoxic deeper layers are brought to the
surface creating a hypoxic zone. Thus, attenuation of nutrients in aqueous discharges
from urban areas is essential to protect or restore coastal aquatic ecosystems.

Traditional stormwater management in urban areas focused predominantly on
mitigating flood risk. Combined sewer systems, common in older urban areas, col-
lect both stormwater and wastewater in a single pipe network for conveyance to a
central water treatment facility. Surface runoff volumes during large precipitation
events can exceed the capacity of combined sewer networks, leading to the dis-
charge of combined stormwater runoff and untreated wastewater. Separate sewer
systems comprised of individual pipe networks for stormwater and wastewater,
respectively, significantly reduce the potential for wastewater overflows, but local-
ized flooding by stormwater runoff remains a concern. The capacity of a given
stormwater sewer network is engineered based on storm frequency analysis using
historical precipitation data, stormwater management plans, flood studies, and/or
conveyance system analysis. Although engineered systems are highly reliable under
the conditions for which they were designed, extreme weather events and increased
surface imperviousness in the drainage area can result in surface runoff in excess of
the capacity of the stormwater sewer networks.

Increased stormwater runoff in urban areas has traditionally been managed by
increasing the number and size of sewer pipes and drainage channels. Sewers,
pumps, drainage channels, and sedimentation basins or stormwater retention ponds
are classically viewed as gray infrastructure for stormwater management.
Replacement or expansion of sewers and drainage channels can be highly effective
for runoff attenuation but fail to address the discontinuity of the urban hydrologic
cycle presented by surface sealing and limited infiltration. In addition, major sub-
surface engineering works are costly and may limit or disrupt other underground
services. While surface runoff captured by the stormwater sewer network is typically
discharged to a receiving surface waterbody without further treatment, the system
can be designed to discharge captured stormwater runoff to a wetland or infiltration
basin to provide additional water storage and to manage contaminants in stormwater
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runoff. This type of green-gray stormwater management solution may be employed
to expand stormwater sewer network capacity in urban areas.

Pipe networks, reservoirs, treatment plants, and similar human-engineered com-
ponents are referred to as gray infrastructure. Green infrastructure such as rain gar-
dens, green roofs, permeable pavements, swales, wetlands, and other systems
designed to reduce stormwater runoff volume are identified in the EU Soil Sealing
Guidelines [10] as stormwater management solutions that enhance urban environ-
ments. In combination with blue infrastructure, or urban landscape elements linked
to water (lakes, ponds, waterways, etc.), green systems for urban stormwater man-
agement have gained popularity due to their cost-effectiveness as well as the mul-
tiple co-benefits yielded by blue-green stormwater management systems. Green
infrastructure systems often utilize engineered infiltration or subsurface filtration
media to optimize hydraulic conductivity/maximize water infiltration, filter particu-
late pollutants, or provide growth media for microbial communities.

The traditional practice of diverting surface runoff away from urban infrastruc-
ture as rapidly as possible can result in increased downstream flood risk, reduced
groundwater recharge, and, in the long term, reduced groundwater resource avail-
ability as well as potential contamination of receiving waterbodies. A multidisci-
plinary approach to urban stormwater that effectively integrates robust engineering
and design principles with novel material technologies and innovative blue-green
solutions can manage stormwater runoff quantity and quality to enhance the resil-
ience of urban areas to climate change.

2.2 Permeable Pavement Systems and Gray-Green
Integration

Urban areas experience substantially greater stormwater runoff volume compared
with undeveloped landscapes or rural areas. With increasing urban development,
rainfall that previously infiltrated the soil is instead increasingly intercepted by
impervious surfaces such as rooftops, streets, and parking lots. Water infiltration
decreases and more rainfall instead becomes surface runoff as the degree of land-
scape imperviousness increases (Fig. 2.2).

Permeable pavement systems (PPS) represent a different type of gray infrastruc-
ture that facilitates increased infiltration of built surfaces while maintaining the nec-
essary functionality as pathways for vehicles and pedestrians. Green infrastructure
elements such as trees, shrubs, bioswales, and rain gardens are frequently combined
with PPS to increase cumulative stormwater infiltration, storage, and evaporation,
as well as enhance urban amenity value. All PPS have a similar basic structure con-
sisting of a surface pavement layer and an underlying reservoir typically comprised
of stone aggregates, which may be underlain by a filter layer or geotextile fabric.
Several modifications to this basic design are possible such as the use of different
types of subbase materials or the inclusion of water collection zones, pipes, or tanks
in connection with impervious layers.
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Fig. 2.2 Effects of surface imperviousness on stormwater runoff and infiltration. (Adapted from
U.S. EPA [33])

2.2.1 Continuous Permeable Pavements

Permeable, or pervious, concrete (PC) (Fig. 2.3) is a concrete with interconnected
pores, typically 1-8 mm in diameter, which account for 20-30% of the total con-
crete volume [19]. The porosity of PC confers high water and air permeability.
Permeable concrete is typically 1600-2000 kg/m?, approximately 70% the mass of
conventional concrete. Relative to conventional concrete, PC shrinks less and has
higher thermal insulation value. A typical PC layer is 100-200 mm thick and over-
lies a granular base or subbase layer. Permeable concrete is considered a stormwater
best management practice (BMP) in the USA due to its ability to substantially
reduce stormwater runoff. These concretes can be applied similarly to conventional
concretes either as a single massive structural unit or as permeable concrete paving
blocks, subject to performance limitations.

The use of PC is limited by its compressive, tensile, and flexural strengths, which
are lower relative to conventional concrete. In general, there is an inverse relation-
ship between PC porosity and strength. Water permeability typically increases with
porosity; however, the pore-size distribution and connectivity of pores are key to
permeability such that materials with similar overall porosity and different pore-size
distribution or degree of connectivity between pores may exhibit substantially
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Fig. 2.3 Water passes
easily through the
interconnected pores of
permeable concrete

different permeability. Freeze-thaw resistance of PC and resistance to clogging as a
result of surface grit application can be controlled by managing material pore-size
distribution during PC design and construction phases.

Permeable concrete has numerous potential applications in green infrastructure
in addition to use as a road or walkway. Drain tiles, greenhouse floors, lightweight
noise barriers, floors with enhanced acoustic absorption, artificial reefs, and surfac-
ing for parks and sport courts are additional applications for which PC is well suited.
Unreinforced PC is used as the open structure allows air and water ingress; thus
caution must be used to minimize risks of corrosion of adjacent metal structures.
Mix composition, placement, compaction, and curing can all considerably affect PC
function. The rate of water infiltration through a typical PC is 2-5.5 mm/s, and
infiltration as high as 20 mm/s has been reported for PC with 30% porosity [19].
Drainage rates between 100 and 750 L/min/m? have been reported for PC [31].

Permeable asphalt (PA) has greater porosity relative to conventional hot mix
asphalt. Permeable asphalt consists of an open-graded porous mixture with 18-25%
porosity and typically 400-500 mm surface thickness [23]. Permeable asphalt
exhibits greater skid resistance in wet conditions compared with conventional
asphalt due to the absence of a surface water film (Fig. 2.4). Suboptimal material
performance, for example, in hot weather and in heavily trafficked areas, may limit
the widespread application of PA, but fiber reinforcement can increase PA durability
and extend both its application suitability and life span. Aggregate typically com-
prises 60-90 wt.% of PA, and a high proportion of coarse aggregate is necessary to
provide sufficient contact between stones [6]. Binder additives or modifiers are
sometimes used to increase PA durability, decrease asphalt viscosity in warm tem-
peratures, and/or increase flexibility in cold temperatures. In general, the greater the
strength of the binder, the less is required and thus the greater the porosity of the end
product PA.

The thickness of PA depends on traffic loads and can range from 19 to 180 mm.
Conventional road structures intended for heavy loads are suitable base materials
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Fig. 2.4 A permeable
asphalt section of
pedestrian and bicycle path
in Helsinki, Finland
(foreground) shows
reduced surface water film
formation during rain
events compared with
conventional asphalt
(background)

for PA although care is required to ensure adequate drainage. Like PC, the use of
PA may be limited by frost penetration in northern climates, although sufficient
drainage of the reservoir base has been shown to minimize issues related to freezing
[18,29].

2.2.2 Interlocking Permeable Pavements

Permeable interlocking concrete pavement (PICP) and permeable natural stone
pavement (PNSP) are generally used in pedestrian walkways or residential drive-
ways. These PPS are usually underlain by an open-graded bedding layer of small
aggregate. Beneath the bedding course, crushed stones provide a base reservoir ca.
75-100 mm thick. The base reservoir serves as a high infiltration rate layer and a
transition zone between the bedding and subbase layers. The subbase generally
consists of open-graded 20-65-mm diameter stones, with layer thickness depen-
dent upon water storage requirements and traffic loads. A minimum porosity of
about 30% is necessary for water storage in base and subbase layers underlying
permeable pavements. An underdrain may be installed within the subbase layer as
required for sufficient drainage, particularly where underlying soils have low water
permeability.

Water infiltrates PICP and PNSP primarily via joints and/or openings between
the pavers that allow water to enter an open-graded aggregate bedding course
(Fig. 2.5). The joints between pavers should comprise 5—15% of the total surface
area in order to provide sufficient drainage. Joints filled with relatively larger-sized
aggregate exhibit a higher infiltration rate relative to those filled with fine-grained
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aggregate. The selection of joint material is independent on whether the pavers
themselves are permeable or impervious blocks. Sand is not recommended as a
joint-filling material due to its low infiltration rate and high clogging potential.

2.2.3 Construction and Maintenance Considerations
for Permeable Pavements

Permeable pavements are produced using less sand or fines than conventional pave-
ments, yielding stable void spaces that allow water to drain freely. Over-compaction
or clogging during construction of PPS can be an issue in the absence of construc-
tion oversight and adequate quality controls. Construction surveillance is necessary
to ensure base layers of PPS do not become overly compacted by the passage of
heavy equipment. Similarly, PPS require protection from high total suspended sedi-
ment (TSS) loads during active construction at the site. Land clearing, excavating,
grading, and other construction activities can result in significantly increased soil
erosion and TSS in site runoff [13, 22, 40]. Most construction guidelines for PPS
specify protection from sediment intrusion during active site construction and
exclusion of heavy vehicle traffic from permeable pavement areas to prevent clog-
ging and compaction, respectively, during the construction phase.

The choice between different PPS depends on the lifetime duration expectations
and loading from both traffic and environmental factors; however, all PPS require
some ongoing maintenance for optimum functionality. In time, surface clogging by
exogenous fine particulate materials can reduce the porosity and infiltration
capacity of PPS if not adequately maintained. In cold climates the use of sand, or
gravel containing a high proportion of fines, to provide added traction during win-
ter months can clog the pores of permeable pavements and significantly reduce
water infiltration capacity [42]. Vacuuming and power washing of permeable pave-
ments have been shown to restore 39-96% of the original filtration capacity [20],

Fig. 2.5 Water infiltrates permeable interlocking concrete pavement through openings between
pavers
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demonstrating that routine maintenance to minimize clogging is essential to main-
tain the infiltration capacity of PPS. Dense vegetation growth in joint filling can
reduce infiltration and thus should also be addressed during maintenance
activities.

2.2.4 Integration with Green Infrastructure

Permeable pavement systems are frequently utilized in combination with green
infrastructure such as trees, rain gardens, green roofs, swales, and wetlands to
reduce stormwater runoff volume. Along with blue infrastructure, green-gray sys-
tems for urban stormwater management have gained popularity due to their cost-
effectiveness as well as the multiple documented co-benefits, such as biodiversity
conservation and mitigation of urban heat island effects. Worldwide, the concept of
urban drainage has evolved from draining all stormwater as rapidly as possible to a
focus on meeting multiple objectives using a series of connected treatment units
(Fig. 2.6). This use of multiple connected stormwater treatment units within a single
treatment system is sometimes referred to as a treatment train and often includes
both pollution source control and treatment practices. Nomenclatures such as low-
impact design (LID), sustainable urban drainage systems (SUDS), and water-
sensitive urban design (WSUD) systems are all modern, multi-objective stormwater
treatment systems.

Design of green-gray stormwater management structures necessitates the pur-
poseful integration of materials science, chemistry, hydrology, plant science, envi-
ronmental biotechnology, and urban planning knowledge. Although green-gray
stormwater management structures have an organic aesthetic of “urban nature,” they
are, in reality, engineered systems. The long-term well-being of vegetation in urban
areas is essential for optimal provision of beneficial services, and the urban setting
is a particularly harsh environment for vegetation. Vegetation in green-gray urban
runoff treatment structures must survive widely fluctuating levels of inundation,
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Fig. 2.6 The evolution of modern urban stormwater drainage practices. (Modified from RMS [28])
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access to a limited quantity of soil and growth in a confined space, as well as physi-
cal stressors, i.e., snow management vehicles and practices.

Natural soils develop from the physical and chemical weathering of rocks and
minerals over a geologic timescale. The properties of a given soil are determined by
the combined effects of the main soil-forming factors: parent material (rock), the
local climate, endemic biota, topography, and time [17]. The unique combination of
soil-forming factors yield many different types of soil that can be broadly classified
based on physical and chemical characteristics. Although the properties of individ-
ual soils vary, all natural soils exhibit characteristic layers along a line extending
from the soil surface toward the center of the earth. These soil layers are referred to
as horizons and together comprise the soil profile. Urban soils are extensively dis-
turbed, typically compacted, and frequently developed on composite materials
derived from exogenous sources. Composite materials—sand, silt, clay, and/or
gravel—used to achieve the desired structural properties of urban soils may also
contain construction debris, waste, or other technogenic materials [25]. The excava-
tion, mixing, filling, compaction, and/or supplementation of soils in urban environ-
ments with exogenous geologic or technogenic materials yield a soil environment
enormously modified from natural conditions. Concerns regarding the suitability of
urban soils for green infrastructure and the need for specific technical characteris-
tics for stormwater runoff infiltration have led to growing interest in engineered
soils for urban green-gray stormwater management systems.

2.3 Engineered Soils and Filter Media

Material selection for engineered soils or reactive filter media should be based upon
applicable local water quality regulations. Geomaterials underlying permeable
pavements and/or green infrastructure provide both water storage and filtration
capacity. To date, the potential of reactive geomaterials for stormwater treatment
has not been fully exploited. Traditionally, subbase geomaterials for use in urban
infrastructure are selected based on structural properties and their capacity for pol-
lutant removal via sorption processes is not considered in detail. Geomaterials asso-
ciated with gray infrastructure in particular are conventionally regarded as effectively
inert with pollutant removal capacity limited to filtration of particulate materials.

Engineered stormwater management systems containing reactive geomedia can
improve stormwater quality prior to water infiltration, uptake by collection systems,
or discharge to receiving waterbodies. This, in turn, reduces pollutant loads to
aquatic environments, thereby reducing eco-pressure on stressed water resources
and associated ecosystems. In addition to returning cleaner freshwater to ecosystems,
stormwater purification also facilitates its use as an alternative to potable water sup-
plies and contributes to long-term water resource sustainability.

The mobility of pollutants in water can be decreased by filtering through a chemi-
cally reactive solid material with a large number of surface sorption sites, which
creates a chemical environment favorable to sorption, precipitation or transformation
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of the element. In natural soil, most trace elements have low mobility because they
adsorb strongly to soil minerals and organic matter or form insoluble precipitates.
Urban stormwater filtration schemes build upon knowledge of ion interactions with
mineral and organic phases in soil to design systems with the capacity to effectively
remove elements from solution. Optimal pollutant mitigation by engineered soils
and filter media requires a detailed understanding of existing local water quality
concerns and pertinent water quality regulations and/or water quality objectives.

2.3.1 Selection of Filter Materials

Engineered soils and filter media (i.e., filter materials) used in stormwater runoff
filtration are considered effective when local water quality objectives are achieved.
Pollutants may be removed from stormwater runoff during infiltration through a
combination of physical entrapment and sorption and/or precipitation reactions
(Fig. 2.7). Stormwater pollutant adsorption and precipitation to filter material sur-
faces occur along a continuum, with the relative contribution of surface precipita-
tion to pollutant immobilization increasing as the concentration of pollutant
increases. Pollutant ions can interact with the solid surface through the formation of
an inner-sphere or outer-sphere complex depending upon whether a chemical bond
is formed. Adsorption reactions wherein the ion retains its hydration shell, and
intervening water molecules remain between the ion and the material surface, are
referred to as outer-sphere complexation. An outer-sphere complex does not involve
a specific chemical bond between the solid surface and the adsorbed ion. Outer-
sphere complexation is solely the result of electrostatic attraction between the ion
and the solid surface, and ions associated with the solid surface through outer-sphere
complexation are exchangeable. In contrast, ions adsorbed to a surface via inner-
sphere complexation, wherein the ion adsorbs directly to the solid surface with no

Adsorption Precipitation
00 00
00 0O
o® 3 B)

Fig. 2.7 Pollutant (pink ion) adsorption to and precipitation on a solid surface. Adsorption can
occur through electrostatic attraction or outer-sphere complexation (A, non-specific) or through
the formation of chemical bonds/inner-sphere complexation (B, specific) to the mineral surface
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intervening water molecules, are far less exchangeable and the complexes formed
are more durable. Formation of an inner-sphere complex indicates that the solid
surface has a high affinity for the respective ion; inner-sphere complexes form when
an ion adsorbs to a specific site on the surface, and they involve some degree of
covalent bonding between the adsorbed ion and the solid surface.

Important characteristics of effective filter materials include both high specific
surface area and surface reactivity. Porous or expandable solid filter materials have
greater surface area per unit mass compared with nonporous/nonexpandable materi-
als. Materials commonly used in passive or semi-passive filter systems to treat pol-
luted water include alkalinity-producing materials such as limestone or calcined
magnesia, reactive oxide minerals—typically iron, manganese, or aluminum
oxides—and/or highly porous materials such as zeolite, activated carbon or biochar,
expanded clay aggregate, or peat-based materials. Reactive materials may comprise
as little as 2—10 wt.% of a filter system, with the bulk of the filter made up of locally
available, nominally chemically inert materials, i.e., sand and gravel.

Studies of filter materials for removal of common metal and nutrient pollutants
in stormwater runoff have shown that lead and some copper in influent stormwater
were most likely removed through both physical trapping and chemical adsorption
and/or precipitation reactions [36]. In contrast, zinc removal most likely occurred
only through surface adsorption and precipitation. The study results further indi-
cated that the availability of iron, manganese, and aluminum oxide surface func-
tional groups on solid filter materials was particularly important with respect to zinc
retention by the filter media. Phosphorus present as phosphate (PO,*") in stormwa-
ter runoff was removed both by adsorption to oxide mineral surfaces and by the
formation of calcium phosphate mineral precipitates. Thus, both the iron oxide min-
eral content and the content of available calcium in filter materials had a significant
impact on phosphorus removal from stormwater. This study, which utilized a suite
of metal and nutrient pollutants commonly identified in urban stormwater runoff,
highlights the complexity of physical-chemical interactions among stormwater run-
off constituents and filter materials.

Physicochemical interactions between pollutants common in stormwater and a
wide range of potential solid filter materials are well documented in the scientific
literature. Nevertheless, preliminary testing of pollutant removal from local storm-
water runoff using possible filter materials integrated with local bulk materials in a
configuration analogous to the planned filter design is recommended prior to full-
scale deployment to ensure appropriate alignment between local water quality
issues and the selected filter materials and structure design. A combination of labo-
ratory- or pilot-scale testing and system modelling is ideal for optimizing filter
design. Hydrologic modelling which accounts for stormwater pollutant differences
based on runoff source areas can be employed to identify site-specific pollution
challenges and solution constraints. In combination with appropriate laboratory
testing and geochemical modelling, optimal filter solutions for site-specific storm-
water runoff quality issues can be designed.
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2.3.2 General Principles for Design of Engineered Filtration
Systems

Batch tests are commonly used to estimate the capacity of solid materials to remove
pollutants from solution. It is important to understand that specific pollutant removal
capacities determined for individual materials or combined mixtures by batch test-
ing are concentration-dependent. The net removal of a given pollutant represents its
maximum potential removal at the concentration tested and in a static system with-
out constant replenishment of solution. Partitioning of the pollutant between the
solid material and the aqueous phase (K,) represents both the affinity of the solid
surface for the pollutant and the thermodynamic equilibrium between adsorbed
(surface-associated) and free (in solution) pollutant ions. Thus, material testing
using a relatively concentrated solution, i.e., an aqueous solution representative of
metalliferous mine process water, will yield greater observed sorption of each pol-
lutant, or higher sorption capacities, than would be determined for the same materi-
als in a relatively dilute solution such as stormwater. For this reason, filter material
sorption capacities should be estimated using a solution containing a mixture of
pollutants at concentrations representative of the water to be treated.

The most important parameter affecting the behavior of metals and phosphorus
in a filter system is the pH because it affects both solution and mineral surface
chemistries. Metal adsorption to a solid material is typically low at acid pH and
increases as solution pH approaches neutrality. The chemical form of a pollutant in
solution, or its chemical speciation, is key to its behavior. Both metallic and nonme-
tallic pollutants may occur in different oxidation states and in soluble complexes
with different organic or inorganic ions or molecules. In the absence of ligands
capable of forming soluble complexes with metals (i.e., HCO;~, COs*~, OH",
organic acids), metals can be almost entirely removed from water at neutral to alka-
line pH via adsorption to solid filter materials [3].

Hydraulic retention time (HRT), which is effectively the time during which infil-
trating water remains in contact with the solid phase, is another key parameter for
consideration in the selection of filter materials and filtration structure design. The
HRT determines the length of time permitted for reaction between the solid filter
material and pollutants in infiltrating water. In material testing, observed HRT varia-
tion between different test materials is due to differences in hydraulic conductivity
among the respective materials or how easily water is able to pass through each filter
material. The hydraulic conductivity is, in turn, dependent upon factors such as the
filter material’s grain size, the size and shape of pore spaces within the solid matrix,
total porosity of the solid matrix, and the total surface area of the solid material per
unit mass (e.g., the specific surface area). An ideal HRT allows sufficient time for
optimal pollutant removal through interaction with solid filter materials and is
dependent upon characteristics of both the stormwater runoff and the selected filter
material(s). The HRT is typically determined in laboratory testing prior to filtration
system design to facilitate appropriate system scaling for effective pollutant removal.

Column tests are commonly employed to evaluate the performance and effective
lifetime of filter materials. In flow-through test systems, filter materials may be
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present as a single solid phase or as a mixture with nominally nonreactive materials.
In the example shown in Fig. 2.8, filter materials were tested in a column design
akin to planned full-scale deployment with the reactive filter material sandwiched
between layers of nominally nonreactive aggregate.

The purpose of the aggregate layers above and below test filter materials shown
in Fig. 2.8 was to slow the flow of influent stormwater in highly porous materials
with low hydraulic retention time and to filter particulate materials [37]. Column
testing is an important proxy for field-scale studies as the laboratory environment
offers cost-effective control over system operation, monitoring, and sample collec-
tion compared with in situ experiments. Two key parameters that are typically cal-
culated from column tests of filter materials are the breakthrough capacity (¢g;) and
saturation capacity (gq,) of the material in the tested configuration. The breakthrough
capacity is defined as the sorption capacity of the filter material when a particular
pollutant in the column effluent reaches a predefined concentration, for example, a
regulatory limit for a given pollutant. The saturation capacity is reached when the
filter material can no longer retain any additional quantity of a given pollutant and
the concentration of that pollutant in column effluent is equal to that in the influent
water. Column tests are most informative when filter materials are tested in a con-
figuration representative of planned use and where the influent water and dosing
regimen (e.g., continuous or periodic flow) closely resemble expected field condi-
tions. In practice, spatial and/or financial constraints or compliance with specific
material testing standard protocols dictate that column testing may be conducted at
arange of scales from microscale (e.g., columns a few centimeters to tens of centi-
meters in length) to full-scale (e.g., columns typically 1 meter or more in length)
prior to pilot-scale field study.

A further consideration related to HRT is oxidative-reductive potential (ORP).
Together, pH and ORP are considered the master environmental variables that con-
trol pollutant speciation and behavior. Oxidation-reduction, or redox, reactions most
commonly occur under waterlogged conditions where the rate of O, consumption
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Fig. 2.8 Example experimental column design (left) and hydraulic retention time (HRT; right) in
laboratory column trials. Error bars represent one standard deviation from the mean of triplicate
measurements. (Reproduced with permission from Wendling et al. [37])
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exceeds the rate of O, diffusion. Redox reactions are particularly relevant to nitro-
gen and iron/manganese dynamics but also affect a range of other potential pollut-
ants. Rainfall is oxygenated because it is in equilibrium with atmospheric gases.
Stormwater runoff can be viewed as a thin sheet of water moving over the surface of
the landscape that can gradually become deoxygenated when collected in a stagnant
system as a result of microbial or chemical activity that consumes O,. Deoxygenation
of stormwater is generally undesirable because discharge of deoxygenated water
can have deleterious effects on aquatic ecosystems; however, in some instances
treatment modules may be specifically designed to promote chemically reducing
conditions in order to attenuate pollutants not readily removed in oxidized form.
Nitrate (NO;") is an example of a common stormwater pollutant usually removed by
manipulation of redox conditions. In a stormwater treatment train, a final “polish-
ing” step may include a module designed to induce chemically reducing conditions
in order to remove nitrate via denitrification. Constructed wetlands are frequently
used to collect stormwater. In deeper areas, where oxygen ingress is limited, denitri-
fying bacteria can use nitrate rather than oxygen in metabolic processes, thereby
removing nitrate from the water and generating nitrogen gas.

Selection of reactive filter materials for a specific application should be based
upon the characteristics of the influent stormwater. Thus, an understanding of both
the chemical characteristics of stormwater runoff and the anticipated hydraulic
loading to the stormwater filtration system is required for effective stormwater filter
design. The expected duration of the material trapping functionality should further
be considered in light of anticipated maintenance actions. Note that the capacity of
a given filter system is largely determined by filter design and sizing relative to the
pollutant load in influent stormwater runoff. An appropriately designed and prop-
erly scaled stormwater filter system can be expected to maintain pollutant removal
functionality for at least 10—15 years. In general, a filtration system that utilizes
decomposable organic material as a reactive phase can be expected to have a shorter
lifetime relative to a filtration system comprised solely of inorganic materials with
an equivalent pollutant retention capacity. A pre-treatment module to reduce TSS
load to the filter can substantially lengthen filter system longevity by minimizing
filter clogging.

2.4 Holistic Management of Stormwater Quantity
and Quality

Systems of green infrastructure often utilize engineered infiltration or subsurface
filtration media to optimize hydraulic conductivity/maximize water infiltration, fil-
ter particulate pollutants, or provide growth media for microbial communities. In
general, urban green infrastructure has largely focused on filtration for stormwater
quantity to minimize flooding rather than water quality for pollution control.
Integrated engineered stormwater infiltration systems containing reactive geomedia
can improve stormwater quality prior to water use, infiltration, uptake by collection



2 Integrating Engineered and Nature-Based Solutions for Urban Stormwater... 39

systems, or discharge to receiving waterbodies. With improved gray infrastructure
designs based on well-understood, quantifiable mechanisms of contaminant
removal, engineered infiltration within integrated blue-green-gray systems of urban
stormwater management infrastructure has the potential to provide a reliable holis-
tic stormwater management solution, yielding a water resource that is safe for aqui-
fer recharge, or to support healthy urban stream ecosystems. Stormwater purification
facilitates its use in urban agricultural applications as an alternative to potable water
supplies and contributes to long-term water resource sustainability.

Protection or restoration of both freshwater and marine receiving waters to meet
water quality objectives is increasingly accomplished using decentralized engi-
neered water management structures to trap, infiltrate, and/or harvest stormwater.
These engineered structures are typically comprised of green infrastructure solu-
tions or green-gray systems of infrastructure. Numerous studies have shown that
vegetated stormwater filters can attenuate biochemical oxygen demand (BOD), sus-
pended solids, nutrients, pesticides, and polycyclic aromatic hydrocarbons (PAHs)
in stormwater runoff [2, 21, 41]. Examples of stormwater quantity and quality man-
agement systems include:

* Retention basins to store and slowly release or evaporate stormwater

e Engineered wetlands (Fig. 2.9) to attenuate contaminants in stormwater prior to
discharge to natural ecosystems

» Permeable pavements, buffer strips, and biofiltration swales to remove suspended
solids and encourage groundwater recharge

* Rain gardens, green roofs, and other bioretention systems which use vegetation
to remove particulate and soluble contaminants, take up nutrients, and promote
evapotranspiration

* Rain tanks and cisterns for capture and use of stormwater for localized irrigation
or other non-potable applications

Engineered stormwater management solutions are broadly based on design ele-
ments with the following primary functions:

e Detention and infiltration
e Conveyance

* Pollution prevention

» Evapotranspiration

* Rainwater capture and use

These primary stormwater management functions may be accomplished using
one or more modes of action, including (bio)filtration; retention (permanent pool);
detention (temporary pool); infiltration; evaporation/evapotranspiration; biological,
chemical, or physical pollutant removal or transformation; and storage for later use.
Engineered stormwater solutions commonly employed in urban areas and their pri-
mary modes of action are summarized in Table 2.2.

The effectiveness of stormwater management solutions employing filtration
and/or infiltration as a primary mode of action may be enhanced by the use of reac-
tive filter media to further increase pollutant removal. Existing engineered and
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Fig. 2.9 The Eerolanpuro engineered wetland in Jyviskyld, Finland, attenuates pollutants in
stormwater runoff before discharge to nearby Lake Tuomiojérvi, which serves as a source of raw
water for the city

nature-based stormwater management solutions provide the means to systemati-
cally address urban water management while highlighting the need for effective
integration of multidisciplinary solutions and targeted future technological innova-
tion. Integration of engineered blue-green-gray stormwater solutions into urban
planning should be a joint effort between urban infrastructure owners (cities), urban
planners/designers, environmental specialists, water management experts, material
experts, and landscape designers familiar with vegetation.

2.5 Summary

Increased flooding is frequently cited as one of the most serious consequences of
climate change for urban areas. Conventional water management via blocking and
channeling water to rapidly convey stormwater away from inhabited areas provides
a stormwater management solution under predictable, mild climatic conditions. The
increasingly variable and extreme weather events resulting from climate change
may be more effectively managed using decentralized water management structures
to trap, infiltrate, and/or harvest stormwater. The integration of blue-green and gray
urban infrastructure for stormwater management or coupling of centralized-
decentralized urban water management systems can enhance urban areas’ resilience
to extreme weather events and climate change. A number of different decentralized
stormwater management solutions are available; understanding how each compo-
nent of a stormwater management system functions, e.g., its primary mode of
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Table 2.2 Engineered solutions for urban stormwater management and their primary mode(s) of

action

Primary
class®

Engineered solution

Description and function

I

Public green space

Multifunctional public open space characterized by natural
vegetation and permeable surfaces

R

Retention pond/wet
detention pond

Pond wherein incoming stormwater replaces pond water;
increases catchment water retention capacity, slows
stormwater flow, and facilitates particulate settling. Storage
capacity must be scaled based on local hydrology

(Dry) detention pond

Normally dry basin associated with a watercourse, usually
equipped with spillway, designed to capture and slow
stormwater runoff, reduce peak flows, and allow particulates
to settle

LD

Infiltration basin

Shallow, flat earthen depression to capture and store runoff
until it infiltrates into surrounding soil; function to increase
water storage capacity, slow runoff, filter particulate
pollutants, and increase infiltration

ILB,E

Bioretention basin/
bioretention cell

Landscaped shallow depression with associated vegetated
filter or buffer strip; shallow ponding area is underlain by
mulch, engineered soils and/or sand and an underdrain
system. Harness natural biological and chemical processes to
attenuate pollutants in runoff; function to slow runoff, filter
pollutants, increase infiltration, and remove excess water to
drain system

F, B

Sand filter

Constructed basin consisting of vegetated slopes surrounding
a sand bed overlying an underdrain system

F, B, D,

Surface stormwater
wetland/marsh

Shallow, vegetated wet retention pond incorporating
physical, chemical, and biological mechanisms of pollutant
removal from influent water; increase system water retention
capacity and slow stormwater flow

F, B, D,

Subsurface wetland/
filtration system

Constructed wetland with water level maintained below
ground surface, planted with emergent aquatic vegetation
and typically comprised of a gravel bed overlying a drainage
system. Specifically designed for vertical or horizontal
subsurface flow; increase water storage capacity/reduce peak
flow, slow runoff, filter particulates

F1

Riparian buffer zone

Vegetated linear area of land adjacent to a watercourse.
Function to slow runoff and reduce flooding/increase
infiltration, stabilize stream banks and reduce erosion, and
filter particulate materials

I,B

Rain garden

Landscaped area with plants that can survive soil saturation;
function to collect and slow stormwater runoff and increase
water infiltration. Can be designed as household-sized
bioretention basin

ILF

Vegetated filter strip

Gently sloping linear vegetated strips adjacent to impervious
surfaces; reduce velocity of stormwater flow, filter
particulates, and increase infiltration

(continued)
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Table 2.2 (continued)

Primary
class® Engineered solution Description and function

I,D,F | Wet/dry grassed swale, | Shallow open trapezoidal or parabolic open channel

with or without check | vegetated with flood-tolerant, erosion-resistant grasses;
dams function to convey stormwater at a controlled rate, filter
particulate pollutants, and enhance infiltration. Check dams’
enhanced flow retardation and water retention capacity

I, D,F |Infiltration trench Shallow excavated area filled with rock to create reservoir
for runoff in void spaces between rocks. Runoff is captured
and stored within the trench until it infiltrates into
surrounding soil

LEE Permeable Permeable concrete or asphalt surfaces or permeable
pavement/pervious modular blocks, allow infiltration of stormwater to
pavement underlying soil. Mitigate flooding by decreasing runoff,

increasing water storage capacity and infiltration, and filter
particulates. Frequently combined with engineered soil
infiltration bed and/or drain system

D,E,F | Green roof/green Vegetated roof or wall cover consisting of layered membrane
facade system, growth substrate, and living plants. Reduce

runoff— highly variable due to differences in structure,
growth media, and plant species/cover

S Underground storage | Systems designed for capture and underground storage of
tank or cistern stormwater runoff from impervious surfaces. Minimal water
quality benefit in the absence of a coincident filtration
system
S Rain barrel or rain Capture and store runoff from building roof, typically
tank associated with irrigation storage. Function to increase water

storage capacity/decrease flooding. Slow release of water
between rain events reduces runoff and increases infiltration

P Oil and grease Remove sediments, oil, and grease from roadway and
separator/water quality | parking lot runoff prior to discharge to storm drains
inlet

B biofiltration, D peak volume reduction via detention (temporary pool), E evaporation/evapo-
transpiration, F filtration, / infiltration, P pollutant removal or transformation, R peak volume
reduction via retention (permanent pool), S storage, typically for later use

action, facilitates the engineering design of coupled centralized-decentralized
stormwater management systems for flood management.

The use of fit-for-purpose reactive filter media in decentralized green-blue storm-
water management infrastructure can provide additional benefit in terms of storm-
water quality improvements. Enhanced stormwater management solutions that
remove pollutants from stormwater runoff, thus reducing pollutant loading to
receiving waterbodies, are increasingly necessary to meet regulatory guidelines
established to protect the ecological integrity of aquatic systems. The removal of
stormwater contaminants associated with particulates occurs via physical trapping;
however, stormwater contaminants not associated with TSS are unlikely to be atten-
uated by nonreactive filter media such as quartz sand. The use of selected filter
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media with the capacity to remove target contaminants from stormwater within
green-blue stormwater management systems can increase the effectiveness of con-
taminant removal.

The integration of distributed and centralized, green-blue, and conventional gray
infrastructure-based stormwater management solutions can also minimize the risks
related to water scarcity in urban areas. Water scarcity currently affects at least 11%
of the European population and 17% of the EU territory [9], with continuously
increasing demand further straining existing freshwater resources. Coastal urban
areas are especially vulnerable to freshwater scarcity due to the increased suscepti-
bility of coastal groundwater to salinization. Where stormwater is captured and
treated to a sufficient standard, either by green-blue decentralized treatment systems
or by an integrated centralized-decentralized green-blue-gray stormwater treatment
system, the treated stormwater can be used in non-potable water reuse schemes. For
example, treated stormwater may be directly used to irrigate public green space,
injected to recharge a depleted aquifer, used to augment the water supply in a drink-
ing water reservoir, or discharged to an urban stream to maintain environmental
flows during dry periods.

Improved urban stormwater management systems are an important yet relatively
simple and economic component of a holistic urban water resource management
scheme. With improved green-gray/blue-green-gray infrastructure designs based on
well-understood, quantifiable mechanisms of contaminant removal, engineered
infiltration within integrated decentralized urban stormwater management systems
has the potential to substantially contribute to a reliable holistic urban stormwater
management solution, yielding a water resource that is safe for aquifer recharge or
to support healthy urban stream ecosystems.
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Chapter 3

Improving Drinking Water Quality

in Rural Communities in Mid-Western
Nepal

Sara Marks and Rubika Shrestha

Abstract Achieving universal access to safe drinking water is a global challenge,
especially in rural areas of low-income countries. In Nepal, most rural households
have access to a protected drinking water source. However, for 75% of the rural
population, these sources are impacted by fecal and chemical contaminants. This
chapter describes 4 years of applied research on drinking water quality in Mid-
Western Nepal, in collaboration with Helvetas Swiss Intercooperation and the
REACH: Improving Water Security for the Poor program. The aim of this project
was to improve access to safe drinking water for rural households served by the
Helvetas Water Resources Management Programme. The field activities were orga-
nized into three phases: a baseline characterization of microbial quality at water
collection points and household water storage containers for 505 households; an
investigation of households’ perceptions and practices regarding household water
treatment; and controlled evaluation of a combined water safety intervention's
impact on E. coli concentrations for five piped schemes. The interventions exam-
ined included solar-powered field laboratories, centralized data management, tar-
geted infrastructure improvements, household filter promotion, a sanitation and
hygiene behavior change campaign, and community-level orientation and training.
By the end of the study period the share of taps and storage containers meeting the
WHO guideline for microbial safety increased from 7% to 50% and from 17% to
53%, respectively. These findings indicate that a combination of tailored interven-
tions can effectively reduce fecal contamination at the points of collection and con-
sumption for piped supplies in remote rural communities.
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3.1 Introduction

Considerable progress has been made in recent decades extending access to drink-
ing water services globally. From 2000 to 2015, 2.6 billion people worldwide gained
access to improved drinking water, defined as a source that is protected from outside
contamination [13]. Still, half a million people worldwide died in 2012 due to pre-
ventable waterborne diseases [7] and sustainability of water infrastructure remains
challenging [16, 17] [montgomery, marks].

In response to these issues, water sector professionals have adopted Sustainable
Development Goal (SDG) Target 6.1, which aims “to deliver, by 2030, universal
and equitable access to safe and affordable drinking water for all” [14]. Target 6.1
specifically addresses availability, affordability, and quality as core priorities in its
definition of safely managed drinking water. Based on these standards, over a quar-
ter of the global population currently lacks access to safe water, with most of the
unserved living in rural areas of the least developed nations [14].

This chapter details 4 years of applied research on drinking water quality of
piped schemes in remote rural communities in the Mid-Western region of Nepal
[1, 2, 8]. The project was implemented by Helvetas Swiss Intercooperation’s
(hereafter referred to as Helvetas) Water Resources Management Programme
(WARM-P), in collaboration with the Swiss Federal Institute of Aquatic Science
and Technology (hereafter referred to as Eawag) and the REACH: Improving
Water Security for the Poor program (an initiative of Oxford University and funded
by the UK Government).

3.2 Background and Study Site

3.2.1 Drinking Water and Sanitation in Rural Nepal

Nepal was ranked at the poorest end of the UNDP Human Development Index in
2016, in the 144th position out of 188 countries [10]. Water scarcity is a common
issue in the country [6, 9] that is exacerbated by ongoing climate change effects
[15]. While coverage by protected drinking water sources (such as public taps or
rooftop rainwater harvesting systems) is nearly 90% in rural Nepal, most of these
sources are impacted by fecal and chemical contamination (http://washdata.org/).
Access to sanitation is lower, with 45% of the rural population using an improved
facility, such as a latrine or pour-flush toilet. In the hill areas of the Mid-Western
region, where development indicators show some of the country’s highest poverty
rates [3], access to a basic or safely managed drinking water source is among the
lowest nationwide at 69% (Fig. 3.1). Achieving SDG 6.1 is especially challenging
in this setting, where barriers to implementing water supply treatment and monitor-
ing include unreliable material supply chains, the high cost of laboratory equip-
ment, and low or nonexistent access to electricity.
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Fig. 3.1 Access to basic or safely managed drinking water and sanitation facilities in 2015 in
Nepal (urban, rural, and rural Mid-Western region). According to the WHO/UNICEF Joint
Monitoring Programme, access to basic water is defined as “drinking water from an improved
source, provided collection time is not more than 30 minutes for a roundtrip including queuing,”
and access to safely managed water is defined as “drinking water from an improved source, located
on premises, available when needed and free from fecal and priority chemical contamination.”
(source: http://washdata.org/)

3.2.2 Study Site and Objectives

Helvetas WARM-P aims to identify water resources and foster effective, equitable,
and efficient use at the local and regional levels [4]. Since 2001, WARM-P has
installed over 300 gravity-fed piped water systems across five districts (Achham,
Dailekh, Kailali, Kalikot, and Jajarkot) (Fig. 3.2). Most of the systems provide
intermittent water services with variable opening times and service durations
throughout the year, depending on the season. Figure 3.3 shows the typical layout
of a WARM-P water system, with a spring source that is connected to a reservoir
tank by a distribution line, with water then flowing to the taps. Within the WARM-P
service area, there is the added goal to improve drinking water quality through a
demand-led approach for ensuring treatment and safe storage at the household level.

Helvetas partnered with Eawag and REACH to address the following research
questions relevant to WARM-P:

e To what extent are community drinking water supplies impacted by fecal
contamination?

e What are households’ perceptions of their water services, and is there demand
for safer drinking water?

* Can a combined water safety intervention that includes regular monitoring, sys-
tem upgrades, and hygiene behavior change improve drinking water quality at
the points of collection and consumption?


http://washdata.org/

50 S. Marks and R. Shrestha

Il Terai
B Hilly arca
] Map of Nepal

Fig. 3.2 Map of Nepal showing district boundaries and the service coverage area of the Helvetas
Water Resources Management Programme (WARM-P) in red and orange. The hilly area is situated
to the south of the Himalayan region and is characterized by natural vegetation and limited crop
cultivation. The terai is a lowland region characterized by more intensive cultivation and dense
population. (Figure credit: Helvetas Swiss Intercooperation)

N_____/ Spring source

- Reservoir tank

Intermediate structure

-‘i Public or private tap

Fig. 3.3 A typical gravity-fed piped water scheme (or sub-scheme) in the WARM-P service area.
Each sub-scheme makes use of independent water sources. (Figure credit: Dorian Tosi Robinson)

The study addressed these questions in three phases of field activities from 2014
to 2018, with the goal of ultimately implementing a risk management strategy in
support of meeting SDG 6.1 for gravity-fed piped schemes across the WARM-P
service area.
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3.3 Research Phases

3.3.1 Phase 1: Assessing Microbial Quality of Piped Water
Supplies

Objective To assess fecal contamination concentrations at community taps
(n =100) and within households’ water storage containers (n = 505) for five com-
munities served by gravity-fed piped systems.

Methods Water samples were collected in a sterile Whirl-Pak® bag from a water
storage container in each household and transported within 6 h to temporary field
laboratory stations centrally located within each community. A sample was also
taken at each public tap in the five study communities. Samples were processed in
the field laboratories using a modified membrane filtration set up with Hyserve
compact dry plates to determine E. coli concentrations. Plates were placed in a
solar-powered incubator at 35 + 2 °C for 24 h before colony-forming units (CFU)
were counted (Fig. 3.4).

Fig. 3.4 Photos of field equipment for microbial water quality testing in Nepal. (Photo credit:
Dorian Tosi Robinson and Sara Marks)
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Fig. 3.5 Water quality at collection taps and within household storage containers

Results Most of the piped water systems operated for less than 24 h/day (intermit-
tent supply). Nearly all samples taken from water storage containers (91%) had
detectable E. coli in excess of the WHO guideline for microbial safety of drinking
water [11], and 21% of stored water samples contained more than 100 CFU/100 mL,
indicating a very high risk to health. At collection taps, less than one-quarter (22%)
of the samples collected had no detectable E. coli, and 9% samples contained more
than 100 CFU/100 mL (Fig. 3.5).

Water quality deteriorated from the tap to the storage container in 72% of house-
holds, indicating recontamination during transport and handling. Fecal bacteria
concentrations at the tap were positively correlated with concentrations in the stor-
age container it supplied (Spearman’s p (283) = 0.25, p < 0.001). For water systems
that households identified as providing water continuously (no service interrup-
tions), microbial concentrations were significantly lower than for systems experi-
encing daily interruptions (Mann-Whitney U (196) = 3380, p < 0.05).

Summary Phase 1 of the project revealed that most tap samples did not meet
international standards for drinking water safety. The vast majority of stored water
samples were contaminated with fecal bacteria, indicating that water quality dete-
riorated between the point of collection and storage due to recontamination during
transport and handling. In addition, about one in ten water samples taken at collec-
tion taps had highly elevated concentrations of E. coli (>100 CFU/100 mL), high-
lighting the inadequacy of infrastructure-centered definitions for an “improved”
water sources.
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3.3.2 Phase 2: Understanding Households’ Drinking Water
Perceptions and Practices

Objective To assess water users’ perceptions regarding their drinking water sup-
ply, current household water treatment practices, and demand for improved drink-
ing water safety.

Methods Six enumerators conducted semi-structured interviews with 512 house-
holds using tablets loaded with Open Data Kit (ODK) software. All enumerators
were fluent in Nepali and were trained over the course of 1 week. Survey questions
assessed households’ water management practices, perceptions regarding their
water services, socioeconomic status, and environmental factors. Each survey
required 30—45 min to complete. Households were randomly selected for participa-
tion in the study; following a community mapping exercise, every second or third
household (depending on community size) along a transect walk was selected for
enrollment for a total of about 100 households per district. Participating households
enrolled following oral informed consent, with the agreement that participation in
the survey was voluntary, all questions were optional, and the information obtained
would remain anonymous.

Results Half of the households interviewed had no educational background, while
23% went to primary school and 27% to secondary school or higher. Only 4% of
households had adequate hand-washing facilities (defined as the presence of soap
and water), and 41% of respondents reported washing their hands two times daily or
less. Most households (87%) had a ventilated improved pit (VIP) latrine. In the past
3 days, 5% of children under age 5 had experienced diarrheal disease, and 19% had
experienced acute respiratory illness. Nine out of every 10 households interviewed
had access to an improved source for their main drinking water supply, with about
half using a community tap from the piped water system. However, in Kailali, where
the topography is less hilly, using tube wells was the standard practice. Most house-
holds (91%) reported using the same container for transport and storage. Most water
schemes operated for less than 24 h/day (intermittent supply).

Households were generally aware of the main sources of fecal contamination of
water (animal and human excreta). However, many households did not perceive
risks to their own drinking water supply, with two-thirds reporting that it was either
good or very good quality (Fig. 3.6) and 46% attributing no or little diarrhea risk to
drinking untreated water. Nearly half of the households interviewed said drinking
water directly from the source was safe, while only 11% said it was very risky. As
such, most respondents (69%) said they did not treat their own drinking water and
only 12% intended to treat in the future. Knowledge of different water treatment
technologies was very limited at the time of the study; most respondents (70%)
could not explain the proper steps for more than one treatment method, such as boil-
ing, ceramic filtration, or chlorine disinfection.
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Fig. 3.6 Households’ perception of drinking water quality (n = 505)

Household water treatment use was significantly and positively correlated with
having access to treatment products locally, emotional factors regarding water treat-
ment, having sufficient knowledge of treatment methods, a stated intention to treat,
and believing it is important to treat water (Spearman’s p, all r > 0.3, p < 0.001).

Summary The results of Phases 1 and 2 suggest a need for a risk-based approach
to protecting and mitigating scheme- and household-level water quality. In particu-
lar, Phase 2 revealed that most households perceived their own drinking water to be
of good quality and did not practice nor prioritize investments in treatment methods
[S]. An effective behavior change campaign should target knowledge on personal
risk and mitigation options, emotional factors, and the perception of personal vul-
nerability to highlight the importance of consuming safe water. An intervention
should also support households to develop strategies for accessing safe water prod-
ucts and establishing local hand-washing facilities. Introduction of viable house-
hold water treatment options, in combination with these behavioral interventions,
may improve water quality at the point of consumption.

3.3.3 Phase 3: Measuring the Impact of Water Safety
Interventions on Microbial Water Quality

Objective To assess the effectiveness of a risk management strategy to improve
drinking water quality at collection taps and within household water storage con-
tainers for five gravity-fed piped schemes [8].

Methods The study was conducted in the Dailekh district of the Mid-Western
Development Region (Fig. 3.2). This district was selected as the study location
because it is representative of the rural, hilly areas that comprise about one-third of
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Nepal’s total land area. Dailekh district offered the additional advantages of close
proximity to the Helvetas WARM-P office in Surkhet and relatively convenient road
access. In total, eight communities with gravity-fed piped drinking water schemes
were selected for the study: five schemes where a combination of water safety inter-
ventions were provided and three control schemes where no interventions were
provided.

Prior to the study, all eight communities had received a new piped water system
with private or public taps, constructed by Helvetas between 2012 and 2016.
Following construction in each community, Helvetas had established a water and
sanitation users’ committee, promoted improved household hygiene practices, pro-
moted ceramic filters for household water treatment and safe storage, and trained a
female community health volunteer and a village maintenance worker. The study
interventions examined included field laboratories for microbial analysis, central-
ized data management, targeted water infrastructure improvements, chlorination of
reservoir tanks, intensive household hygiene and filter promotion, and training of a
community water safety task force and laboratory technicians (Table 3.1).

The following measures were assessed before and after implementation of the
water safety interventions: community members’ perceptions and behaviors regard-
ing their drinking water (n = 120), the sanitary state of the water schemes (n = 23),
and E. coli concentrations at collection taps (n = 23) and household storage contain-
ers (n = 120). The interventions described in Table 3.1 were implemented over an
8-month period between the two rounds of data collection (hereafter called “pre-
intervention” and “post-intervention”). The methodologies for water sampling and
household survey data collection are as described above in Phases 1 and 2,
respectively.

Results Results showed a significant improvement in microbial water quality
within households and at taps following implementation of the interventions (see
Table 3.2). Within intervention schemes, the mean log;, E. coli concentration in

Table 3.1 Activities carried out within intervention and control communities during Phase 3

Activities carried out prior to the study in all communities
Constructed piped water system construction

Established water and sanitation users’ committee

Delivered household hygiene messages

Promoted ceramic water filters

Trained community health volunteers and village maintenance workers

Activities carried out during the study in intervention communities only

Installed field laboratories

Established centralized data management

Infrastructure improvements, e.g., pipe replacements, tank repairs, intake filters, etc.

Chlorination of reservoir tanks

Delivered water quality test results along with intensive household hygiene and water safety
messages

Trained water safety task force members and laboratory technicians
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Table 3.2 E. coli concentrations at each sample location within the intervention and control
communities, with bivariate comparisons of the mean E. coli contamination at pre- and post-
intervention time points

Percentage
samples
meeting
Before or WHO
after guidelines | Median Mean (SD) Student’s
Location intervention |n | (%) [CFU/100 mL) | [log;o(CFU/100 mL)] | #-test
Intervention schemes
Household | Before 75117 24 1.25 (1.00) t=-5.645,
stored After 72153 0 0.36 (0.92) df = 145,
water p<0.001
Collection | Before 14| 7 11 1.14 (0.79) t=—4.086,
tap After 14150 1 0.13 (0.49) df =26,
p <0.001
Control schemes
Household | Before 45120 8 1.01 (0.97) t=-1.026,
stored After 43123 4 0.80 (0.98) df = 86,
water p =0.308
Collection | Before 91 0 38 1.54 (1.01) t=-2.040,
tap After 911 3 0.65 (0.82) df =16,
p=0.058

household storage containers was 1.25 CFU/100 mL at the pre-intervention time
and 0.36 CFU/100 mL at the post-intervention time. Among intervention scheme
taps, a reduction in the mean log,o E. coli concentration from 1.14 CFU/100 mL to
0.13 CFU/100 mL was observed. There was no significant difference in the average
contamination levels observed at pre- and post-intervention for any of the sampling
points in the control schemes.

Each sampling point was examined for compliance with WHO guidelines for
drinking water safety (<1 CFU E. coli/100 mL). The results show that, within inter-
vention schemes, the share of household stored water samples with no detectable E.
coli increased significantly from 17% to 53% following implementation of the
interventions (c2 (1, n = 147) = 24.01, p < 0.001). The increase in the tap samples
from the intervention schemes that met the WHO guidelines was also significant,
from 7% to 50% (c2 (1, n = 28) = 6.30, p = 0.03). In addition, all the tap samples
taken post-intervention had less than 10 CFU E. coli/100 mL.

Summary Within the 5 intervention schemes, there was a statistically significant
improvement in microbial water quality 8 months after implementation of the water
safety measures. All taps within intervention schemes had a concentration of less than
10 CFU E. coli/100 mL at the end of the study period. These water quality improve-
ments were driven by scheme-level chlorination, improved household hygiene prac-
tices, and the universal adoption of household water treatment. Implementation of
this comprehensive risk management strategy in remote rural communities can sup-
port efforts toward achieving universal access to safely managed water.
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3.4 Conclusions

The findings from 4 years of research in rural communities in Mid-Western Nepal
reveal the importance of a comprehensive strategy for reducing contamination of
piped water supplies. At baseline 90% of the households interviewed had access to
an improved drinking water source, such as a tap or borehole. Most households
understood the main sources of contamination and the importance of using a safe
drinking water source. Most households also perceived their own water supply as
safe to drink, and they therefore did not practice any treatment method. However, a
sampling campaign revealed that two-thirds of taps and nine out of every ten house-
hold storage containers were contaminated with fecal bacteria. Thus, this research
revealed a disconnect between households’ perceptions and the actual microbial
safety of their drinking water, resulting in a high risk to health due to exposure to
waterborne pathogens. These findings pointed to a need for a campaign to increase
hygiene education and awareness, as well as technical upgrades for the piped
schemes across the WARM-P service area.

The final year of field activities in the WARM-P service area was dedicated to the
implementation of a suite of water safety interventions, including pipe repairs,
scheme-level chlorination, and intensive water safety and household hygiene promo-
tion. The promotion strategy included door-to-door visits and community meetings
to disseminate water quality test results and motivate treatment and safe storage
practices. The evaluation of the impact of these interventions showed that such a
risk-based approach resulted in measurable improvements in microbial water quality
at taps and within household storage containers across the study area. For example,
following intervention implementation, the share of taps and storage containers
meeting the WHO guideline for drinking water safety increased from 7% to 50% and
from 17% to 53%, respectively. In addition, by the end of the study period, all tap
water samples contained less than 10 CFU E. coli/100 mL, a significant improve-
ment from the pre-intervention levels observed among WARM-P piped systems.
This applied research project was made possible by a long-term collaborative part-
nership between a development organization and academic institutions, with priority
placed on stepwise learning processes and participatory involvement of all partners.
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Chapter 4 )
Water Quality for Decentralized Use ST
of Non-potable Water Sources

Sybil Sharvelle

Abstract Pressures on water resources continue to rise with increasing population
and diminishing local freshwater supplies. Use of locally available water sources can
increase reliability and resilience of water supplies, particularly in areas prone to
drought. Examples of local water supplies include roof runoff, stormwater, graywa-
ter, and treated wastewater. Conventionally, municipalities withdraw water from
freshwater sources, treat that water to potable quality to meet urban water demand,
and then treat and discharge wastewater. This approach results in substantial use of
energy and consumables. Water is essentially imported and exported from local
areas. An alternative is to use locally available water sources. This practice is gaining
interest as an approach to minimize the import and export of water ensure reliable
water sources, increase water supply resiliency, and promote energy efficiency. Local
water sources are often supplied via decentralized water systems.

4.1 Introduction

Pressures on water resources continue to rise with increasing population and dimin-
ishing local freshwater supplies. Use of locally available water sources can increase
reliability and resilience of water supplies, particularly in areas prone to drought.
Examples of local water supplies include roof runoff, stormwater, graywater, and
treated wastewater. Conventionally, municipalities withdraw water from freshwater
sources, treat that water to potable quality to meet urban water demand, and then
treat and discharge wastewater. This approach results in substantial use of energy
and consumables. Water is essentially imported and exported from local areas. An
alternative is to use locally available water sources. This practice is gaining interest
as an approach to minimize the import and export of water [14], ensure reliable
water sources, increase water supply resiliency, and promote energy efficiency.
Local water sources are often supplied via decentralized water systems.
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4.2 Decentralized Water Systems

Decentralized systems that make use of local water sources can use multiple source
waters for varying end uses and can be applied from the building to neighborhood
scale (Fig. 4.1). Common water sources for decentralized water systems and their
definitions are included in Table 4.1. Decentralized non-potable water systems have
been defined as systems in which local sources of water (e.g., roof runoff, stormwa-
ter, graywater, and wastewater) are collected, treated, and used for non-potable
applications at the building, neighborhood, and/or district scale, generally at a loca-

tion near the point of generation of the source of water [18].
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Fig. 4.1 Scales of decentralized water systems

Table 4.1 Water sources for decentralized water systems as defined by Sharvelle et al. [18]

Water source Definition

Blackwater Wastewater originating from toilets and/or kitchen sources (i.e., kitchen
sinks and dishwashers)

Graywater Wastewater collected from non-blackwater sources, such as bathroom sinks,
showers, bathtubs, clothes washers, and laundry sinks

Wastewater Water that is collected from combined graywater and blackwater sources,
also known as sewage

Roof runoff Precipitation from rain or snowmelt events collected directly off a roof
surface that is not subject to frequent public access

Stormwater Precipitation runoff from rain or snowmelt events that flows over land and/
or impervious surfaces (e.g., streets, parking lots, and rooftops)

Condensate Water vapor that is converted to a liquid and collected, the most common
source in buildings being air conditioning, refrigeration, and steam heating

Shallow Groundwater located near the ground surface in an unconfined aquifer and,

groundwater therefore, subject to contamination from infiltration of surface sources

Foundation water | Shallow groundwater collected from drainage around building foundations
or sumps
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Decentralized water (DW) systems can be applied at multiple local scales (Fig. 4.1).
At the single residence scale, the most commonly used water sources are collected
roof runoff and graywater. These water sources are typically used to meet irrigation
demand or sometimes toilet flush demand at the single residence scale [14]. At the
multi-residential and commercial scales, systems can be more complex when facil-
ities management staff are on-site for management of the systems. At this scale,
on-site-generated blackwater and wastewater can be used in addition to graywater
and roof runoff, and use for toilet flushing and irrigation is most common (e.g., see
DW Systems below). District systems are also feasible where water can be collected
in a cluster multiple mixed-use (residential and commercial) buildings and used to
meet water demand in those buildings. Neighborhood water systems (Fig. 4.1) can
be classified as DW systems and would likely be locally operated with extensive
online monitoring and control and oversight from municipalities [18]. Stormwater
is more easily collected at this scale than the other scales discussed because it is
collected from multiple impervious sources (including streets and parking lots; see
Table 4.1). In addition, treatment of stormwater for non-potable use is pragmatic via
neighborhood scale/decentralized systems.

4.3 Example DW Systems

4.3.1 Solaire Building (New York, NY)

The Solaire Building is a 27-story apartment building located in Battery Park,
New York, NY. A membrane bioreactor located in the basement of the building
treats wastewater collected in the building to use it for toilet flushing, heating,
ventilation and air-conditioning (HVAC), and subsurface irrigation [23]. The system
has been successfully operating since 2004 (Fig. 4.2).

Fig. 4.2 Solaire building and on-site treatment
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4.4 San Francisco Public Utilities Commission Headquarters
(San Francisco, CA)

The San Francisco Public Utilities Commission headquarters building houses
approximately 950 employees and includes systems to use both blackwater and roof
runoff on-site [16]. A Living Machine®, a plant-based, biological treatment system,
treats wastewater to be used to flush toilets (Fig. 4.3). The building also has a 25,000
gallon cistern to collect roof runoff and use that water for subsurface irrigation. The
building has reduced its demand for potable water by 65% through use of wastewa-
ter and roof runoff with almost all of the reduction achieved via use of wastewater
for toilet flushing (Fig. 4.3).

4.5 Incentives for Decentralized Water Systems

There are many benefits to DW systems that serve as drivers to move these projects
forward, even when they increase costs for developers. Motivation for implementa-
tion can include potable water demand reduction, commitment to sustainability and
green building initiatives, stormwater runoff reduction, flexible infrastructure, and
system-level energy benefits. San Francisco Public Utilities Commission [16] sum-
marized 14 DW projects, and the most common drivers were to achieve Leadership
in Energy and Environmental Design (LEED) certification and to meet city ordi-
nances for stormwater runoff intensity and reduction requirements. While there are
examples of DW systems that achieve cost savings (e.g., Solaire building), many
systems installed to date do incur costs on developers, residents, or occupants [16].
However, there are many benefits that result in willingness to pay.

Fig. 4.3 SFPUC building and outdoor constructed wetlands for onsite treatment
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4.5.1 Potable Water Demand Reduction

The use of on-site water sources reduces the demand for municipally supplied
water, thereby diversifying water sources and increasing reliable, local water sup-
plies. Of the 14 DW projects implemented in San Francisco, CA, potable water use
reduction up to 81% was observed. More than half of these projects measured pota-
ble water use savings, achieving more than 20% reduction in use [16].

A study analyzing use of graywater and roof runoff scenarios to meet residential
water demand in six cities across the USA showed potential demand reduction
between 13% and 26% when graywater is used for irrigation and toilet flushing and
up to 28% when roof runoff is captured using 2200 gallons of storage tanks and
used depending on the local climate [14].

4.5.2 Sustainability and Green Building Initiatives

Aggressive sustainability goals have resulted in the boom of green building initia-
tives. The US Green Building Council developed the LEED certification program to
rate buildings based on environmental performance. LEED certification points can
be achieved by offsetting demand for potable water by using alternate water sources
or via projects that result in decreased stormwater runoff volume: use of roof runoff
or stormwater to meet on-site water demand achieves both of these goals. Many cit-
ies have ordinances in place to require new construction to be LEED certified, and
there is a growing demand for potential tenants and the public. Of the 14 docu-
mented DW projects in San Francisco, LEED certification was a driver for the
design for 8 of the 14 projects.

4.5.3 Stormwater Runoff Reduction

An important goal of stormwater control is to reduce stormwater runoff intensity
and volume, particularly in cities with combined sewers. DW projects that capture
stormwater or roof runoff for beneficial use achieve runoff intensity and volume
reduction. Of note is that projects that use water sources other than stormwater do
not achieve this goal. Many cities have ordinances or incentives in place to promote
projects that reduce stormwater runoff volume and intensity. San Francisco has such
an ordinance and is the driver for 11 of the 14 existing DW projects [16]. The
District of Columbia Department of Energy and Environment has a stormwater
retention credit trading program that has resulted in many projects that use roof and
stormwater runoff in Washington, D.C. [14].
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4.5.4 Infrastructure

Municipal-scale reclaimed water programs are infrastructure-intensive. In contrast,
decentralized use of local water supplies provides the opportunity to diversify water
sources without extensive public infrastructure requirements [21]. Decentralized
water recycling was found to have cost and energy advantages compared to central-
ized systems in high growth areas where existing transmission infrastructure is near-
ing capacity limits [21]. While centralized treatment systems benefit from economy
of scale for cost and energy efficiency, extensive requirements exist for conveyance
infrastructure including pipes and pumping. Thus, life cycle costs can be reduced via
decentralized infrastructure, particularly when the number of persons served is opti-
mized to balance conveyance infrastructure requirements with scale of treatment
systems [1, 8]. Decentralized infrastructure provides flexibility in where and when
infrastructure is installed, avoiding unnecessarily overdesigning infrastructure.

4.5.5 System-Level Energy Efficiency

Water conservation is coupled with a decrease in energy consumption [20]. However,
the interactions between DW systems and energy consumption are complex and
multidimensional [14]. There are both cases where DW systems result in increased
energy footprint and those where the systems result in energy efficiency. DW sys-
tems suffer from economy of scale and diversion of organic matter from centralized
systems where that organic matter may have been converted to energy at a central-
ized wastewater treatment facility via anaerobic digestion. Water supply and waste-
water treatment benefit from energy efficiency at larger scales when considering
energy per gallon treated [5]. Thus, DW systems can suffer from economies of scale
when considering energy efficiency [19, 21]. DW systems can also decrease energy
footprint when organic matter is treated on-site and diverted from wastewater collec-
tion systems. Removing blackwater from wastewater collection systems that include
anaerobic digestion and energy production from biosolids has high impact on life
cycle assessment energy considerations [19, 22]. Thus, a scenario that assessed on-
site graywater treatment and use with blackwater energy recovery was more energy
and carbon efficient compared to a conventional, centralized system [22].

DW systems can offer energy efficiency compared to centralized systems in
some cases. Energy efficiency is achieved when water sources can be used on-site
with minimal or no treatment and when heat is recovered from the collected water
source. When passive DW treatment systems are used that do not require energy for
pumping or treatment, energy efficiency can be achieved [14] resulting in system-
level energy benefits from reduced demand for potable water. In addition, when
wastewater or graywater are collected on-site, there is potential for recovery of heat
from those water sources resulting in the ability to meet up to 85% of the residential
energy demand for heating water [10, 11]. On-site heat recovery from collected
wastewater and improvements in energy efficiency of DW treatment systems offer
the potential to achieve system-level energy benefits.
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4.6 Current State of Regulations and Water Quality
Requirements for Alternate Water Sources

Regulatory frameworks that allow for DW systems are sparse [18]. The cities of Los
Angeles and San Francisco are examples of cities with programs in place to pro-
mote use of on-site water sources to meet non-potable demands [2, 9]. There are
states that allow use of stormwater, roof runoff, and graywater as decentralized
alternatives to meet non-potable demands (Tables 4.2 and 4.3). Non-potable
demands included in current regulations are unrestricted irrigation and indoor use
(e.g., toilet flushing and laundry), which have different water quality requirements
in most jurisdictions. Unrestricted irrigation is defined here as water use for land-
scape where there may be human contact with irrigation water (e.g., spray irrigation
in areas unrestricted to public access by barriers). The most common non-potable
indoor use of alternate water sources is toilet flushing, but these water sources can
also be used for laundry.

There is a wide range of water quality limits for indicator organisms (i.e., E. coli
and total coliforms; Tables 4.2 and 4.3). The regulatory community has lacked guid-
ance to set appropriate water quality standards for varying source water end-use
combinations. For example, E. coli water quality targets for use of stormwater for
unrestricted irrigation range from 2.2-4615 CFU/100 mL and total coliforms for
treated graywater use to flush toilets range from 2.2-500 CFU/100 mL. Consistent
guidance is needed to inform fit-for-purpose water quality standards for the use of
different water sources.

The approach for water quality standards is end-point analysis of water quality,
with the exception of the City of San Francisco, which has a non-potable water
program in place that uses the risk-based framework developed by Sharvelle et al.
[18]. End-point analysis relies on periodic analysis of water quality parameters in

Table 4.2 Summary of jurisdictions that allow use of alternate water sources for unrestricted
irrigation and ranges of water quality limits in those jurisdictions (graywater is not included due to
lack of regulations to allow this use (more commonly used for subsurface irrigation))

Blackwater/
Roof runoff* Stormwater® wastewater®
Jurisdictions with Los Angeles, CA; Minnesota; District of San Francisco,
regulations for San Francisco, CA | Columbia; Los Angeles, CA; |CA
decentralized use San Francisco, CA
BOD;s (mg/L) NR 10 10
Turbidity (NTU) 10 2-3 Varies depending
on treatment
TSS (mg/L) NR 5-10 10
E. coli (CFU/100 mL) | 100 2.2-4615 NR
Total coliforms 2.2 NR 2.2
(CFU/100 mL)

*City and County of San Francisco [2]; Los Angeles County Department of Public Health [9]; NRC [14]
"Minnesota Pollution Control Agency [12]; DDOE [4]; City and County of San Francisco [2]; Los
Angeles County Department of Public Health [9]

¢City and County of San Francisco [2]
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Table 4.3 Summary of jurisdictions that allow use of alternate water sources for indoor use (toilet
flushing and sometimes laundry) and ranges of water quality limits in those jurisdictions

Blackwater/
Roof runoff* Stormwater® Graywater® wastewater!
Jurisdictions with Los Angeles, District of CA, CO,NM, | San Francisco,
regulations for CA; San Columbia; Los OR, GE, TX, |CA
decentralized use Francisco, CA; | Angeles, CA; San | MS, WI
CA; TX; GA Francisco, CA
BOD; (mg/L) NR 10 10-200 10
Turbidity (NTU) 10 2 2-10 Varies
depending on
treatment
system
TSS (mg/L) NR 10 5-30 10
E. coli 100 2.2-50,000 14-200 NR
(CFU/100 mL)
Total coliforms 2.2-500 NR 2.2-500 2.2
(CFU/100 mL)

*City and County of San Francisco [2]; Los Angeles County Department of Public Health [9]
"DDOE [4]; City and County of San Francisco [2]; Los Angeles County Department of Public
Health [9]

‘NRC [14]; CDPHE [3]

dCity and County of San Francisco [2]

the effluent, which can be problematic with respect to pathogens. End-point analy-
sis of indicator organisms does not account for the specific loading of each virus,
bacterium, and protozoan present in the source water and the expected level of treat-
ment for those pathogens. In addition, indicator organisms may not reflect treatment
of the specific pathogens present in the source water [6]. End-point analysis of
pathogen concentrations in treated water can be cumbersome and expensive, with-
out providing useful data regarding treatment of the source water to achieve accept-
able health risk [18].

4.7 A Risk-Based Framework for the Development of Public
Heath Guidance for DW Systems

Lack of a consistent regulatory framework to ensure protection of public health has
been a barrier to wide implementation, but there are successful DW projects in place
(e.g., see DW Systems above). An expert panel was convened to develop the Risk-
Based Framework for the Development of Public Health Guidance for Decentralized
Non-Potable Water Systems and chaired by Dr. Sybil Sharvelle [18]. The panel was
organized by the National Water Research Institute.

The panel worked to achieve consensus on a framework that includes risk-based
guidance developed from estimated pathogen log,, reduction targets (LRTs) for
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various source waters and end-use combinations. The framework includes risk-
based guidance on LRTs for pathogens (virus, bacteria, and protozoa), guidance for
design to achieve LRTs, management, monitoring, and reporting for decentralized
non-potable water (DNW) systems.

Quantitative Microbial Risk Assessment (QMRA; Fig. 4.4) was used to inform
recommendations on LRTs for enteric viruses, enteric bacteria, and parasitic proto-
zoa in various source water end-use combinations. QMRA relies on first character-
izing pathogens in source waters (Fig. 4.4). Pathogen densities and occurrence for
roof runoff, stormwater, graywater, and domestic wastewater were characterized by
Schoen et al. [17] and Jahne et al. [7]. Exposure to water is then estimated based on
the end use [15], which includes an estimate of frequency of exposure and quantity
of water ingested during exposure. Next, an acceptable level of risk is selected for
human infection or illness (Fig. 4.4). LRTs for the risk-based framework for DNW
systems were established based on tolerable infection risks of 10~ (1 in 1000 per-
sons per year) or 1072 (1 in 100 persons per year) per person for enteric viruses,
enteric bacteria, and parasitic protozoa. These targets correspond to US
Environmental Protection Agency’s target pathogen risk for drinking water stan-
dards and recreational water quality standards, respectively. The 1072 infection risk
per person is typically used for involuntary exposures, while the 10~ infection risk
is typically used for voluntary exposures. Voluntary exposures occur when water
users are aware that non-potable water is used and intentionally select to use that
water. Involuntary exposures occur when the population may be exposed to non-
potable water unknowingly and/or without an option to not be exposed. Multiple
dose-response models were then used to estimate LRTs for the source water end-use
combinations [17]. Unit processes can be selected to achieve those LRTs as
described in Sharvelle et al. [18] based on developed LRTs for each source water
end-use combination. Various unit processes achieve different log reduction values
depending on how they are operated. For example, membrane filtration can achieve
2-6 log reductions of bacteria depending on pore size, and UV achieves 1-4 log
reduction of bacteria for doses between 10 and 60 mJ/cm? [18] (Fig. 4.4).

4.7.1 A New Monitoring Approach

Water and wastewater systems have traditionally been monitored using fecal indica-
tor organisms (FIOs). The presence or concentration of FIOs in samples of water or
wastewater is considered indicative of other waterborne pathogens. FIOs have been
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Fig. 4.4 Summary of quantitative microbial risk assessment
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useful because they are expected to be present in water contaminated with fecal
waste. The use of FIOs for a DNW system, however, has limitations, including:

* FIOs may not be present in potential source water for a non-potable system.

* FIOs are not necessarily representative of all pathogen groups.

* Grab samples analyzed for FIOs cannot be monitored continuously with high
frequency.

e Measurement of FIOs requires hours to days and thus does not provide informa-
tion on real-time performance.

The framework for DNW systems recommends that continuous water quality
monitoring of surrogate parameters is conducted rather than a conventional moni-
toring system using grab samples for FIOs. Surrogate parameters such as turbidity,
residual chlorine, ultraviolet transmittance, and others can be used to verify that unit
processes are operating as they were designed to.

The three forms of monitoring for DNW systems include validation testing, field
verification, and continuous verification monitoring. Each of these is defined below:

Validation testing. A treatment technology process evaluation study conducted
where the system is challenged via addition of target or surrogate pathogens over
a defined range of operating conditions, usually conducted at a test facility or in
situ.

Field verification. A study to confirm that the installed treatment system performs as
designed. Biological and/or chemical surrogates are monitored during the field
verification which is typically conducted during commissioning (operational
period where water is not supplied to the end use) and may be repeated later. In
some cases, indigenous organisms can be used for process verification.

Continuous monitoring. Ongoing verification of system performance using sensors
for the continuous observation of selected parameters, including surrogate
parameters correlated with pathogen LRT requirements.

Continuous log reduction value (LRV) verification is accomplished using moni-
toring data from inline sensors that detect a surrogate parameter, which correlates
directly with a given process LRV, at a high sampling frequency. Surrogate
parameters should be those that can be monitored reliably at a high frequency and
that are correlated with performance for pathogen reduction. Possible surrogates
include chlorine residual, color, electrical conductivity, turbidity, and oxidation-
reduction potential. For example, increased turbidity from standard operation in the
effluent from an ultrafilter could indicate that performance for pathogen reduction
is compromised. More detail is provided in Sharvelle et al. [18] on selection of
appropriate surrogate parameters. Data acquisition systems are used to collect and
log process monitoring data in a local and/or online database at the frequency
required to determine process compliance. Online process controls are needed to
modify operations or switch to an alternative water source when unit process is
detected to be out of compliance.
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4.7.2 Application of the Risk-Based Framework for DNW
Systems

The City of San Francisco has applied the risk-based framework for DNW systems
in its regulatory framework for non-potable water systems [2]. In addition, a
National Blue Ribbon Commission for Onsite Non-Potable Water Systems was
formed and developed a Guidebook for Developing and Implementing Regulations
for Onsite Non-potable Water Systems [13]. The risk-based framework developed
by Sharvelle et al. [18] served as the basis for this widely adopted guidebook.

4.8 Summary

Regulatory and permitting barriers have impeded implementation of such projects
in spite of growing public interest. Decentralized non-potable water systems that
exist to date were enabled by champions for those projects in both the development
and regulatory sectors. In many cases, a regulatory framework was nonexistent and
those projects either were approved via variances or paved the way for a regulatory
framework. QMRA has been used to develop guidance for LRTs for various source
water end-use combinations at the decentralized scale. The QMRA approach over-
comes weaknesses in the end-point analysis of fecal indicator organisms by provid-
ing targets for pathogen reduction based on human health outcomes. The framework
could be adapted for application across multiple scales of projects from the building
to municipal scale to enable fit-for-purpose treatment of water, i.e., treatment appro-
priate for the source water end-use combination applied.

Dr. Sharvelle has had the pleasure to know two amazing female mentors, her
M.S. advisor Dr. JoAnn Silverstein and her Ph.D. advisor Dr. M. Katherine Banks.
These women not only mentored her to become a better scientist and engineer but
shaped her approach to both professional and personal pursuits. From Dr. Silverstein,
Sybil learned that quiet perseverance never fails. And from Dr. Banks, Dr. Sharvelle
learned lifelong skills from an amazing female leader who identified strategic initia-
tives and pursued those with a laser focus. Dr. Sharvelle is most thankful to have had
the opportunity to have worked with these women.
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This led to her serving as a panel member for the National Research Council Panel on Using
Graywater and Stormwater to Enhance Local Water Supplies: An Assessment of Risks, Costs, and
Benefits and subsequently chairing the National Water Research Institute Panel to develop a Risk-
Based Framework for the Development of Public Health Guidance for Decentralized Non-Potable
Water Systems. The work proposed a paradigm shift from end-point analysis of water quality
focused on monitoring of indicator organisms to a health risk—based approach to design systems
that achieve appropriate reductions of pathogens specific to the source water end use.
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Chapter 5
Wastewater-Based Epidemiology for Early
Detection of Viral Outbreaks

Check for
updates

Irene Xagoraraki and Evan O’Brien

Abstract The immense global burden of infectious disease outbreaks and the need
to establish prediction and prevention systems have been recognized by the World
Health Organization (WHO), the National Institutes of Health (NIH), the United
States Agency of International Development (USAID), the Bill and Melinda Gates
Foundation, and the international scientific community. Despite multiple efforts,
this infectious burden is still increasing. For example, it has been reported that
between 1.5 and 12 million people die each year from waterborne diseases and diar-
rheal diseases are listed within the top 15 leading causes of death worldwide. Rapid
population growth, climate change, natural disasters, immigration, globalization,
and the corresponding sanitation and waste management challenges are expected to
intensify the problem in the years to come.

5.1 Introduction

The immense global burden of infectious disease outbreaks and the need to estab-
lish prediction and prevention systems have been recognized by the World Health
Organization (WHO), the National Institutes of Health (NIH), the United States
Agency of International Development (USAID), the Bill and Melinda Gates
Foundation, and the international scientific community. Despite multiple efforts,
this infectious burden is still increasing. For example, it has been reported that
between 1.5 and 12 million people die each year from waterborne diseases [1, 2]
and diarrheal diseases are listed within the top 15 leading causes of death worldwide
[3]. Rapid population growth, climate change, natural disasters, immigration,
globalization, and the corresponding sanitation and waste management challenges
are expected to intensify the problem in the years to come.

Most infectious disease outbreaks in the United States have been related to
microbial agents [4—7]. In the vast majority of cases, the infectious agents have not
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been identified. However, the Environmental Protection Agency (EPA) suggests that
most outbreaks of unidentified etiology are caused by viruses [8]. Viruses have been
cited as potentially the most important and hazardous pathogens found in wastewa-
ter [9] and are included in the EPA contaminant candidate list. Viruses can lead to
serious health outcomes, especially for children, the elderly, and immunocompro-
mised individuals, and are of great concern because of their low infectious dose,
ability to mutate, inability to be treated by antibiotics, resistance to disinfection,
small size that facilitates environmental transport, and high survivability in water
and solids.

Infectious outbreaks can cause uncontrollable negative effects especially in
dense urban areas. Traditional disease detection and management systems are
based on diagnostic analyses of clinical samples. However, these systems fail to
detect early warnings of public health threats at a wide population level and fail
to predict outbreaks in a timely manner. Classic epidemiology observes disease
outbreaks based on clinical symptoms and infection status but does not have the
ability to predict “critical locations” and “critical moments” for viral disease
onset. Recent research efforts in developing optimized detection systems focus
on rapid methods for analyzing blood samples, but this approach assumes that
patients are examined at a clinical setting after the outbreak has been established
and recognized.

The central premise of the proposed approach is that community wastewater
represents a snapshot of the status of public health. Wastewater analysis is equiva-
lent to obtaining and analyzing a community-based urine and fecal sample.
Monitoring temporal changes in virus concentration and diversity excreted in com-
munity wastewater, in combination with monitoring metabolites and biomarkers for
population adjustments, allows early detection of outbreaks (critical moments for
the onset of an outbreak). In addition, carefully designed spatial sampling will allow
detection of locations where an outbreak may begin to develop and spread (critical
locations for the onset of an outbreak) (Fig. 5.1).

Fig. 5.1 Photomicrograph of adenovirus particles (left) and influenza virus particles (right).
Adenovirus image from Dr. G. William Gary, Jr./CDC and influenza image from National Institute
of Allergy and Infectious Diseases
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5.2 Background

Similar detection systems have been used for the investigation of illicit drugs in
various locations around the world [10-12]. The approach was first theorized in
2001 [10] and first implemented and reported for several illicit drugs in 2005 where
the method was termed sewage epidemiology [11]. The methodology considers raw
untreated wastewater as a reservoir of human excretion products; among these prod-
ucts are the parent compounds and metabolites of illicit drugs. If these excretion
products are stable in wastewater as they travel through the sewage system, then the
measured concentration from a wastewater treatment plant (WWTP) could corre-
spond to the amount excreted by the serviced population. Table 5.1 presents a sum-
mary of prior studies utilizing the wastewater-based epidemiology methods to
assess levels of various substances in a population.

Any substance that is excreted by humans and is stable (or has known kinetic
pathways) in wastewater can be back-calculated into an initial source concentration.
An important step in the application of wastewater-based epidemiology is the esti-
mation of the contributing population and its sampled wastewater. Both census and
biomarker data can be used in this approach to estimate the number of individuals
that contribute to the wastewater sample.

5.3 Occurrence of Viruses in Wastewater

Waterborne viruses comprise a significant component of wastewater microbiota and
are known to be responsible for disease outbreaks. A critical characteristic of viruses
is that they do not grow outside the host cells. Therefore, viral concentrations in the
wastewater stream will represent the concentrations excreted by the corresponding
human population. Table 5.2 summarizes studies that detected waterborne and
non-waterborne viruses in wastewater and human excrement.

Table 5.1 Summary of substances investigated via wastewater-based epidemiology

Substance Country References

Alcohol Norway [13]

Amphetamines Australia, Belgium, Italy, Spain, South Korea, the United [14]
Kingdom, the United States

Cocaine Australia, Belgium, Germany, Ireland, Italy, Spain, the United | [14]
Kingdom, the United States

Counterfeit The Netherlands [15]

medicine

Opiates Germany, Italy, Spain, South Korea [16]

Tobacco Italy [17]
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Table 5.2 Summary of human viruses detected in wastewater or human excrement

Reported
Detected in | Detected in concentrations in

Virus excrement wastewater wastewater (copies/L) | References

Adenoviruses Yes Yes 6.0%10% to 1.7%10% [21-36]

Astroviruses Yes Yes 4.0%10* to 4.1%107 [24, 29,43, 44,47,
50-54]

Enteroviruses Yes Yes 6.9%10% to 4.7%10° [24-26, 28, 29, 31,
33, 34, 36, 43, 53,
58-63]

Hepatitis A Yes Yes 4.3%10° to 8.9x%10° [29, 30, 58, 67-72]

virus

Hepatitis E Yes Yes 7.8%10% [21, 34, 75-78]

virus

Noroviruses Yes Yes 4.9%10% to 9.3%10° [24-26, 28-30, 32,
33,43,47, 53, 54, 59,
60, 79, 84-88]

Rotaviruses Yes Yes 1.8%10% to 8.7x10° [29-31, 36, 43-45,
47, 50, 53, 58, 59,
90-95]

Aichi virus Yes Yes 9.7%10* to 2.0%10° [36, 96, 114]

Polyomaviruses | Yes Yes 8.3x10' to 5.7x108 [24, 35, 36, 85, 99,
115, 116]

Salivirus Yes Yes 3.7%10° to 9.7x10° [97, 114, 117]

Sapovirus Yes Yes 1.0%x10° to 5.1%10° [24, 36, 98, 118]

Torque teno Yes Yes 4.0%10* to 5.0%10° [23, 24, 35, 119]

virus

Coronaviruses | Yes Yes [120, 121]

Influenza Yes Yes [104-107, 122]

Dengue virus Yes [111-113, 123]

‘West Nile virus | Yes [109, 110, 124]

Zika virus Yes [108, 125]

Yellow fever Yes [126, 127]

virus

Note: The primary method of laboratory detection in the studies presented in this table is poly-
merase chain reaction (PCR), as well as real-time quantitative PCR (qPCR). PCR uses specific
primers to replicate target sequences of nucleic acids; designing a primer to replicate a specific
sequence in a given viral genome allows for the detection of that particular virus. qPCR can also
determine the concentration of a virus in a sample by quantifying the number of copies of the target
sequence

5.3.1 Waterborne Viruses

There are several groups of commonly detected and studied waterborne viruses,
including adenoviruses, astroviruses, enteroviruses, hepatitis A and E viruses,
noroviruses, and rotaviruses. Adenoviruses are known to cause gastroenteritis and
respiratory disease [18] and have been linked to outbreaks of disease [19, 20].
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Adenoviruses are a commonly studied group of viruses in water. They are com-
monly detected in raw wastewater [21-36] and have been cited as among the most
significantly abundant human viruses in wastewater [24,27,28,33,37]. Adenoviruses
have also been detected in human excrement of infected persons, including both
feces and urine [38-47]. Studies have found the concentration of adenovirus in the
stool of infected persons to range from 10* to 10" copies per gram with an average
concentration in the range from 10° to 10° copies per gram of stool [39, 41, 42, 46]
as quantified by gPCR.

Astroviruses are a group of RNA viruses that have been linked to outbreaks of
gastroenteritis [19, 48]. They have been cited as one of the more important viruses
associated with gastroenteritis [49], but they have not been as commonly studied in
wastewater compared to other groups of human enteric viruses. Nonetheless, they
have been detected using standard PCR in wastewater in prior studies [24, 29, 50,
51]. They have also been detected in clinical samples of human excrement of
infected people [43, 44, 47, 52-54], making them a viable candidate for wastewa-
ter epidemiology. While qPCR has been used as a detection method for astrovi-
ruses in human feces [44, 47, 54], and for quantification purposes in wastewater
[51], no cited studies have reported quantitative values for astroviruses in human
excrement.

Enteroviruses comprise several types of human enteric viruses, including poliovi-
ruses, coxsackieviruses, and echoviruses [55, 56]. Enteroviruses can cause an array
of afflictions depending on type, including common cold, meningitis, and poliomy-
elitis [57], and have been linked to outbreaks of these diseases [19]. Enteroviruses
have been detected via PCR in raw wastewater by numerous studies [25, 26, 28, 29,
31, 33, 34, 58, 59], as well as detected in human feces [43, 53, 60—63]. gPCR has not
as yet been extensively employed to quantify enteroviruses in stool samples, though
one study determined the enterovirus load to be in the range of 1.4%10* to 6.6x10°
copies per gram of stool [60].

Two species of hepatitis viruses, hepatitis A virus and hepatitis E virus, are con-
sidered to be waterborne viruses. Hepatitis is a liver disease that can cause numer-
ous afflictions, including fever, nausea, and jaundice [64]. Hepatitis A virus has
been linked to disease outbreaks [65], and it has been suggested that even low levels
of viral water pollution can produce infection [66]. Hepatitis A virus is often
detected via PCR in raw wastewater [29, 30, 58, 67, 68] and several studies have
also detected the virus in human stool samples [69—72]. Like enteroviruses, there
has not been significant investigation into the quantification of hepatitis A virus in
stool, though one study reported values in the range of 3.6x10° to 5.6:x10° copies per
gram of stool [70].

Hepatitis E virus, meanwhile, has only recently begun to become a pathogen of
interest compared to other waterborne human viruses [73]. Like hepatitis A, hepatitis E
virus can cause liver disease with many of the same symptoms; in fact, hepatitis E is
not clinically distinguishable from other types of viral hepatitis infection [74]. While
not investigated to the extent of other human enteric viruses, hepatitis E virus has been
detected via PCR in raw wastewater [21, 34, 75]. There have also been studies that have
detected hepatitis E virus in human stool samples [76—78]. One such study also used
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RT-gPCR to quantify the concentration of hepatitis E virus in stool and reported values
in the range of 10" to 10° copies per pL of stool [77].

Noroviruses, also known as Norwalk-like viruses, are a genus of viruses within
the Caliciviridae family. They are one of the more significant gastroenteritis-causing
viral agents, considered to be a leading cause of the disease [79-81], and are com-
monly associated with disease outbreaks [19, 82, 83]. Noroviruses are one of the
more commonly investigated and detected viruses in wastewater [24-26, 28-30, 32,
33, 36, 59, 60, 84, 85]. A number of studies have also investigated the presence of
noroviruses in human feces [43, 47, 53, 54, 79, 86-88]. One such cited study
reported quantification values for norovirus in stool following qPCR, in the range of
9.7%10° to 1.1x10'? copies per gram, with a mean value of approximately 10" cop-
ies per gram [87].

Rotaviruses are another primary cause of gastroenteritis with symptoms includ-
ing diarrhea, vomiting, and fever, in accordance with other enteric viruses [89].
They are commonly detected via PCR in raw wastewater [29-31, 36, 50, 58, 59,
90-92] and are commonly investigated and detected in human feces [43—45, 47, 53,
93-95]. Like other waterborne viruses, though, only a handful of studies on rotavi-
ruses have used qPCR as a detection tool, and none reported quantification values in
terms of the number of copies.

In addition to the commonly investigated waterborne viruses described above,
there are other human viruses that are commonly detected in wastewater and human
stool but not as frequently studied, such as Aichi virus, polyomaviruses, salivirus,
sapovirus, and torque teno virus. Aichi virus is a member of the Picornaviridae
family, the same family as enteroviruses, and is believed to cause gastroenteritis
[96]. Salivirus, another member of the Picornaviridae family, is also associated
with gastroenteritis, as well as acute flaccid paralysis [97]. Sapovirus, like norovi-
rus, is a member of the Caliciviridae family and like its relative is a common cause
of gastroenteritis [98]. Polyomaviruses are associated with a variety of diseases in
humans, including nephropathy, progressive multifocal leukoencephalopathy, and
Merecel cell carcinoma [99]. Torque teno virus is commonly detected in humans, but
the clinical consequences of infection are unclear [100]. These viruses are included
in Table 5.2.

5.3.2 Non-waterborne Viruses

Non-waterborne viruses have also been detected in wastewater or human excrement
(included in Table 5.2). While it is logical to investigate the applicability of water-
borne viruses to wastewater-based epidemiology, it is also important to note the
potential for other categories of viruses to fit into this methodology.

There exists a category of water-related viruses that are transmitted via insects
(like mosquitos) that breed in water, such as Zika virus, West Nile virus, Rift Valley
fever virus, yellow fever virus, dengue virus, and chikungunya virus, in addition to
confirmed waterborne viruses. These viruses also fall into the category of zoonotic



5 Wastewater-Based Epidemiology for Early Detection of Viral Outbreaks 81

viruses, which are viruses that can be transmitted between humans and animals.
Other zoonotic viruses include avian influenza virus, SARS (Severe Acute
Respiratory Syndrome) coronavirus, Menangle virus, Tioman virus, Hendra virus,
Australian bat lyssavirus, Nipah virus, and hantavirus. Specific animal species of
concern that are vectors for these zoonotic viruses include avian species, bats,
rodents, and mosquitos. While these zoonotic viruses are not classified as water-
borne, they are associated with potential waterborne transmission, such as exposure
to aerosolized wastewater, which can occur when wastewater undergoes turbulence,
such as in flush toilets, converging sewer pipes, and aeration basins [101, 102] as
well as irrigation and land application systems.

It has been shown that coronaviruses have been detected in wastewater [103] and
SARS coronaviruses have been detected in stool and urine samples. Furthermore,
detection in both human stool and urine [104—-106] as well as wastewater [107] has
been reported for influenza. Detection in urine has been reported for the mosquito-
associated Zika virus [108], West Nile virus [109, 110], dengue virus [111, 112],
and yellow fever virus [113]. These observations indicate that the concept of
wastewater-based epidemiology could be applied to a wide range of viruses beyond
the confirmed waterborne viruses.

5.4 Variations of Viruses in Wastewater

The quantity of human enteric viruses in wastewater has been shown to have sea-
sonal variation, indicating that infection resulting from these viruses is more preva-
lent at certain times of the year. A study conducted in Japan by Katayama et al.
(2008) found that norovirus concentrations in wastewater were highest during the
months of November through April [26], while enterovirus and adenovirus concen-
trations were largely consistent throughout the year. A 9-year study in Milwaukee,
Wisconsin, by Sedmak et al. (2005) found that concentrations of reoviruses, entero-
viruses, and adenoviruses were highest during the months of July through December.
This study also analyzed clinical specimens of enterovirus isolates and found the
incidence of clinical enterovirus infection corresponded to the concentration of
these viruses in wastewater during the same time periods [31]. Another study in
Beijing, China, by Li et al. (2011) found that rotavirus concentrations were highest
during the months of November through March [90] and that these findings also
corresponded with clinical rotavirus data reported in China [128].

Additionally, variation in viral concentration in wastewater can occur on a
smaller timescale. For example, tourist locations could experience higher wastewa-
ter loads, and consequently higher viral concentrations, on weekends where there is
an influx of population. For example, Xagoraraki’s research group conducted a
study which observed an increase in adenovirus concentration in wastewater fol-
lowing the July 4th holiday in Traverse City, Michigan, a popular vacation destina-
tion [27]. Likewise, urban centers may experience higher loads during the day on
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weekdays, while people are at work. Accounting for these population changes
would be vital for understanding when viral outbreaks occur.

Wastewater has been used in the past as a tool to investigate viruses for other
purposes as well, such as spatial surveillance and evaluation of immunization effi-
cacy. Two particular studies were able to use wastewater to observe the spatial varia-
tion of particular viral strains; Bofill-Mas et al. observed that particular strains of
polyomavirus were endemic to specific regions, while Clemente-Cesares et al.
detected Hepatitis E virus in areas previously considered non-endemic for the virus
[129, 130]. Lago et al. (2003) investigated the efficacy of a poliovirus (a type of
enterovirus) immunization campaign in Havana, Cuba, by quantifying concentra-
tions of the virus in wastewater [61]. Poliovirus was detected in 100% of wastewater
samples prior to the start of the immunization campaign and dropped to a 0% detec-
tion rate in wastewater 15 weeks after the campaign, indicating the usefulness of
wastewater surveillance. A study by Carducci et al. (2006) investigated the relation-
ship between wastewater samples and clinical samples and found that the same viral
strains could sometimes be detected between the two sets of samples [131].

5.5 Proposed Methodology

Waterborne and non-waterborne viruses have been detected in wastewater, varia-
tions of concentrations in time have been observed, and virus presence in wastewa-
ter has on occasion been correlated with occurrence of clinical disease. However,
wastewater-based epidemiology methods have not yet been applied to assess and
predict viral disease outbreaks in a systematic way. Wastewater-based epidemiology
has the potential to predict “critical locations” and “critical moments” for viral
disease onset. Designing spatial and temporal sampling appropriate to the area of
concern, as well as modeling the fate of viruses, is critical for the effectiveness of
the proposed method. This methodology is summarized in Fig. 5.2. In the following
sections, critical factors for implementation are discussed.

5.5.1 Sampling in Urban and Rural Locations

The most critical parameter for the effective application of wastewater-based epide-
miology is the selection of a surveillance program, including spatial and temporal
sampling. Considerations must be made in the differences between urban and rural
wastewater systems. Urban sewage systems offer a convenient confluence of waste-
water in the serviced population, as all wastewater will ultimately flow to a WWTP,
providing a sampling point representing the entire community. Additionally, local-
ized sampling can be performed in specific neighborhoods where access points are
available. By surveying both the combined wastewater at the treatment plant and the
localized samples from neighborhoods, viral outbreaks can be traced to a more



5 Wastewater-Based Epidemiology for Early Detection of Viral Outbreaks 83

| URBANCOMMUNITIES | | RURALCOMMUNITIES

Samplmg locations:
centralized wastewater utility
influent and neighborhood
pumping stations

~ LABORATORY | |

DATA: Viral |

abundance and |
ge nomlc dlversny

Sampling locations:
polluted surface water
and point sources

Composite sampling of
community wastewater
at multiple points in time

Community wastewater
represents a snapshot of the
status of public health and
allows early detection of
outbreaks

OTHER DATA:
hydrological, water
quality, population
biomarker, clinical

MODELING:
Process-based virus fate modeling
Statistical modeling
Data-driven predictive modeling

* Current status of endemic disease
* Early signals for detection of disease outbreaks
+ Spatial and temporal variations of viral abundance and diversity and prediction of “critical locations”
and “critical times” for future outbreaks.

Fig. 5.2 Summary of the proposed wastewater-based epidemiology methodology

specific location and the urban areas of concern can be identified. Xagoraraki’s
research group is currently conducting an National Science Foundation-funded
study of this nature in the city of Detroit, sampling at several interceptors at the
Detroit wastewater treatment plant, as well as sampling from sewer lines in residential
areas throughout the city.

More rural or underdeveloped areas that do not have sewage collection systems
pose sampling problems. In these areas, wastewater is often disposed in open space,
latrines, or septic tanks. As a result, for wastewater-based epidemiology sampling to
be effectively applied to these areas, disposal, fate, and transport of wastewater in
the environment must be taken into account. Watershed modeling would therefore
become an integral component of the wastewater-based epidemiology methodology
for rural locations. In a study performed by Xagoraraki’s research group, prelimi-
nary investigation into the wastewater epidemiology methodology was conducted
[132]. Samples were collected from a wastewater treatment plant and surrounding
surface waters in Kampala, Uganda. Three sampling events were conducted in
2-week intervals. Four human viruses (adenovirus, enterovirus, hepatitis A virus,
and rotavirus) were quantified at each sampling location via qPCR. Concentrations
of each virus at each location from each sampling event were compared to one
another to determine if significant differences could be observed from one sam-
pling event to the next. Results indicated that statistically significant differences in
viral concentration were observed for the measured viruses at several sampling
locations.
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The selection of the sampling times and locations is of paramount importance to
the methodology, regardless of whether sampling takes place in urban or rural areas.
Sampling should be based upon expected critical pathways of viral transport and
transmission. These critical pathways include environmental reservoirs for viruses
and the timing and locations where viruses are most easily transported and transmit-
ted between humans and the environment. By determining sampling times and loca-
tions based upon critical pathways, “critical locations,” and “critical moments,”
areas and times most impactful to the spread of viral disease would be most readily
and effectively identified.

5.5.2 Quantification of Viruses

Quantitative data of viruses of concern, such as those obtained with qPCR, are criti-
cal for the proposed methodology, as peaks in viral concentrations will indicate
potential onset of disease outbreaks. While detection in human excrement or raw
wastewater has not been reported for all viruses, it is possible that they have simply
not been investigated in this context, as detection of viruses via conventional meth-
ods (cell culture, PCR, qPCR) is specific to the virus being investigated. Thus, while
gPCR is important to detect and quantify common waterborne viruses, next-
generation sequencing and metagenomic methods could also be performed to screen
for the presence of other viruses. If genomic sequences of viruses of concern are
found, then quantification with qPCR can follow.

Metagenomic methods have been applied to investigate viruses in wastewater
and have been found to produce more conservative results of viral detection com-
pared to conventional methods; viruses detected with metagenomic methods are
typically also detected with conventional methods, whereas viruses detected via
gPCR may not be detected with metagenomic methods. These metagenomic meth-
ods, however, can detect the presence of viruses not commonly quantified using
gPCR [37, 133-136]. Xagoraraki’s research group’s studies have used metagenomic
methods to identify human viruses of potential concern in wastewater. The first of
these studies, conducted with samples from both Michigan and France, detected a
comparatively high number of metagenomic hits for human herpesviruses and also
detected human parvovirus and human polyomavirus in wastewater effluents [37].
Their other study, conducted in Uganda, detected human astroviruses, papillomavi-
ruses, as well as a BLAST (Basic Local Alignment Search Tool) hit for Ebola virus
[132]. While more research is still required to attain more robust genomic informa-
tion and comparison databases, metagenomic methods can still be a useful tool for
the identification of potential viruses that can then be monitored with gPCR methods.
Table 5.3 presents a summary of studies that have used metagenomic methods to
detect human viruses in wastewater and human excrement.
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Table 5.3 Summary of studies using metagenomic methods to detect viral sequences in wastewater
and human excrement

Detected in Virus References

Wastewater Adenovirus, enterovirus, polyomavirus, papillomavirus [135]

Adenovirus, Aichi virus, coronavirus, herpesvirus, torque teno virus | [137]

Adenovirus, Aichi virus, astrovirus, coronavirus, enterovirus, [133]
herpesvirus, papillomavirus, parechovirus, parvovirus, rotavirus,
salivirus, sapovirus, torque teno virus

Adenovirus, Aichi virus, astrovirus, norovirus, papillomavirus, [136]
parechovirus, polyomavirus, salivirus, sapovirus
Adenovirus, herpesvirus, parvovirus, polyomavirus [37]
Adenovirus, astrovirus, Ebola virus, enterovirus, papillomavirus, [132]
rotavirus, torque teno virus
Human Adenovirus, astrovirus, enterovirus, norovirus, parvovirus, [138]
excrement rotavirus, torque teno virus
Adenovirus, Aichi virus, enterovirus, parechovirus, rotavirus [139]

Note: The following sequences have been confirmed via PCR for the listed study. Bibby and Peccia
[133] adenovirus, enterovirus, parechovirus [131], [136], adenovirus, polyomavirus, salivirus
[134], adenovirus [37], [132], adenovirus, enterovirus, rotavirus [130]

5.5.3 Population Normalization

Population normalization is also a critical factor for the application of wastewater-
based epidemiology. Proper quantification of biomarkers in wastewater would allow
for an appropriate estimation of serviced population via statistical modeling, which
would provide context to measured viral concentrations and ensure that differences
in viral concentration could not be attributed to changes in population. When
observed viral concentrations are significantly high relative to the estimated popula-
tion, a viral outbreak could be indicated.

Quantification of biomarkers (substances naturally excreted by humans) in
wastewater can be used as a method of estimating population in an area.
Governmental census information has been found to underestimate the population
of a community compared to estimation using biomarkers [140], and certain sub-
stances detected in wastewater have been shown to correlate with census data [141].
Several substances have been proposed and investigated as population biomarkers
(Table 5.4), including creatinine [142], cholesterol, coprostanol [143], nicotine
[144], cortisol, androstenedione, and the serotonin metabolite S-hydroxyindoleacetic
acid (5-HIAA) [145]. Nutrients such as nitrogen, phosphorus, and oxygen [12], as
well as ammonium [146], have also been proposed as population biomarkers, but
these may more adequately reflect human activity and industry footprint rather than
population [145, 147, 148].
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Table 5.4 Summary of biomarkers proposed for population adjustment

Excreted
Biomarker Description in References
5-HIAA Metabolite of serotonin Urine [145]
Ammonium Form of ammonia found in water Urine [146]
Androstenedione Sex hormone precursor Urine [149]
Atenolol Drug (beta blocker) used to treat hypertension | Urine [140]
Cholesterol Lipid molecule, key component of cell Feces [143]
membranes

Coprostanol Metabolite of cholesterol Feces [143]
Cortisol Steroid hormone produced by adrenal glands | Urine [150]
Cotinine Metabolite of nicotine Urine [145]
Creatinine Metabolite of creatine phosphate in muscle Urine [142]
Nicotine Stimulant found in tobacco Urine [144]
Nutrients (N, P, Water-quality parameters n/a [12]
BOD)
Table 5.5 Summary of reported shedding rates for viruses

Virus Range of shedding rate, copies/g stool References
Adenoviruses 1.0%10% to 1.0«10" [39, 41, 42, 46]
Enteroviruses 1.4%10* to 6.6%10° [60]

Hepatitis A virus 3.6%10° to 1.0%10"! [70]

Hepatitis E virus 1.0%10" to 1.0x10° [77]

Noroviruses 1.1%10° to 1.1%10" [87]

Sapoviruses 1.3%10° to 2.5%10" [98, 118]

5.5.4 Estimation of Shedding Rates

The shedding rate (the rate with which viruses are released from the body in excre-
ment) for each waterborne virus group encompasses a wide range, from 10% copies
per gram at minimum to 10'? copies per gram at maximum. This variability is sum-
marized for selected viruses in Table 5.5. For example, mean concentration values
of adenoviruses in excrement ranged from 10* to 10° depending on the study and
whether the virus is excreted in stool or urine, indicating a wide data variance [39,
41]. Many factors can impact the shedding rate of viruses in excrement, including
viremia (the presence of the virus in the bloodstream) [40, 87, 151]. The duration of
the presentation of a particular disease can also impact the shedding rate [105, 121].

5.5.5 Transport of Viruses in the Environment

Waterborne viruses survive well in water, but all viruses are susceptible to natural
degradation determined by factors such as temperature, exposure to UV light, and
the microbial community [152, 153]. The kinetic decay rate of a virus would thereby
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be primarily dependent not only on the characteristics of the individual virus but
also environmental conditions within the sewage system, which could vary from
location to location. Moreover, the fate of viruses may be different between waste-
water systems in urban areas which typically use enclosed underground sewer pipes
and rural areas which may utilize septic tanks, catchments, and the open environ-
ment. Viruses can also adsorb to or be enveloped by particulate matter in wastewater
which would lead to confounding factors in measurement of these viruses.

5.5.6 Correlation with Public Health Records and Unidentified
Clinical Data

Comparison with clinical data is another key component of these methods.
Correlations between measured viral concentrations in wastewater and reported
clinical cases of disease could be established, strengthening the proposed methodol-
ogy. The establishment of these correlations can serve as a validation for a predic-
tion model that accounts for the factors discussed above, providing evidence for the
notion that changes of viral concentrations in wastewater will indicate changes in
viral disease cases in humans. Moreover, should preventative public health mea-
sures be implemented after the identification of an outbreak, the tracking of clinical
data could provide a quantifiable indicator of the efficacy of these preventative
measures.

5.6 Conclusions

Infectious viral outbreaks can cause uncontrollable negative effects especially in
densely populated areas. Early detection is critical for effective management and
prevention of outbreaks. Recent research efforts in developing optimized detection
systems often focus on rapid methods for analyzing blood or excrement samples;
however, these approaches require that individuals are examined in clinical settings,
typically after an outbreak has been established. Wastewater-based epidemiology is
a promising methodology for early detection of viral outbreaks at a population level.
Analyzing wastewater is equivalent to obtaining and analyzing a community excre-
ment sample. In the determination of whether an outbreak is imminent or already in
progress, quantifying viral concentration in raw wastewater is a crucial first step in
this process. Waterborne viruses appear to be prime candidates, as they are detect-
able and quantifiable in both wastewater and human excrement. Non-waterborne
viruses have been shown to be detected in human excrement, and some have been
reported to be detected in wastewater. Wastewater-based epidemiology therefore
has the potential to expand beyond waterborne viruses.

Routine monitoring for temporal changes in virus concentration and diversity in
community wastewater, in combination with monitoring metabolites and biomark-
ers for population adjustments, allows early detection of outbreaks (critical moments
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for the onset of an outbreak). In addition, carefully designed spatial sampling of
wastewater will allow detection of locations where an outbreak may begin to
develop and spread (critical locations for the onset of an outbreak). Considerations
in sampling locations must be taken with regard to the area of investigation, as
urban and rural areas may have differences in the respective wastewater systems
that can affect viral transport in the water environment. Moreover, to obtain an accu-
rate estimation of disease cases in a population, other factors must be considered
such as viral shedding rates, environmental transport and degradation rates, and
correlation with reported clinical disease data. Ultimately, there is great opportunity
for the use of wastewater-based epidemiology to investigate viral outbreaks within
a community. Comprehensive application of the various factors discussed above is
crucial for the full potential of this methodology to be realized. Further research
could clarify many of these issues and allow for the full development and applica-
tion of this new epidemiological technique for studying, identifying, and predicting
viral outbreaks.
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Chapter 6
Urine Source Separation for Global
Nutrient Management

Tove A. Larsen

Abstract The sewer-based paradigm for wastewater management at the global
scale is not successful neither from a humanitarian nor from an environmental per-
spective. The systems are too expensive for the largest part of the global population.
Source separation and resource recovery offer an alternative for sanitation and water
pollution control. This chapter illustrates the importance but also the challenges of
urine source separation for efficient nutrient removal and recovery.

6.1 Introduction

Urine source separation for nutrient recovery can be compared to the well-known
source separation for solid waste, but it was only adopted by the scientific commu-
nity in the 1990s [14-16, 19, 24, 25].

Urine separation would be a disruptive innovation in the entire system of urban
wastewater management, leading to larger investments at the household level but
smaller investments in municipal infrastructure. This chapter argues that the innova-
tion is not only beneficial but may also be essential in order to achieve sufficient
nutrient removal from wastewater in most areas of the world. It also explores some
of the challenges as well as the technical opportunities for introducing such a radical
change to the urban water cycle and gives a few examples of urine separation as an
addition to rural wastewater treatment.
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6.1.1 Why Urine Source Separation?

Urine contains the majority of the water-relevant nutrients nitrogen (N) and phos-
phorus (P) excreted from human metabolism: nearly 90% of N and nearly 60% of P,
as well as large amounts of potassium (K) [24]. With a present world population of
7.5 billion, these nutrient contributions amount to roughly 25 Mt/year of nitrogen,
1.8 Mt/year of phosphorus, and 5.5 Mt/year of potassium. These nutrients have a
value, if recovered, of more than US$20 billion/year on the global market, even at
the relatively low fertilizer prices experienced in 2014 [54], and for the production
of this amount of ammonia for agricultural use, about 1100 PWh/year of primary
energy is required [33]. Further it should be noted that local fertilizer prices may be
up to a factor of 2-3 higher than global market prices, especially in landlocked
countries with poor supply networks [13].

Fertilizer costs are high, but they are dwarfed by the potential costs of protecting
the environment from the nutrients through sewer-based wastewater treatment.
Nutrient elimination is part of urban water management in order to protect surface
water against eutrophication. In industrial countries, the costs of nutrient elimina-
tion are estimated at US$20-40/cap/year [34]. If we equip the present global popu-
lation of 7.5 billion with this nutrient-removal technology as an addition to basic
wastewater treatment plants, the total costs will be US$150-300 billion/year—
about 10 times higher than the market value of the nutrients.

In reality, the costs will be much higher. The estimated costs of nutrient elimina-
tion cited above imply that sewers and basic treatment plants (without nutrient elim-
ination) are already available. For the 70% of the world population, which is
presently not connected to any sewer system [46], the global costs would be about
seven times higher to establish collection systems and basic treatment plants [34].
The total global costs of introducing conventional nutrient elimination for the entire
global population would thus be in the order of size of a trillion US$/year. The
advantage of urine separation technology is that a large part of the huge amount of
nutrients in urine can be collected without any initial investments in a sewer
system.

Existing biological treatment plants would not require any upgrading to advanced
nutrient removal if urine separation is implemented. Without N and P from urine,
domestic wastewater would have a balanced C:N:P ratio, meaning that a simple
biological wastewater treatment plant with a short sludge retention time (SRT)
could reach excellent N and P emission standards [24]. In a modeling study for a
specific catchment, Wilsenach and van Loosdrecht [51] showed that with biological
aerobic treatment at an SRT of 0.8 day (as compared to at least 12 days and often
much more for a typical nitrogen-removing plant), the process would become
N-limited at 90% urine separation. The effluent P concentration would be around 1
gm3, which is a typical effluent requirement, but it would only take a very small
amount of precipitant to reduce this value further if needed for sensitive aquatic
environments. Since the tank size of the biological unit of a wastewater treatment
plant is proportional to SRT, such a plant could be much smaller and cheaper.
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6.1.2 Challenges

There are good reasons to introduce urine source separation as part of mainstream
wastewater management. There are, however, a number of reasons why urine sepa-
ration is still only implemented in simple settings, primarily in rural settings of
low-income countries. At present, there is neither technology nor institutions for
introducing widespread urine source separation in an urban environment.
Furthermore, transport of urine is difficult, calling for decentralized or even on-site
technologies, which are traditionally not in the repertoire of wastewater manage-
ment authorities. Technologies, including small scale, for urine treatment are in
development and so are urine-separating flush toilets (NoMix toilets). The most
difficult hurdle may be the attitude of stakeholders and decision-makers: Why
change a successful system like advanced nutrient removal when it is not absolutely
necessary? In order to understand why this may still be rewarding, this chapter will
start with a review of the problems and challenges of conventional advanced nutri-
ent removal.

6.2 Global Nutrient Balances

Advanced nutrient elimination at treatment plants is a powerful technology, which
has allowed maintaining or recovering the quality of aquatic ecosystems in many
countries. However, in even more countries, it has not been possible to introduce
this technology although it has been available for nearly half a century. Additionally,
there are other disadvantages which could be mitigated with innovative technology:
issues of energy consumption and climate change.

6.2.1 The Role of Wastewater Nutrients in Eutrophication
of Aquatic Ecosystems

The role of nitrogen and phosphorus in eutrophication of aquatic ecosystems is
well-established. As a general rule of thumb, phosphorus causes eutrophication in
lakes, and nitrogen causes eutrophication in coastal areas [18]. Normally, agricul-
ture is considered the main source of N and P, but urban areas are also contributing
significantly to nutrient loads [52]. The important role of larger cities in hypoxia has
been shown, e.g., by Lajaunie-Salla et al. [22], and as argued by McCrackin et al.
[37], even where the emissions are dominated by agriculture, a combined effort
including nutrient removal at treatment plants is often required to solve the problem.
Effective nutrient removal from wastewater is thus a very powerful tool for improv-
ing the quality of aquatic ecosystems in the vicinity of cities.
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6.2.2 Advanced Nutrient Elimination on a Global Scale

Globally, wastewater treatment plants remove only 20% of P and 10% of N con-
tained in wastewater (Fig. 6.1). The reason is that low- and middle-income countries
have not invested in nutrient-eliminating wastewater treatment plants [47]. The
same figure projects that the amounts of N and P emitted to the environment will
increase in the future: it is not possible to construct infrastructure rapidly enough to
cope with the increased nutrient emissions of a growing world population.

Most of the nutrients are and will be emitted from people who are not connected
to wastewater treatment plants. Where people are connected, removal rate is increas-
ing, but population growth and better nutrition are expected to outweigh this
improvement. Data and model predictions are compiled from Bouwman et al. [5]
and Van Drecht et al. [46]. Model predictions for 2030 and 2050 are average values
from four generally accepted socio-economic models for the future.

6.2.3 Climate Relevance of Wastewater Nitrogen
Transformation

Nitrogen transformation at wastewater treatment plants is climate-relevant in sev-
eral ways: nitrous oxide (an important climate gas) is emitted from nitrifying treat-
ment plants, energy is consumed in the nitrification process, and production of
energy-rich sludge is reduced due to the long solid retention time (SRT) required for
conventional nitrogen transformations. Nitrogen removal (transformation to N,)
also means a loss of chemical energy embedded in reactive nitrogen through nitro-
gen fixation (transformation of N, to ammonia, either biologically or chemically).
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Fig. 6.1 Total nutrient input (N and P) to wastewater on a global scale (based on [47])
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It can be shown that nitrogen recovery from urine holds the highest potential for
climate-friendly wastewater management, especially if N,O emissions can be
avoided, e.g., if recovery would take place without ammonia oxidation [23].

6.3 Nutrient Recovery

Steffen et al. [41] identified the major areas of global environmental risk, using the
notion of “planetary boundaries.” The idea is that within these boundaries, the risk
of destabilizing the Earth is low. According to the authors, the emission of N and P
already surpasses the corresponding “safe” boundary, primarily due to eutrophica-
tion of the oceans on a global scale. In earlier similar work, Rockstrom et al. [39]
pleaded for a strongly reduced production of reactive nitrogen (all nitrogen species
except N,), in order to keep the amount of reactive nitrogen within the boundaries
identified as “safe.” At the same time, large amounts of nitrogen are essential to
feed a growing population; nitrogen recovery from wastewater is thus a logical path
to follow.

6.3.1 Nutrient Recycling from Conventional Wastewater
Treatment Plants

The most direct way of recovering nutrients from wastewater is direct use of waste-
water for irrigation. This technology was used historically, e.g., in Paris from 1872,
but already from the beginning, the high demand for space made it impossible to
treat the entire wastewater from Paris [48]. The technology is still in use at places
where enough agricultural land is available and where consumers tolerate the risk of
anthropogenic contamination.

All types of phosphorus removal on treatment plants transfer phosphorus to the
sludge fraction. Sludge is frequently spread to agricultural land, primarily to save
costs for sludge disposal, but also in order to recycle phosphorus. Depending on the
processing technology, phosphorus from sludge may be bioavailable [20], but in
some European countries, consumers are opposed to the use of sewage sludge on
agricultural land due to the fear of inorganic, organic, and infectious contamination.
In Switzerland, this fear resulted in a legal ban of wastewater application [28],
whereas in Sweden, the use was strongly reduced because the large food retailers do
not accept food produced in areas fertilized with sewage sludge [1].

Twenty percent of wastewater nitrogen can be recovered from digester superna-
tant through stripping [3], but this technology has not yet been broadly imple-
mented. Within the existing system, it is difficult to recover more than 20%. In
principle, ion exchange with zeolites [42, 50] and adsorption on activated carbon [9]
from wastewater are possible, but this is not efficient. More experience is available
for the uptake of nitrogen from municipal wastewater in biomass. Effective uptake
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of N can be achieved with water hyacinths or duckweed [55], but for uptake with
less space requirements, algal ponds are considered more suitable. However, even
for high-rate algal ponds (HRAP), space demand will be around 10 m?*/person
(based on loading information in Craggs et al. [8]), resulting in a large space require-
ment of 50 ha for a medium-sized town of 50,000 inhabitants, which is unlikely to
be implemented.

The difficulties of recovering nitrogen from diluted wastewater is one of the most
important reasons for discussing nutrient recovery from toilet waste. Urine contains
around 90% of the nitrogen from human metabolism; therefore, urine separation is
the most obvious technology for efficient nitrogen recovery.

Direct use of urine and even combined toilet waste are traditional technologies
[6], which obviously have a large potential to recycle nutrients from human metabo-
lism. New sanitization methods have been developed and tested: e.g., prolonged
storage for urine [17] and urea treatment for combined toilet waste, aka blackwater
[11]. As shown by a number of Life Cycle Assessment (LCA) studies, direct recy-
cling of urine and blackwater is highly beneficial from an environmental point of
view, as long as ammonia emissions are kept to a minimum (through proper storage
and spreading technologies) and transport distances to agricultural land are not
excessive (see, e.g., Tidaker et al. [43]). For urban areas, transport of urine to agri-
culture is not practical, and processing of urine is therefore necessary.

6.4 Urine Separation in an Urban Environment

Recovery of nutrients from urine in urban settings places high demands on technol-
ogy. Maurer et al. [35] state that the process engineering goals are primarily volume
reduction, stabilization, sanitization, and removal of micropollutants. Volume is cer-
tainly the most important issue for transfer of urine from urban areas to agriculture.
Ledezma et al. [27] report findings that in Australia, the transport of urine from
urban areas to agriculture would be more expensive than the costs of the equivalent
fertilizers. The volume of urine, at 1.5 L/person/day, is on the same order of magni-
tude as domestic solid waste. Collection in a city would thus mean doubling the
transport requirements for domestic waste—a huge effort with large financial con-
sequences. Stabilization with respect to odor and ammonia emissions is equally
important: weekly collection of unstabilized urine in an urban environment would
probably be possible, but at a high price. Sanitization is necessary mainly due to
cross-contamination with fecal pathogens [17]. Finally, micropollutants in urine are
important: about two-thirds of the pharmaceuticals excreted from human metabo-
lism are contained in urine [30]. As shown by Bischel et al. [2], high concentrations
of pharmaceuticals may be found in urine from areas with a high prevalence of
HIV. Although those are the more polar (water-soluble) ones and therefore less criti-
cal than the lipid-soluble ones contained in feces, urine still contains half of the
ecotoxicologic potential from human excretions [31].
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6.4.1 Technical Options for Nutrient Recovery from Urine

Urine is essentially a highly concentrated nutrient solution with a few annoying
properties [44]. The main problems are odor and a high pH value, which causes a
high concentration of gaseous ammonia and thus can lead to large nitrogen emis-
sions during transport and handling of urine. For more than 10 years, a small num-
ber of researchers have developed different biological, physical-chemical, and
electrochemical approaches in order to reduce the volume, stabilize the solution
(i.e., reduce odor and pH), and eventually produce a hygienic fertilizer, possibly
without micropollutants. Maurer et al. [35] documented the first attempts, and in the
meantime, many other technologies are under development. One of the most-
developed technologies is the stabilization of ammonia by partial nitrification
(decreasing the pH value and thus pushing the equilibrium toward nonvolatile
ammonium) followed by distillation for volume reduction [12].

The choice of urine treatment technology at each site will depend on a large
number of local factors, which will not be discussed here. McConville et al. [36]
present a suitable methodology for system designs.

6.4.2 Acceptance of Urine Source Separation

A common criticism of urine source separation concerns public acceptance. Many
people anticipate that users will not accept NoMix toilets and that farmers will not
want to use a urine-based fertilizer. Whereas it is true that users are critical toward
NoMix toilets (shown in Fig. 6.2), especially when they have them at home, this has

Fig. 6.2 The NoMix
toilet, which has been in
use at Eawag since 2006.
Urine is collected at the
front; the rest of the toilet
functions as any
conventional toilet. A
special mechanism ensures
that only a little flush water
finds its way into the urine
tank © Eawag
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more to do with the toilet technology on the market than with a general lack of
acceptance. In a review, Lienert and Larsen [29] found that in Europe, about 80% of
people who have experienced the present NoMix toilets are in favor of the technol-
ogy despite the daily problems with the toilets. People living with the toilets at
home tend to be more critical than those experiencing NoMix toilets only at the
workplace. Consumers as well as farmers [38] would also accept a urine-based fer-
tilizer if they could be convinced that this fertilizer would be safe: safety being
associated with hygiene and the absence of pharmaceuticals from human
metabolism.

In areas where urine-diverting dry toilets (UDDTSs) are applied, satisfaction with
existing toilet technology is poor. In the municipality of eThekwini, South Africa,
Roma et al. [40] found a very low satisfaction with the toilets after 10 years of
implementation. New and better technologies are needed for UDDT acceptance.

6.5 Future Research and Implementation Projects

Researchers and some practitioners have been discussing urine separation for about
20 years, but still there are very few full-scale implementations. Although a period
of 20 years is not a long development time for a highly disruptive technology like
urine source separation, it is valuable to reflect on the obstacles and the way
forward.

There are many places where urine separation would make sense and where
one could develop good transition scenarios. Three of those situations will be dis-
cussed here.

Urine separation could avoid expensive extensions of wastewater treatment
plants in growing cities [4], a solution which has also been investigated in a master
study at the water utility, the Greater Paris Sanitation Authority (SIAAP) in Paris
[7]. Paris will grow by 10% over the next 10 years and the treatment plants have no
capacity to cope with the extra nitrogen. The introduction of targets for nitrogen
emissions in cities that previously had none results in the same situation, as exem-
plified by the city of Hong Kong. In this city, on-site nitrification of urine followed
by denitrification in the sewers is considered as an alternative to the upgrading of
existing treatment plants to nitrifying-denitrifying plants [56].

Another possible transition scenario is on-site wastewater treatment in rural
areas of high-income countries, which may help mature the technology for later
urban implementation. Wood et al. [53] have shown that urine separation would be
alow-cost, very effective add-on to existing septic tanks. In a similar situation, urine
source separation is already implemented in Sweden as a powerful technology for
preventing nutrient pollution from rural areas where only simple wastewater treat-
ment is available [49].

The third possible situation is again found in Hong Kong, where seawater is used
for toilet flushing due to water scarcity. Seawater provides high sulfate concentra-
tions in the sewers and anaerobic conditions therefore lead to sulfide production
causing corrosion [10]. On-site nitrification followed by denitrification in the sew-
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ers would not only solve the problem of treatment plants as discussed above but also
prevent sulfide production in the sewers. Microorganisms prefer nitrate over sulfate
as an electron acceptor, producing inert N, gas instead of hydrogen sulfide (H,S).
Hong Kong foresees recovery of phosphorus as struvite (magnesium ammonium
phosphate) with seawater contributing the magnesium source, followed by on-site
full nitrification and in-sewer denitrification [32].

Today, full-scale urine separation is primarily implemented in rural areas of low-
income countries where it makes dry toilets less smelly and reduces logistic costs
because urine is considered less of a hygienic risk and is, therefore, just infiltrated.
The largest implementation of this type of urine separation is the eThekwini water
utility in Durban, South Africa, where more than 75,000 urine-separating dry toilets
were in use in 2013 [45]. A large research project, financed by the Bill & Melinda
Gates Foundation (www.eawag.ch/vuna), investigated the possibility of introducing
collection of urine followed by nutrient recovery. The reason for urine collection is,
on one hand, the protection of drinking water resources and, on the other hand, the
fertilizer production from urine.

The largest hurdle for further developments of urine source separation in low-
income as well as in high-income countries is the lack of good urine-separating
toilets, be it in the dry variant as UDDTs or in the flushed variant as NoMix toilets.
In low-income countries, cheap urine-separating solutions already exist, but the
aspirations of low-income users are for conventional flush toilets, not for better
UDDTs [40]. It has been shown that these hurdles can be overcome by combining
UDDTs with a separate water cycle [21, 26]: it will be necessary to bring the costs
of those improved UDDTs down to a level where they are economically attractive
for the target population. For high-income countries, the design demands from con-
sumers for NoMix-type toilets are requiring ceramic producers to develop funda-
mentally new toilets. Middle-income countries have little pre-existing wastewater
infrastructure and are positioned as the most likely part of the world for practical
development of urine source-separating technology.

Urine source separation is a developing research and implementation area. On a
global scale, there seem to be few alternatives to recover nutrients and protect sur-
face water against eutrophication. A large portfolio of promising technologies have
been developed, but only partial nitrification followed by distillation is close to
technical maturity, a technology that can be implemented at the scale of a multi-
storage building. Newer chemical and bioelectrochemical technologies hold high
promises for smaller-scale applications with the hope of developing small,
bathroom-sized applications within the next decade.
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Abstract Bioremediation is a sustainable environmental treatment technology that
harnesses the natural metabolic activities of living organisms to remove contami-
nants within soil, sediment, and water environments. Bioremediation is generally
accepted as being a more cost-effective and sustainable remediation strategy when
compared to chemical-based or pump-and-treat systems. Bioremediation treatment
strategies are traditionally categorized as either biostimulation or bioaugmentation.
Biostimulation involves the stimulation of indigenous microorganisms that are capa-
ble of degrading contaminants of interest. This treatment approach relies on manipu-
lating site conditions to promote the activity and/or proliferation of microorganisms
that are known to metabolize target contaminants of concern in order to overcome
rate-limiting metabolic processes. In general, biostimulation involves oxidation-
reduction reactions wherein either an electron acceptor (e.g., O,, Fe*, or SO*7)
is added to promote oxidative reduction of a contaminant or an electron donor
(e.g., organic substrate) is added to reduce oxidized pollutants.

7.1 Introduction

7.1.1 Bioremediation

Bioremediation is a sustainable environmental treatment technology that harnesses
the natural metabolic activities of living organisms to remove contaminants within
soil, sediment, and water environments. Bioremediation is generally accepted as
being a more cost-effective and sustainable remediation strategy when compared to
chemical-based or pump-and-treat systems [1]. Bioremediation treatment strategies
are traditionally categorized as either biostimulation or bioaugmentation.
Biostimulation involves the stimulation of indigenous microorganisms that are
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capable of degrading contaminants of interest. This treatment approach relies on
manipulating site conditions to promote the activity and/or proliferation of microor-
ganisms that are known to metabolize target contaminants of concern in order to
overcome rate-limiting metabolic processes. In general, biostimulation involves
oxidation-reduction reactions wherein either an electron acceptor (e.g., O,, Fe**, or
SO,*) is added to promote oxidative reduction of a contaminant or an electron
donor (e.g., organic substrate) is added to reduce oxidized pollutants.

Conversely, bioaugmentation consists of introducing an exogenous strain or con-
sortium of microorganisms capable of breaking down the contaminant of interest.
Bioaugmentation is used either when no indigenous degraders are detected at a
contamination site or when indigenous biodegradation is occurring too slowly or
inefficiently [2]. When the exogenous strains are able to establish themselves, bio-
augmentation is often a more efficient process than biostimulation, occurring three
to four times faster in similar environments [3].

A third strategy known as genetic bioaugmentation has also emerged. Genetic
bioaugmentation is an in situ bioaugmentation strategy that promotes the transfer of
genes responsible for contaminant metabolism from exogenous donors to indige-
nous microbes, thereby increasing overall biodegradation potential [4]. This method
relies on high rates of horizontal gene transfer (HGT) of catabolic plasmids that
contain the genes involved in biodegradation among phylogenetically similar
microorganisms [5] and requires a thorough understanding of the site conditions
that are conducive to HGT [6]. However, the survival of the donor exogenous strain
is not necessary, so long as the catabolic plasmids are transferred and maintained
within the contaminated site [4].

These three strategies have been proven in the past to be effective in multiple
aquatic and terrestrial environments, but extreme care and preparation is needed to
ensure the successful removal of environmental contaminants [7]. Contaminated
sites must be adequately characterized to ensure the survival of exogenous strains
used during bioaugmentation. Failure to do so often results in the exogenous
microbes being outcompeted by native microorganisms before they are able to
effectively degrade target contaminants. In addition, incomplete contaminant
transformation may lead to the formation and buildup of more toxic daughter prod-
ucts in the environment [7].

Common bioremediation redox conditions and reactions are shown in Table 7.1.
Aerobic biodegradation takes place in the presence of oxygen and relies on the
direct microbial oxidation of a contaminant. In aerobic respiration, electrons are
generally transferred from the contaminant (electron donor) to oxygen (electron
acceptor). This strategy has proven effective for many pollutants, especially non-
halogenated organic compounds (e.g., aromatic hydrocarbons and aliphatic hydro-
carbons) [8—11]. However, the limiting factor is the availability of oxygen, which
must be added to the environment to ensure rapid rates of microbial metabolism and
it is often a large cost burden. Anaerobic oxidative bioremediation also takes place
in the presence of oxygen but does not use oxygen as the reaction’s electron accep-
tor. Instead, other electron acceptors (e.g., SO,>7) are used by microorganisms to
oxidize the contaminants [12—14].
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Table 7.1 Overall redox reactions and contaminant targets for common bioremediation pathways

Process Redox conditions Common targets
Aerobic O, + 4e” + 4H* — 2H,0 Non-halogenated organics
Anaerobic Oxidative Petroleum

Reductive Chlorinated solvents, metals
Denitrification 2NO;™ + 10e™ + 12H* - N, + 6H,0 Varies (NO;™ as electron

acceptor)
Varies (Mn** as electron
acceptor)

Manganese (IV) MnO, + 2e~ + 4H* — Mn** + 2H,0

reduction

Fe(OH); + e~ + 3H* — Fe** + 3H,0
SO, + 8¢~ + 10H* = H,S + 4H,0

Varies (Fe** as electron acceptor)
Varies (SO,>~ as electron

ITron (III) reduction

Sulfate reduction

acceptor)
Fermentation 2CH,0 — CO, + CH, Varies

Chemical Species
2 Ho
& Fe(lll)
© B .
2 1
& /'TZS cHt -~

Electron Acceptors

Fe(lll) S0,% CO,
10

PE°(W)
o

-10

Dominant Electron-Accepting Process

Sulfate
Reduction

Aerobic De- Fe(lll)

Respiration nitrification Reduction Methanogenesis

Fig. 7.1 Dominant metabolic process, electron acceptors, and chemical speciation for common
microbial bioremediation strategies [3]

Conversely, anaerobic reductive bioremediation takes place in the complete
absence of oxygen and requires an input of biologically available organic carbon to
proceed [15—17]. Anaerobic reductive bioremediation has also been shown to be
effective to treat metal contaminants and reduce their toxicity such as via the reduc-
tion of hexavalent chromium to trivalent chromium [18]. However, due to the gener-
ally slow growth rates of anaerobic bacteria, anaerobic reductive bioremediation
tends to proceed extremely slowly. Each metabolic reaction has a dominant electron
acceptor, which is often the acceptor with the highest redox potential.

However, other electron acceptors may be used when this preferred acceptor
is depleted (Fig. 7.1). These microbe-based bioremediation strategies may be
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used for a diverse range of water-contamination scenarios; therefore, understanding
the naturally occurring microbial communities in aquatic systems is of particular
importance.

7.1.2 Aquatic Microbiomes
7.1.2.1 Microbiomes Associated with Natural Waters

Microorganisms are ubiquitous members of every environmental niche and often
serve as drivers of ecological function. Microbial communities play critical roles in
all nutrient cycles and are significant drivers in the development and maintenance of
aquatic food chains. The collection of these microbial communities and their associ-
ated genes, termed microbiome, is unique to each environment and its correspond-
ing niche of physical, chemical, and biological attributes [19]. Microbiomes are
composed of bacteria, archaea, fungi, protists, and viruses and display a complex
range of commensal, synergistic, and pathogenic ecological dynamics, similar to
the microbiomes in wastewater treatment. Groundwater and surface water microbi-
omes are highly variable across pH, temperature, and soil media gradients and are
known to contain highly specialized and interdependent members that are unable to
survive in laboratory conditions [20]. Aquatic microbiomes are typically dominated
by Bacillus, Pseudomonas, Rhizobium, and Acinetobacter genera [21]. However,
contaminated groundwater microbiomes can be dominated by Rhodanobacter sp.
due to its ability to adapt to inhospitable environments [22]. Iron-reducing and
manganese-reducing bacteria are commonly the dominant degraders in in situ
groundwater treatment which utilize Fe** and Mn** as electron acceptors, respec-
tively [3, 23].

7.1.2.2 Microbiomes Associated with Water Treatment Systems

Microbiomes are a key player in water treatment systems (e.g., drinking water and
wastewater treatment) and are responsible for many of the processes responsible for
improving water quality. Drinking water treatment is concerned with improving the
quality of raw water sources to produce water that is safe for human consumption.
This involves removing sources of chemical and microbial contamination and
involves the following steps: crude filtration, coagulation, flocculation, sedimenta-
tion, fine filtration, and disinfection. These communities are heavily influenced by
the treatment process itself, in addition to physical-chemical factors. The microbi-
omes associated with drinking water and wastewater treatment are highly diverse
and can comprise up to 40 phyla [24]. Filtration and disinfection processes are the
largest drivers of drinking water microbiome structure and function. For example,
the use of dual media rapid sand filters promotes the proliferation of Rhizobiales,
Rhodospirillales, Sphingomonadales, and Burkholderiales [24, 25].
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Wastewater treatment is the process of converting wastewater (i.e., municipal or
industrial waste) into a water effluent that is able to be discharged back to the water
cycle or directly reused. Wastewater generated by more than 75% of US households
is treated by approximately 16,000 municipal wastewater treatment plants (WWTPs)
that are generally broken up into primary treatment, secondary treatment, and ter-
tiary treatment. Secondary treatment is biologically based and relies on microbi-
omes to degrade suspended and dissolved organic compounds (e.g., biological
oxygen demand) [26, 27]. This typically takes the form of activated sludge tanks,
rotating biological contactors, aerated lagoon, or constructed wetlands and is per-
formed by aerobic aquatic bacteria. Most of the wasted solids from biological treat-
ment tanks may be further treated via aerobic or anaerobic digestion to produce
biosolids. More than 50% of biosolids produced by WWTPs in the USA are used
for downstream agriculture or land applications [28]. In general, activated sludge
treatment and anaerobic sludge digestion will functionally select for unique micro-
biome structures. Activated sludge treatment is dominated by Zooglea,
Dechloromonas, Prosthecobacter, Caldilinea, and Tricoccus genera [29]. Anaerobic
sludge digestion is dominated by Bacteroides, Clostridium, and methanogen genera
[30, 31]. The exact microbiome structure varies among individual treatment plants
and emerging contaminants such as nanomaterials, pharmaceutically active com-
pounds and flame retardants can affect microbiome structure [32-35], although
once established these communities are generally stable over time [36].

7.2 Gene and Contaminant Flow in Water and Water
Treatment Systems

7.2.1 Contaminant Transport in Water

There are currently more than 60,000 chemicals registered under the EPA Toxic
Substances Control Act (TSCA), and an increasing number of these compounds
show evidence of negatively impacting human or ecological health [37] and have
been detected in natural waters and water treatment systems (Table 7.2). Groundwater
and surface water contamination is of significant concern for both humans and the
environment. Groundwater contamination is nearly always the result of anthropo-
genic activities and is particularly prevalent in geographic area with high population
densities. In general, contaminant transport is dictated by a number of factors
including chemical solubility, mobility, and reactivity. Contaminants that are highly
soluble such as salts and some metals are readily able to partition from surface soils
to groundwater. Other compounds that display higher hydrophobicity are more
likely to initially partition out of surface waters and adsorb to other hydrophobic
surfaces such as soils and sediments. This adsorption protects contaminants from
chemical or microbial degradation and allows them to have significantly longer resi-
dence times in these environments. However, during precipitation and runoff events,
small fractions of these hydrophobic compounds may desorb from soil surfaces and
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Table 7.2 Emerging and historical contaminants in groundwater, drinking water, and wastewater

[38]

Compound CAS Structure/class Common use

1,4-Dioxane 123-91-1 Ether Solvent

Acrolein 107-02-8 Aldehyde Aquatic herbicide

Antibiotics Varies Varies Treatment of bacterial infections
Antibiotic resistance N/A DNA-based Confer bacterial resistance to
genes (e.g., tet) antimicrobials and heavy metals
Atrazine 1912-24-9 Triazine Herbicide

Cyanotoxins N/A N/A Naturally released by

Cyanobacteria

Estradiol 50-28-2 Steroid Pharmaceutical

Gemfibrozil 25812-30-0 Pharmaceutical
Perfluorooctanoic acid | 335-67-1 Fluorinated Water and oil repellent

(PFOA) carboxylic acid

Perfluorooctanesulfonic | 1763-23-1 Fluorinated Water and oil repellent

acid (PFOS) carboxylic acid

Permethrin 52645-53-1 | Pyrethroid Insecticide

Metals/nanoparticles Varies Varies Varies

(e.g., Ag, Cu)

migrate into the water table. Microbial contamination (e.g., pathogens) in ground-
water generally originates from effluents from septic tanks and other cesspools.

7.2.2 Emerging Contaminants: Environmental Antibiotic
Resistance

As noted in Table 7.2, a wide chemical range of anthropogenic contaminants have
been detected in natural waters and water treatment systems. Microbial contamina-
tion of drinking water has historically been primarily focused on removing micro-
bial pathogens such as Escherichia coli or Naegleria fowleri. However, in recent
years, environmental transport of antibiotic resistance genes (ARGs) and metals has
raised significant concerns among scientists due to rising rates of antibiotic- and
multidrug-resistant (MDR) bacteria.

Antibiotic resistance rates have increased dramatically in both clinical and envi-
ronmental bacterial populations over the past several decades [39-43]. These
sources are believed to increase antibiotic resistance by providing a significant and
consistent selective pressure (i.e., antibiotics or heavy metals) which may promote
antibiotic-resistant bacteria maintenance and the propagation of ARGs [44].
However, an upsurge in the number of bacteria that have acquired immunity to a
single antibiotic as well as MDR bacteria has been noted in a wide array of environ-
ments, due in part to the widespread and increased use of antibiotics [44—46].
Resistance genes for tetracyclines and f-lactamases and several other resistance
genes have been shown to have some of the highest rates of increase among soil
bacteria [47, 48].



7 Environmental Microbiome Analysis and Manipulation 119

7.2.2.1 Antibiotics, ARGs, and Metals in Natural Water Systems

ARGs and metals have been documented in a wide array of natural water environ-
ments, including groundwater, surface water, drinking water treatment plant influ-
ent and effluent, and wastewater treatment plant influent and effluent. Common
metal contaminants of concern include arsenic, cadmium, copper, nickel, lead, sil-
ver, and mercury. Many of these metals can enter natural water systems through
point sources such as acid mine drainage sites and landfills as well as improper
disposal of metal-containing consumer products or industrial waste. In addition to
having negative impacts on ecological health, metal contamination in natural and
engineered water systems is a significant concern because of their relationship with
environmental antibiotic resistance [32]. Many ARGs are located on bacterial plas-
mids that also contain heavy metal-resistant genes; therefore, the widespread land
applicaiton of these compounds may lead to the selection of antibiotic- and multi-
drug-resistant bacteria in agricultural environments.

7.2.2.2 Proliferation of ARGs and Metal Water Treatment

Microbiome exposure to ARGs and metals is not limited to natural water environ-
ments. A wide array of ARGs have been documented in municipal wastewater, hos-
pital wastewater, dairy and swine farm lagoons, groundwater, and surface water
[49-52]. More recently, ARGs have been detected at significant levels in extracel-
lular deoxyribonucleic acid (DNA) within river waters and sediments [53]. This
suggests that these genetic elements are much more mobile than initially thought
and have the potential to survive outside of bacterial cells and affect microbial com-
munities in several disparate microbiomes. DNA is able to persist in both drinking
water and wastewater effluents and can be difficult to remove, posing a significant
public and ecological health concern [54-56].

Municipal WWTPs have been shown to contain both antibiotic-resistant bacteria
and antibiotic chemicals. In fact, WWTPs are widely thought to be a significant
contributor to the dissemination of ARGs in the environment. ARGs detected in
WWTP environments include sull, sulll, erm(B), erm(F), bla, nptll, tet(O), tet( W),
tet(C), tet(G), and tet(X) among others [57-60] (see Table 7.3).

Any present ARGs that remain in digester tanks may also be transferred to bio-
solids—50-60% of which is commonly used as agricultural fertilizer annually. The
relatively high background levels of antibiotic contaminants in wastewaters suggest
that there is a further possibility that free ARGs may be horizontally transferred to
WWTP bacteria, thus further increasing antibiotic resistance in the environment.
The ability of WWTP bacteria to take up these transgenes in this environment is a
factor of (1) the observed rates of HGT in anaerobic environments, (2) the abun-
dance of genes of interest within WWTP anaerobic digesters, and (3) the presence
of a selective pressure.

The sources of the ARGs and metals and methods of dissemination are difficult
to track due to the sheer number of potential sources and the complexity of inputs
feeding into water treatment system. In drinking water and wastewater treatment
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Table 7.3 Percentage of antibiotic-resistant bacteria detected in natural waters and water treatment

systems
Effluent

Hospital Activated sludge (municipal Surface Drinking
Antibiotic | effluent (%) | (municipal WWTP) (%) WWTP) (%) water (%) | water (%)
Vancomycin | 6.8 (+5.0) 11 (+3.8) 15 (x10) 2.3 (+0.5) |20 (x10)
Ceftazidime | 45 (+21) 44 (x17) 27 (x17) 11 (x1.6) |5.1(x2.4)
Cefazolin | 58 (x23) 39 (16) 39 (£20) 8.1 (x0) 48 (x27)
Penicillin G | 71 (x25) 30 (+8.0) 20 (x6.7) 31 (¢3.3) |43 (£26)
Imipenem | 8.1 (£3.5) 2.8 (x0.2) 0.6 (x0.4) 0.4 (x0.1) |0

Adapted from Schwartz et al. [58]

systems, most ARGs enter through influents in the form of intracellular DNA con-
tained within bacteria. However, a smaller fraction of ARGs have also been docu-
mented in extracellular DNA that exists outside of bacterial cells, likely released as
aresult of cell lysis. This free DNA is able to persist in environmental systems when
bound to positively charged colloid particles (e.g., clays) and is highly resistant to
both enzymatic and physicochemical degradation [61, 62]. More than 90% of ARGs
that enter WWTPs in influent streams is removed through settling during secondary
treatment (e.g., activated sludge digestion) and ends up in anaerobic sludge digester
tanks [53]. While high operation temperature (>45 °C) and solid retention times
(SRTs) are associated with the removal of some of these ARGs, the bulk of them
remain after anaerobic digestion—more than 10'° gene copies per gram of anaero-
bic sludge for some ARGs [63]. Increased persistence may be due to the protection
offered by DNA-clay complexes. ARGs that do not settle out either partition into
anaerobic digesters or remain in waters bound to be discharged into surface water.
Though some effluents undergo tertiary treatment before leaving the WWTP, only
some methods (e.g., UV and chlorination) are effective for removing DNA.

7.2.3 Environmental Contaminants as Drivers of Microbiome
Evolution

In general, it has been noted that HGT is a major driver of evolution within environ-
mental microbiomes. In heavy metal-contaminated groundwater systems, genes
responsible for heavy metal resistance, such as Co**, Zn*, and Cd*, are under large
selection pressures and are transferred or duplicated within these microbiomes at
exceedingly high rates [22]. However, even a small concentration of these metals as
nanoparticles in wastewater-generated biosolids may have observable impacts on
ecosystem functions [54]. As the number of emerging contaminants detected in
natural waters and water treatment systems increases, so, too, does the need for
technologies that are able to mitigate these public health threats. Thus, it is of para-
mount importance to understand how these microbiomes interact with and are
impacted by emerging contaminants of concern.
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7.3 Modeling Relationships Between Engineering Design
and Microbiomes/Water Quality

7.3.1 Strategies to Characterize and Annotate Environmental
Microbiomes

Deciphering relationships among communities is difficult for environmental
microbiomes. An overwhelming number of niches and environmental factors must
be taken into account as well as the comparative degree of heterogeneity to under-
stand these systems. It is currently estimated that only a small fraction of bacterial
species is known. Large knowledge gaps also exist in describing other microor-
ganisms such as fungi and archaea as well as their corresponding metabolic func-
tions in the environment. For example, less than 2% of data generated by
non-targeted metabolomics studies—which characterize the metabolite com-
pounds present in a cell—are able to be matched to known chemical compounds,
with few mapped to known biochemical pathways [20]. Furthermore, more than
half of all known microbial phyla lack a single fully characterized species. Thus,
additional work and innovation is needed to understand these systems and the
roles of individual microorganisms within them. Many different approaches are
needed to characterize and annotate the structures and functions of aquatic micro-
biomes. The most important questions currently facing this area of research
include:

1. How do variations in the environmental conditions of natural waters and water
treatment systems impact the development of their corresponding
microbiomes?

2. Which ecological functions can be predicted by characterizing aquatic microbi-
ome structures?

3. In what ways are chemical and genetic contaminants impacting microbiome
structure and functioning in natural and engineered aquatic systems?

The challenges posed by each of these questions are formidable, given the enor-
mous diversity and number of the world’s microbiomes and their corresponding
functions. However, substantial advancements have been made with regard to the
technologies available to investigate these systems. Current efforts are focusing on
understanding the relationships among environmental conditions and microbiome
formation and ecological function and are being spearheaded by the Unified
Microbiome Initiative. The Unified Microbiome Initiative was announced in 2015
with the goal of developing innovative molecular biotechnology tools to accelerate
basic characterization of environmental microbiomes as well as facilitating these
findings to other applications. This mission has the ability to augment the tools
available to delineate the impacts of aquatic microbiome structure and function on
environmental quality and has an incredible potential to drive innovations in water
treatment technologies.
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7.3.2 Tools to Characterize Microbiome Structure
and Function

7.3.2.1 DNA Sequencing

One of the most promising tools available to study the structure of environmental
microbiomes is DNA-based next-generation sequencing (NGS). One of the first
DNA sequencing methods was developed in 1977 by Frederick Sanger, termed
Sanger sequencing, and relies on chain termination to determine the DNA template
nucleotide sequence. While ideal for relatively short DNA templates, approximately
700-900 base pairs, this method is cost prohibitive when investigating large
sequences or entire microbiomes. These factors have significantly limited the use of
Sanger sequencing for characterizing environmental microbiomes and ultimately
led to the development of high-throughput NGS in the 1990s.

Historically, the most widely used sequencing platforms include Ion Torrent
semiconductor sequencing, 454 pyrosequencing, Illumina sequencing, and
Nanopore sequencing (Table 7.4). Illumina Miseq and Hiseq sequencing sys-
tems currently dominate studies of human, terrestrial, and aquatic microbiomes
due largely to its high accuracy rates, number of reads generated per run, and
relative low cost. Illumina excels in the characterization of both amplicon-based
and full metagenomic DNA libraries. Amplicon-based metagenomic libraries
require the amplification of target DNA fragments (e.g., /6S for bacterial and
archaea communities or I7.S/18S for fungal communities) using end-point poly-
merase chain reaction (PCR). This is particularly useful for characterizing the
microbiome community structures associated with individual community sub-
types but gives no insight into community dynamics or functions. Full metage-
nomic sequencing is performed at the Unified Microbiome Initiative on the
Illumina Hiseq platform and allows for the complete sequencing of all DNA

Table 7.4 Comparison of high-throughput NGS methods [64]

Accuracy Time per | Cost per
Method Read length (bp) (%) Reads per run run million bases
Ion torrent <600 98 <80 million 2 hours $1.00
sequencing
Pyrosequencing | 700 99.9 1 million 24 hours | $10
(454)
Illumina MiSeq: 50-600 bp; | 99.9 MiSeq: 1-25 1-11 days |$0.05-0.15
sequencing HiSeq 2500: Million; HiSeq
50-500 bp; HiSeq 2500: 300
3/4000: 50-300 bp million-2 billion,
HiSeq 3/4000 2.5
billion
Nanopore Up to 500 kb 92-97 Varies by read 1 minute | Varies by
sequencing length to 48 hours | read length
Sanger 400-900 99.9 N/A 20 minutes | $2400
sequencing to 3 hours
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extracted from an environmental sample. This method gives insight not only into
the microbial community structures in a particular niche, but also the complete
genomic content of each sequenced microbe.

7.3.2.2 RNA Sequencing

Large amounts of data can be obtained from DNA-based sequencing studies of
aquatic microbiome structures, but the interpretation of that data is quite limited.
While the detection of microbial DNA is suggestive of its presence within a given
environment, it does not provide evidence that a microbe is transcriptionally active
or even alive. This extracellular DNA can be incorporated into NGS DNA libraries
and sequenced as if it were associated with a living cell. Predictive modeling pro-
grams do exist (e.g., PICRUSt), but these programs rely on phylogeny and marker
gene data that are only suggestive of metabolic activity. Transcriptomic sequenc-
ing, using RNA templates, is able to address this issue when analyzing environ-
mental microbiomes. Transcriptomic sequencing refers to the set of all RNA
molecules (i.e., mRNA, tRNA, and rRNA) within a single-cell or microbiome com-
munity. Unlike genomic content, which is largely fixed within a cell or population,
the transcriptome may vary widely across niches and environmental conditions as
genes are up- or downregulated. Transcriptomic analyses may be performed with
various techniques such as DNA and RNA microarrays and RNA-Seq, another
NGS platform.

7.3.2.3 Metabolomic and Proteomic Analysis

Metabolomic analysis takes transcriptomic assessments one step further by anno-
tating the biochemical pathways and metabolites generated by both single cells
and complex microbiome communities. The metabolome, therefore, is the summa-
tion of these biochemical pathways and metabolites within a cell, tissue, organism,
or environment and includes metabolic intermediates, signaling molecules, and
secondary metabolites. Metabolomes are highly specific to both microbiome com-
position and environmental parameters. Metabolomes are characterized by first
separating aggregates of analytes (e.g., via gas chromatography, high-performance
liquid chromatography, or capillary electrophoresis) before detecting individual
compounds (e.g., via mass spectrometry or secondary ion mass spectrometry).
This type of analysis can be particularly useful when trying to determine the bio-
chemical pathways associated with a biostimulation or bioaugmentation treatment
strategy, as it can provide direct information about the metabolic pathways
involved in contaminant degradation as well as potential daughter products that
may be produced in a bioremediation scenario. Metabolomics also provides an
instantaneous snapshot of the physiology and metabolism of a single cell and
improves current understanding of how individual cells function in complex mixed
communities.
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Proteomics is concerned with discovering and annotating the proteins produced
by individual cells as well as collections of cells. Similar to transcriptomics, the
study of an environmental proteome is made more complicated by the fact that a
proteomic profile varies between individual cells and may change drastically across
varying environmental conditions. This makes it difficult to obtain a “core pro-
teome” for any given environment. Proteomes in environmental samples may be
detected using immunoassays, mass spectrometry, or protein chips [65]. While gen-
erally more expensive than immunoassays, MS analysis allows for the high-
throughput analysis of large-scale environmental studies [66].

Each of these platforms generates incredible volumes of data—up to several
gigabytes for each sample. Analyzing the simpler data sets produced by amplicon-
based Illumina Miseq sequencing can take weeks or months for a single data set.
This is further complicated by the large amounts of metadata that typically accom-
pany environmental studies, which must also be analyzed and correlated with
microbiome data. As a result, bioinformatics tools have lagged behind in their abil-
ity to keep up with the volume and nature of NGS data [67-69]. Currently, there is
a critical need to develop more bioinformatics tools to facilitate the analysis and
integration of -omics data with environmental metadata.

7.3.3 Assessing Contaminant Impact on Microbiome Structure
and Function

One of the most promising applications of these bioinformatics technologies is the
study of how aquatic microbiomes are impacted by acute and chronic exposures to
environmental contaminants in natural and engineered water environments. These
potential impacts can be measured in two ways: alterations to microbiome commu-
nity structure (i.e., shifts in diversity or abundance of observed microbes) or changes
in microbiome function (i.e., the gain or loss of biological genes and processes).
Microbiome structures can be elucidated with targeted amplicon-based or shotgun
metagenomic sequencing. Inferences can be drawn concerning microbes that
become less abundant—or disappear altogether—after exposure to an environmen-
tal contaminant and their likely susceptibility to the contaminant of interest. The
remaining microbes likely display resistance to the contaminant’s toxicity or may
be able to actively metabolize it. These taxa may be investigated further to deter-
mine their potential as candidate bioremediation targets. However, impacts on
microbiome structure do not necessarily imply alterations in microbiome function
or ecological health. These parameters can be assessed using transcriptomic, metab-
olomic, or proteomic approaches. Many microbiomes have been found to display a
high degree of functional redundancy. Functional redundancy refers to biochemical
or metabolic processes that are undertaken by more than one microbe inhabiting the
same environment. In wastewater treatment, redundancy is found in BOD removal,
an essential bioprocess that is performed by many aquatic microbes. However, there
are some equally essential for water quality management that do not have a high
degree of functional redundancy. One such process is nitrogen removal, which is
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performed almost exclusively by nitrogen-cycling bacteria. These bacteria are also
highly sensitive to changes in their environment and have been observed to be sig-
nificantly negatively impacted by the presence of many environmental contami-
nants in drinking water and wastewater treatment systems [70, 71]. Thus, it will be
essential to determine how common exposures to environmental contaminants
affect microbiome community structures and processes that are integral to improv-
ing water quality.

7.4 Machine Learning to Identify Trends Among Water
Microbiomes

7.4.1 Machine Learning

One of the considerable challenges facing the study of environmental microbiomes
is the assimilation of genomic, transcriptomic, metabolomic, and proteomic infor-
mation of a given system in order to understand the overall structure and function of
microbial communities as well as the role of individual species within those com-
munities. The burgeoning field of machine learning offers a potential solution to this
problem. Machine learning is the application of artificial intelligence that focuses
on the development of computer programs that access, analyze, and identify trends
within large data sets without being explicitly programmed. This is distinct from
traditional computing software algorithms; these “expert systems” are knowledge-
based systems that are pre-governed by rules and constraints on a given topic. The
strengths of these systems are derived from their collection and implementation of
both factual and heuristic knowledge.

Conversely, machine learning systems are not governed by a set of operator-
defined rules and instead “learn” rules from the data sets themselves [72]. These
systems work by identifying patterns within highly complex data and metadata sets
and are applied to computing tasks in which the use of explicit expert systems would
be impractical. The types of algorithms that are utilized for machine learning are
diverse and include artificial neural networks, Bayesian networks, and genetic algo-
rithms [73]. These algorithms can be employed for a wide variety of applications,
from email filtering to disease detection and prognosis [74]. The ultimate goal of
machine learning models for environmental microbiomes is the prediction of struc-
ture, transcripts, and ecological function from limited data sets across multiple
scales—from individual cells to entire niches [75].

7.4.1.1 Limitations

Machine learning offers the prospect of unparalleled insights into environmental
microbiomes, although it is not without its limitations. Machine learning requires a
large quantity of input data—potentially millions of data points for more complex
environmental studies—to reach acceptable performance levels, which is often
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infeasible [75]. The variety of input data is another limiting factor [76]. This is
particularly problematic for studies investigating environmental microbiomes due
to the heterogeneity of a given matrix [77].

Aquatic microbiomes can vary greatly based on small variations in sampling
depth, water pH, or nutrient composition. These biases are compounded in molec-
ular biotechnology, which introduces additional biases within nucleic acid isola-
tion protocols and PCR amplification of template nucleic acids. Increased
standardization and transparency in the sampling and processing of environmental
microbiomes must therefore be a priority. Current efforts by groups such as The
Earth Microbiome Project are working to address these issues by publishing
explicit methods for the collection of samples and metadata, DNA isolation, pro-
karyotic and fungal DNA library preparation, and bioinformatics analysis [76,
78]. Machine learning has the potential to revolutionize the way we are able to
study and address issues facing global water quality, particularly with regard to
understanding how to best engineer water treatment systems to address water
contamination.

7.5 Applications in Water and Wastewater Treatment

There are many water sources and treatment systems that scientists and engineers
can manipulate using prebiotics, probiotics, and vectors to improve water quality
and sustainability. The availability and diversity of powerful biotechnology tools
(e.g., NGS, transcriptomics, and machine learning) will enable the elucidation of
trends in aquatic contaminant transport and biodegradation that can be exploited
for precision bioremediation in both natural and engineered water systems.
Precision bioremediation is the combined use of molecular biotechnology, bioin-
formatics, and environmental engineering principles for environmental contami-
nant removal and offers a new way to adapt treatment technologies that ensure
environmental quality. Precision bioremediation is adaptable across multiple
scales of contamination and microbiome manipulation. It is predicated upon a
thorough understanding of site-specific microbiomes as well as physicochemical
parameters that are interacting with both the microbiomes and the contaminants
themselves. One of the most effective ways of employing precision bioremediation
in the field is through in situ microbiome engineering.

7.5.1 Frameworks for Microbiome Engineering

Precision bioremediation using in situ microbiome engineering techniques is a
promising future direction in environmental quality management and innovation
and can be implemented at multiple scales using the design-build-test paradigm.
This framework aims to determine the ideal bioremediation strategy based on the
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Table 7.5 Potential in situ methods for microbiome engineering in water treatment [79]

Predominant
Method Common examples targets Mechanism of action
Prebiotics Dietary fibers (inulin), Variable Promote targeted
polysaccharides bacterial growth
(oligosaccharides)
Probiotics Firmicutes (Lactobacillus), | Variable Compete for nutrients,
Actinobacteria produce antimicrobials,
(Bifidobacteria), modulate environment
Proteobacteria
Probiotic Endophytic Environmental Establish native
consortium phytoaugmentation (soils or | contaminant rhizosphere community
constructed wetlands) degradation
Engineered Streptococcus Human pathogens | Inactivation via
probiotics (e.g., MDR CRISPR-Cas9
bacteria)
Bacteriophage Specific phage strains or Variable Cell lysis (lytic),
consortia genomic integration
(lysogenic), transduction
Genetic Pseudomonas putida Environmental Transfer of catabolic
bioaugmentation contaminant genes and plasmids
degradation

unique contaminants of interest, physicochemical properties of the contaminated
environment, and endogenous microbiomes. Much of this information can be col-
lected using -omics-based approaches and assimilated using machine learning
principles to develop a highly specialized and effective strategy to manipulate
aquatic microbiome processes and improve water quality.

Microbiome manipulations fall under three main categories: prebiotic interven-
tions, probiotic interventions, and genomic interventions under this paradigm
(Table 7.5). Prebiotic interventions involve the addition of a beneficial chemical
compound that is able to promote the growth of targeted beneficial microbes or
enhance specific metabolic activities in a given environment. Unfortunately, it is
often difficult to predict the specificity of their interactions with environmental
microbiomes, thus making it possible for undesirable microbes to also proliferate
(e.g., bacterial pathogens). However, recent advances in high-throughput NGS,
transcriptomics, and metabolomics have made it possible to begin addressing this
shortcoming. Functional metagenomics and transcriptomics can provide a more
nuanced view of aquatic microbiome constituents and community dynamics,
which facilitates the identification of prebiotic compounds specific to target
microbes. Proteomic analysis can provide insights into characterizing the enzymes
responsible for contaminant degradation (e.g., monooxygenases), which could be
used to develop biologically based remediation products to deploy during in situ
bioremediation. For example, the addition of prebiotic oxidizing compounds could
be directly applied to waters and soils to facilitate the removal of environmental
contaminants and extracellular ARGs.
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Probiotic-based microbiome engineering is similar to traditional bioaugmen-
tation in that it relies on the introduction of an exogenous microbe strain or
consortium in order to alter the function of an environmental microbiome.
Precision bioremediation could take this one step further by assessing the struc-
ture and community dynamics within these environments using functional
metagenomics and transcriptomics. In addition to providing a more thorough
understanding of natural biodegradation potential, it would also provide a more
refined lens with which to view potential manipulation strategies to ensure the
survival of the exogenous strains. One example of ex situ microbiome engineer-
ing involves the construction of synthetic communities that recreate the core
biochemical and ecological processes of a natural system but contain defined
members that can be easily manipulated for various endpoints. Contaminated
water could be pumped from the contamination site to a holding tank containing
synthetic microbial communities capable of biodegradation. The selection of
hydraulic residence times and microbial consortia would be informed by the rel-
evant contaminants of interest.

DNA-based interventions may be used for in situ aquatic microbiome engi-
neering, in addition to the application of chemical and cellular modulators. These
interventions take place on a genomic scale and introduce new genes to a micro-
bial community through transduction, translation, or conjugation. For example,
transduction via lysogenic bacteriophages present a unique opportunity for
aquatic microbiome engineering [80, 81]. Phages may be highly specific or poly-
valent, able to target multiple bacterial species at a time. As such, they may easily
be used across multiple scales. Genetic bioaugmentation can be used to a similar
effect to introduce novel metabolic or biochemical processes within an indige-
nous community. As with the introduction of phages, this method does not require
the survival of the donor organism [82]. Genome-editing technologies such as
CRISPR-Cas9 also have the potential to edit the functions of aquatic microbi-
omes to promote the removal of traditional environmental contaminants.
However, unlike phages and genetic bioaugmentation, CRISPR may prove
equally useful in combatting the transport and proliferation of non-traditional
and unique emerging contaminants such as ARGs. CRISPR could be used in
ARG “hotspots” such as wastewater and drinking water treatment plants to
remove or turn off intracellular ARGs.

In conclusion, ensuring the elimination of toxic environmental contaminants
from natural waters and water treatments is of paramount importance for main-
taining and improving water quality and ecological sustainability. The advance-
ment of molecular biotechnology is enabling the development of new water
treatment technologies and methodologies. Aquatic microbiome-based bioreme-
diation strategies which combine-omics analysis and machine learning are one of
the most promising approaches due to their sustainability and provide substantial
opportunities for research exploration. Successful adoption and implementation
of these strategies could make significant strides in improving water quality and
ensuring global human health.
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Chapter 8
Biofilms

Wen Zhang

Abstract This chapter focuses on biofilms, a common mode of bacteria growth
ubiquitous in aquatic environments. Recent developments on biofilm detachment
theories are summarized, and previously overlooked biofilm phenomena are
explored, including the promising algal mats in natural environments, problematic
distribution system biofilms in engineering environments, and the interaction
between biofilms and emerging contaminants such as nanoparticles and disinfection
byproducts. The goal of this chapter is to further demonstrate the importance of
biofilms in environmental engineering and provide new insights for future biofilm
control and utilization.

8.1 Introduction

Biofilms are entities of microorganisms enclosed within extracellular polymeric sub-
stances (EPS) and function as cooperative consortia. This mode of life is common to
most microorganisms not only in the medical field but also in natural and engineered
systems. Bacterial biofilms exist in multiple environments and can impact various
aspects of people’s daily lives. They can be beneficial to the field of water/wastewater
treatment (biological nutrient removal) [1], but can be detrimental to multiple indus-
tries, such as food processing (biofouling) [2], health care (infection) [3], drinking
water and ship hull maintenance (metal corrosion and pipe obstruction) [4, 5]. Most
of these biofilms are comprised of complex and variable bacterial communities,
which require effective biofilm control measures.

Biofilm control has two aspects: biofilm promotion and removal/prevention.
Biofilm promotion is especially applicable in biological wastewater treatment,
where sustained biofilm growth is desired [6]. Biofilm removal and prevention have
been the focus of biofilm research in water distribution systems, dentistry, food
processing procedures, and medical-related fields [7—10]. Lack of effective biofilm
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removal strategies can directly cause detrimental consequences, including biofoul-
ing, metal corrosion, pipe obstruction, and infection. The advances made in biofilm
physiology and community complexity such as biofilm development theory [11]
and quorum sensing [12] have greatly contributed to the understanding of biofilms
and improved biofilm control strategies [13], but industries are still spending bil-
lions of dollars seeking effective biofouling control methods [14].

Scientists and engineers also struggle to explain many biofilm behaviors. For
example, nutrient starvation was hypothesized and then confirmed as a biofilm
detachment mechanism in Pseudomonas aeruginosa; however, the exact trigger for
detachment was unclear [15]. On the another hand, even though quorum sensing is
widely accepted as bacteria’s way to regulate cell population density by gene
expression [16], there is a need to identify its role in biofilm behavior in pure and
mixed culture bacterial systems, as well as in different environmental conditions,
since only a few investigations have been performed under mixed culture conditions
[12]. As a result, fundamental studies of biofilm behavior are still lacking.

This chapter reviews recent development in biofilm studies, including mecha-
nistic research on biofilm detachment, and biofilm applications in various engi-
neering settings, with highlights in water and wastewater treatment. Lastly,
interactions between biofilms and emerging contaminants will be explored. For the
water and wastewater field, advances in biofilm understanding could translate to
efficient contaminant removal in biofilm reactors, less biofouling on membrane
surfaces, and safer drinking water delivered by transmission pipes. For other indus-
tries, these advances could mean reduced metal corrosion and pipe obstruction,
less food waste due to package contamination, and more effective treatment for
infectious diseases.

8.2 Biofilm Detachment

The five-stage development theory has been widely accepted for bacterial biofilm
[17]. It includes:

e Stage l—initial attachment: free-floating microorganisms attach to a surface
with initial adhesion achieved through weak, reversible van der Waals forces.

» Stage 2—irreversible attachment: if reversible attached microorganisms do not
separate from the surface, EPS begins to form to initiate irreversible attachment
with a stronger adhesion force.

e Stage 3—maturation I: colonies develop an extracellular matrix comprised of
various compounds to stabilize the biofilm and provide adhesion sites for other
colonies.

e Stage 4—maturation II: biofilm grows as a structured combination of cells and
EPS.

e Stage 5—dispersion: bacterial cells are released from the biofilm, some of which
are able to reattach to the surface.
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However, biofilm detachment is far from being well understood, unlike biofilm
attachment. The interest in detachment processes primarily stemmed from removing
or preventing biofilm in the industries mentioned above. Basic strategies include
either killing biofilm microorganisms through biocides and disinfectants or chemi-
cal treatments that denature the EPS structure, depending on the specific application
[18]. Although studies on these treatments shed light on biofilm detachment, they
fail to offer a holistic view on the detachment process, which is also a part of the
biofilm cycle—stage 5 dispersion.

Bryers [19] identified five categories of biofilm detachment: erosion, sloughing,
human intervention, predator grazing, and abrasion. Erosion refers to single-cell or
small cell cluster removal from the biofilm surface due to fluid shear stress, while
sloughing is defined as the removal of a relatively large piece of biofilm from the
surface. A later study by Telgmann et al. suggested sloughing is an integral part of
biofilm development rather than a disturbance [20]. Human intervention, predator
grazing, and abrasion result from other external forces can also exert on the biofilm
surface. Mathematical models have been developed to characterize the detachment
process [21-23], in which factors such as biofilm mass, thickness, species, growth
rate, shear stress, substrate utilization, and oxygen depletion were considered.

A new theory was proposed to unify the existing studies on biofilm detachment:
the differentiation between passive and active detachment. Passive biofilm detach-
ment describes removal resulting from external forces, such as fluid shear stress and
abrasion. This type of detachment occurs without a change in the biofilm metabo-
lism [24, 25]. Active biofilm detachment describes removal resulting from inter-
nally driven mechanisms, including activation of a bacterial stress response
mechanism [26], endogenous enzymatic degradation [27], and release of surface-
binding proteins [28]. Environmental stressors, such as substrate limitations [29],
oxygen depletion [30], and various chemical toxins [31], can cause internal changes
including changes in biofilm structure (e.g., EPS destruction) and cell activity (e.g.,
respiration). This type of detachment depends on the species within the biofilm,
given that each species has an independent stress response mechanism.

Fluid shear stress is one of the most recognized factors in passive detachment
contributing to erosion and sloughing events [23, 24, 29, 32, 33]. Surface shear
stress (7) is defined by the following equation:

T(y)zu@u/@y

where y is the dynamic viscosity of the fluid, u is the velocity of the fluid along the
boundary, and y is the perpendicular distance to the support matrix. Flow rates can
directly impact shear stress on the biofilm surface in a given flow chamber. In Huang
et al. [25], two monoculture biofilms were developed in hollow fiber membrane-
aerated bioreactors and subjected to various shear stresses measured by micropar-
ticle image velocimetry (p-PIV) (Fig. 8.1). Positive correlations were observed
between fluid-induced shear stress and detached biomass for both species. Other
factors such as the biofilm growth stage (mature vs. immature) also plays an impor-
tant role in detachment. In a similar experiment within an annular reactor, Choi and
Margenroth [24] observed a similar trend (increasing detachment rate) during the
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Fig. 8.1 Schematic of passive detachment due to fluid shear stress. Biofilm develops on the exte-
rior of a silicone hollow fiber membrane , and both live (green color) and dead (red color) bacterial
cells are within the biofilm surrounded by EPS materials. When fluid shear stress is introduced to
the biofilm surface, passive detachment happens without change of bacteria viability within bio-
films. Detached particles include polymers (EPS and cell fragments), single cells (live and dead),
and cell aggregates (a combination of cells and EPS). Higher fluid shear stress induces more bio-
film detachment

initial increase in shear stress; however, the biofilm was able to adapt to the environ-
ment and restabilize the detachment. Based on the particle size analysis, they also
concluded erosion was the dominant detachment mechanism under steady-state
conditions, whereas sloughing was dominant following the sudden increase in shear
stress.

One of the most common active detachment mechanisms is cell death, which can
directly and indirectly cause biofilm detachment. Cell fragments from cell lysis con-
tribute to biofilm detachment as a direct consequence; when the “glue”’/EPS between
bacteria and the surface ceases production due to cell death, biofilm detachment also
follows. Various chemical toxins can change cell viability within a biofilm and lead
to active detachment. Chelators such as ethylenediaminetetraacetic acid (EDTA) is
one of the most commonly used chemical toxins to kill microorganisms and cause
biofilm detachment [34, 35], as are various antibiotics, depending on the bacteria
species [36]. Tobramycin is one of the most popular antibiotics for Pseudomonas
aeruginosa infections. This compound is effective by binding bacterial ribosomes
and preventing mRNA translation [36]. Although tobramycin is effective in killing
suspended P. aeruginosa cells, a relatively high dosage (>1 mg/L) is required to
inactivate cells within biofilms due to the resistance from EPS. Biofilm dispersion
as well as cell death has been observed in P. aeruginosa biofilms (Fig. 8.2).

More biofilm detachment mechanisms are elucidated as quorum sensing theory
develops, such as the effect of biosurfactant rhamnolipid production on P. aerugi-
nosa biofilm and cyclic bis(3’,5")guanylic acid (cyclic di-GMP) on Shewanella
oneidensis MR-1 biofilm [37, 38]. Not only will these studies help determine the
most effective biofilm removal strategy, they can also assist with the reactor design
where beneficial biofilm is desired.
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Tobramycin

Biofilm o . ‘; -, .7’

Membrane

Fig. 8.2 Schematic of active detachment due to cell death. P. aeruginosa biofilm develops on the
exterior of a silicone hollow fiber membrane, and both live (green color) and dead (red color)
bacterial cells are within the biofilm surrounded by EPS materials. When the biofilm is exposed to
antibiotic tobramycin, cell death is induced and cell lysis happens. The consequences include both
active detachment and a decrease in cell viability within the biofilm structure. Detached particles
include polymers (EPS and cell fragments), single cells (live and dead), and cell aggregates (a
combination of cells and EPS). Particles with live cells tend to reattach to the surface again

8.3 Biofilms in Natural Environments

Biofilms are commonly found on sediments in natural aquatic environment, with
the presence of a diverse group of microorganisms within the biofilm population
[39]. Algal mats are a unique type of environmental biofilm that are often over-
looked by environmental engineers.

Algal mats are microbial mats that exist in nature, in which layers of algae and
cyanobacteria form biofilms on sediment surfaces, or as floating masses in water.
Geologists investigated them in the 1970s, as calcified algal mats and trapped grains
can form stromatolites, which have both geological and ecological significance
[40]. A modern living mat can range from a thickness of millimeters to large algal
mats which can develop in shallow-water estuaries with a thickness up to 10 cm
[41]. These algal mats often include photosynthetic microorganisms, such as fila-
mentous cyanobacteria, algae, and diatoms on the surface, and anaerobic sulfate-
reducing bacteria (SRB) and methanogenic bacteria near the bottom [42, 43]. These
communities can sequester organic materials and metals from the environment,
while accumulating nutrients to sustain their own growth.

EPS plays an important role in algal mats. Cyanobacteria are generally recog-
nized as the main EPS producers. Similar to bacterial biofilms, the composition of
EPS produced by bacteria includes polysaccharides, proteins, lipids, nucleic acids,
and humic substances [44]. The EPS matrix fulfills many functions within algal
mats [45], including binding of dissimilar communities and formation of a three-
dimensional structure to allow air/water access; physical stabilization of microbial
cells under variable hydrodynamic regimes; and helping the microbial mat com-
munity resist multiple stress conditions, such as nutrient shortages, UV exposure, or
desiccation. EPS can either promote or inhibit carbon precipitation depending on
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the amount of negatively charged functional groups in the microenvironment [43].
Specifically, the negatively charged acidic groups within EPS can bind free calcium
ions from solution to inhibit the carbonate precipitation, or the degradation of EPS
can release free calcium ions to promote carbonate precipitation. However, the role
of EPS in the initial attachment of algal mats remains unclear.

Algal mats can be used for various applications, including aquaculture (fish feed-
ing and effluent treatment), bioremediation (heavy metal and radionuclide removal
and organic degradation), agriculture (soil aggregation and nutrient enrichment),
and bioenergy (biohydrogen production) [46, 47]. Bioremediation is the most popu-
lar application of algal mats. Kalin et al. used a three-step process to remove ura-
nium from mining wastewater including sequestration of uranium (U) by algae,
removal of U-algal particulates by precipitation, and reducing U(VI) to U(IV) in
precipitates [48]. Bender et al. used stratified algal mats to transform nitrogenous
wastes into cellular protein in marine-cultured wastewater. These mats rapidly
metabolized other fish wastes while providing excess oxygen for the nitrifying bac-
teria to remove ammonia [49]. Das et al. found various species of algae and fungi
which lived symbiotically in an acid mine drainage environment, where algae pro-
duced an anoxic zone for SRB and helped in biogenic alkalinity generation, while
fungi absorbed a significant amount of metals in their cell wall or EPS [50].
Al-Thukair et al. investigated a microbial community of algal mats in an oil-polluted
coast of Saudi Arabia and found that the cyanobacteria were all well adapted to the
oil pollution and developed a tolerance to the high temperature, salinity, and desic-
cation periods [51]. Nzengung et al. observed sequestration and transformation of
chlorinated and brominated organic contaminants by algal mats in a sealed micro-
bial mat bioreactor [52]. Paniagua-Michel and Garcia used constructed microbial
mats to effectively remove ammonia and nitrate from shrimp culture effluent [53].
Safonova et al. used selected algal-bacterial consortia to treat industrial wastewater
and observed a significant decrease in contaminants such as biochemical oxygen
demand (BOD), phenols, anionic surface-active substances, oil spills, copper,
nickel, zinc, manganese, and iron [54]. Jacques and McMartin evaluated the role of
algae and algal mats in reducing light extractable petroleum hydrocarbon concen-
trations in petroleum-contaminated water [55]. Surprisingly, however, very few
studies focused on domestic wastewater treatment using algal mats.

Algal-bacterial processes have shown success in treating hazardous contaminants
[56], but their interaction with other emerging contaminants such as endocrine-
disrupting compounds and nanoparticles in wastewater is still unknown. Algae have
shown promise in removing these contaminants: bioaccumulation and degradation
of endocrine disrupters were studied with algae [57, 58], and interactions between
silver and gold nanoparticles and freshwater algae were investigated in a few studies
[59, 60]. Mixed culture biofilms have also shown promise in nanoparticle removal,
due to their enhanced resistance to nanoparticle toxicity [61] as well as their affinity
for sorption [62]. These studies indicate algal-bacterial biofilms (such as algal mats)
have a favorable chance of success for nanoparticle removal while maintaining their
resistance to the nanoparticle toxicity; however, more studies are needed. Overall,
algal mats could be an effective treatment tool for contaminant removal, compared
to heterotrophic bacteria biofilms.
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8.4 Biofilms in Engineering Environments

Biofilms have been widely applied in the field of wastewater treatment. Biofilm
reactors such as trickling filters and rotating biological contactors have been com-
monly used in the industrial waste and municipal sectors due to their compact
design, low quantities of sludge production, and resistance to shock loads [63].
New technologies such as membrane-aerated biofilm reactors and fluidized-bed
bioreactors have re-emerged as viable options for municipal wastewater treat-
ment [64, 65]. Biofilms, the key player within these treatment methods, is effec-
tive at removing traditional contaminants such as nutrients as well as trace
contaminants.

Researchers have started investigating biofilms in drinking water treatment pro-
cess in recent decades. Biofilms have been found in treatment units such as sedi-
mentation basins [66], biological filters [67], and drinking water distribution
systems (DWDSs) [68]. Biofilms in DWDSs has gained special interest, as it could
have a direct impact on consumer health. In the United States, secondary disinfec-
tants such as free chlorine and chloramines are applied in DWDSs to help prevent
bacterial regrowth and ensure drinking water is adequately disinfected at the tap
[69]. However, despite the use of secondary disinfectants, biofilms in DWDSs are
ubiquitous. Biofilms are more resistant to disinfectants than suspended bacteria and
have been found to harbor 25 times more bacterial cells than the adjacent bulk water
in the DWDS [70]. Numerous studies have investigated the various biofilm-related
issues in water treatment systems, including the microbial diversity of the filter
biofilm [71], biofilm resistance to disinfectants [72], and biofilm growth on pipe
materials [73]. However, DWDS biofilms vary with water quality, water age, disin-
fectants used, pipe material, and other environmental factors. Most studies used
simulated DWDSs, and the biofilms formed might not represent the real-world sce-

Fig. 8.3 Left photo shows the cross section of a 4-inch cast iron pipe taken off service from the
Fayetteville DWDS (AR); right photo shows the close-up shot of biofilms formed within the same

pipe
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narios. Fig. 8.3 shows a section of the DWDS pipe taken off service from the city of
Fayetteville (AR) in September, 2015. Visible formation of biofilms (tubercles) cov-
ered the interior surface of the 4-inch cast iron pipe. The composition and bacterial
species within the biofilm are still unknown, which poses an immediate health threat
to consumers.

Interactions between biofilm and trace elements within DWDSs are also of inter-
est. The growth of distribution biofilms relies on the presence of electron donors,
such as biodegradable organic carbon and nitrogen species. The adsorption of cer-
tain contaminants in the treated water depends heavily on the biological activity
inside the pipes, such as the production of nitrate from nitrifying organisms [74].
These biofilms may also have a sorptive capacity and thus are potentially significant
sinks for contaminants such as metals [75]. Templeton’s study investigated the dis-
tribution of aqueous Pb(II) sorbed at the interface between Burkholderia cepacia
biofilms and hematite or corundum surfaces and found the formation of a mono-
layer biofilm did not affect reactive sites on the metal oxide surfaces, and significant
Pb biofilm uptake was observed [75]. Ancion et al. investigated the absorption rates
of zinc, copper, and lead in freshwater biofilms and observed rapid metal accumula-
tion by the biofilm. When the exposed biofilm was transferred to uncontaminated
water, they retained the accumulated metals for at least 14 days [76]. The changes
in the microbial community structure during exposure to metals as well as the EPS
composition of biofilms have also been studied [77].

The use of biofilms to capture trace elements could have profound implica-
tions on modern-day water catastrophes, such as the recent lead crisis in Flint,
Michigan. The Flint drinking water became contaminated with lead in April 2014.
The problem originated from the cost-cutting move to use the Flint River as its
drinking water source. From the plant operation perspective, the lack of appropri-
ate corrosion control resulted in the leaching of lead from pipes and fixtures into
the drinking water. Although most recently exposed in Flint, lead contamination
in drinking water can be a US-wide problem, since nearly all homes built prior to
the 1980s have lead solder connecting copper pipes and many US cities still have
a majority of lead pipes in their distribution systems transmitting drinking water.
Trace amounts of lead can cause serious health issues and can severely affect
mental and physical development of children under the age of 6. The Maximum
Contamination Level Goal (MCLG) for lead is zero in the EPA primary drinking
water standards.

The correction of lead contamination in drinking water is no easy task.
Researchers have been investigating the impact of partial line replacement.
Unfortunately, it was shown that partial replacement of lead service lines could
exacerbate the problem by releasing higher levels of lead into the delivered water
[78]. To make matters worse, lead-containing parts were also used in premise
plumbing, where replacement cost will likely fall directly onto the consumers them-
selves. It is critical to identify other possible sources of such contamination, and
their interactions with biofilms in DWDSs.
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8.5 Biofilms and Emerging Contaminants

Water reuse practices have increased to alleviate the stress from diminishing fresh-
water resources [79], but they bring concerns over emerging contaminants, including
nanomaterials, perfluorinated compounds, pharmaceuticals, endocrine-disrupting
compounds, drinking water disinfection byproducts (DBPs), pesticides, etc. [80]. In
general, biofilms have been found to resist the toxicity of various contaminants better
than their planktonic counterparts due to the protection effect of EPS [81], and to
accumulate these contaminants at different concentrations [82, 83]. However, not all
biofilm-contaminant interactions bring beneficial impacts.

N-nitrosamines are a highly toxic and non-halogenated group of disinfection
byproducts (DBPs), primarily associated with chloramination [84]. The nationwide
occurrence data for N-nitrosamines has identified seven separate species in EPA
Method 521, with N-nitrosodimethylamine (NDMA) being the most prevalent [85].
NDMA was measured in six distribution systems out of 20 public water utilities in
Canada above the detection limit of 5 ng/L [86]. Multiple studies showed increasing
NDMA concentrations with increasing water age within distribution systems [87, 88].

Known NDMA precursors include quaternary amine-containing coagulants and
anion-exchange resins and wastewater-impacted source waters containing pharma-
ceuticals and personal care products [84]. Biofilm EPS contains organic materials
that are comprised of chemical moieties similar to known N-nitrosamine precursors
(e.g., secondary amines [89]). Exopolysaccharides, a component of EPS that bonds
cells together and facilitates microcolony formation, are produced and accumulated
by attached cells during biofilm formation [90, 91]. Alginate, a major component of
the exopolysaccharides in Pseudomonas aeruginosa biofilm, plays an important
role during biofilm development [92]. The gene responsible for exopolysaccharide
alginate synthesis is 3-5 times more active in attached growth systems than sus-
pended cells [93, 94]. P. aeruginosa is pathogenic and is sometimes found to cause
periodic contamination in DWDSs [95]. Although alginate has been widely associ-
ated with P. aeruginosa bacterial biofilm, it can also be biosynthesized in other
bacteria strains such as Pseudomonads and Azotobacter spp., as well as algal and
cyanobacteria species [96, 97]. Seo’s research group used Pseudomonas strains to
produce different quantities and composition of EPS and extracted bacterial EPS
from pure and mixed culture biofilm and chlorinated the extracts [98, 99]. Results
showed that proteins within the biofilm EPS contributed to the formation of halo-
acetonitriles, a group of nitrogen-containing DBPs, presumably through substitu-
tion reactions with amino acids containing unsaturated organic carbon or conjugated
bonds in the R-group. It is likely that biofilm exopolysaccharides could contribute
to the formation of nitrogen-containing DBPs.

Polysaccharide intercellular adhesion (PIA), another well-characterized biofilm
exopolysaccharide, is also called poly-N-acetyl-glucosamine (or PNAG), which is
a common component of EPS produced by Escherichia coli [100, 101],
Staphylococcus aureus, and S. epidermidis [102]. For DBP formation, bacteria
species relevant in DWDSs are extremely important, such as E. coli (indicator
bacteria). The composition and unique structure of PIA/PNAG is informative in the
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formation of nitrogen-containing DBPs. PIA/PNAG contains functional groups
that resemble secondary and tertiary amines known to react with chloramines to
form NDMA [89]. An important feature of the PIA/PNAG molecule is its partial
deacetylation, which creates free amino groups. This provides additional evidence
thatbiofilm exopolysaccharides could contribute to the formation of N-nitrosamines.
Studies are currently underway to verify this reaction mechanism.

In addition to acting as DBP precursors, biofilms in DWDSs can degrade water
quality by consuming disinfectant residual, enabling survival of potential pathogens,
promoting nitrification, and accelerating metal corrosion [103—106]. Traditional bio-
film removal strategy such as a chlorine burn may no longer be suitable, considering
the potential formation of toxic DBPs. As a result, it is even more urgent to redesign
biofilm control measures, especially for water pipelines where no additional barriers
exist before water reaches consumers.

In summary, this chapter presented both beneficial and detrimental impacts bio-
films could have in natural and engineering environments. While the manipulation
of biofilm composition and bacterial gene expression can be leveraged to achieve
more effective contaminants removal, the accompanying consequences should also
be considered. For example, if lead leached into drinking water can be accumulated
within DWDS biofilms, it is also possible lead can be subsequently released from
these biofilms. In fact, the wastewater treatment sector is already dealing with simi-
lar effect, where nanoparticles adsorbed into activated sludge negatively impact the
subsequent processes such as anaerobic digestion [107]. Therefore, a total life cycle
approach should be considered whether biofilm is accounted as a culprit or applied
as a potential solution to an engineering problem.
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Chapter 9

The Microbial Ecology and Bioremediation
of Chlorinated Ethene-Contaminated
Environments

Jennifer G. Becker

Abstract The microbial ecology of tetrachloroethene (PCE)- and trichloroethene
(TCE)-contaminated sites is complex. Fundamentally, accurate prediction of con-
taminant fate, the survival of dehalorespiring populations, and, thus, the perfor-
mance of engineered bioremediation approaches at these sites are feasible only if
the correct kinetic models are applied, and meaningful and mathematically indepen-
dent parameter estimates are input into these models. A model that incorporates
biomass inactivation at high chlorinated ethene concentrations, as well as the self-
inhibitory and competitive inhibition effects that the elevated chlorinated ethene
concentrations exert on dechlorination reactions, must be utilized to accurately pre-
dict dehalorespiring population substrate interactions and growth. The initial condi-
tions used in batch laboratory kinetic assays, including the initial limiting substrate
(Sp)-to-initial biomass concentration (Xj) ratio and the S,-to-half-saturation constant
(Ks) ratio, must be carefully selected to ensure that the parameter estimates are
meaningful and independent. Kinetic assays conducted at appropriate Sy/X, and Sy/Ks
ratios suggest that the substrate utilization kinetics of many PCE-to-dichloroethene
(DCE) dehalorespirers are faster than those of Dehalococcoides mccartyi strains.
Integration of mathematical simulations using appropriate dehalorespiration models
and dehalorespiring co-culture experiments also showed that PCE-to-DCE dehalor-
espirers tend to outcompete D. mccartyi strains for higher chlorinated ethenes.
Where dense nonaqueous-phase liquid (DNAPL) contamination is present, the fast
substrate utilization kinetics of PCE-to-DCE dehalorespirers allow them to grow
close to the DNAPL-water interface and control dissolution bioenhancement. Under
excess electron donor conditions, D. mccartyi strains specialize in dehalorespiration
of lesser chlorinated ethenes produced by PCE-to-DCE dehalorespirers. Maintenance
of multiple dehalorespirers growing via complementary substrate interactions
results in optimal utilization of electron equivalents, bioenhancement of DNAPL
dissolution, and contaminant detoxification.
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9.1 Introduction to the Bioremediation of Chlorinated
Aliphatic Compounds

9.1.1 Frequency of Contamination and Associated Health
Impacts

Chlorinated aliphatic compounds are among the most notorious environmental con-
taminants, and this group includes 10 of the 20 most common groundwater con-
taminants at hazardous waste sites [1]. In particular, the chlorinated ethenes
tetrachloroethene (PCE) and trichloroethene (TCE) were detected at 60.5% and
51.8%, respectively, of 1300 surveyed contaminated sites [2]. The frequency with
which PCE and TCE are detected at contaminated sites is significant because,
according to the International Agency for Research on Cancer (IARC), TCE is car-
cinogenic, and PCE is probably carcinogenic to humans [3]. PCE and TCE are still
in use today, primarily as feedstocks in the manufacture of other chemical products,
including chlorofluorohydrocarbons and hydrofluorocarbons, as metal degreasers in
the automotive and metal industries, and, in the case of PCE, as a dry cleaning
solvent.

9.1.2 Processes Affecting the Fate of Chlorinated
Hydrocarbons in Groundwater

Figure 9.1 provides an overview of the physicochemical and biological processes
that can impact the fate of PCE and TCE in the subsurface. Partitioning of these
compounds into different phases occurs after they are introduced to the subsurface
because of their physicochemical properties [4]. If sufficient masses of PCE and
TCE are present, they may form nonaqueous-phase liquids (NAPLs). NAPL PCE
and TCE are denser than water, and the dense NAPLs (DNAPLSs) may migrate down
into the saturated zone. This is important because dissolution of PCE and TCE from
DNAPLSs can contaminate groundwater flowing past these pollutant source zones
for years. Some PCE and TCE may sorb to the porous medium, but due to their rela-
tively low octanol-water partition coefficient values, most of the contaminant mass
remains in the aqueous phase, leading to large contaminant plumes. PCE and TCE
are also volatile and thus tend to partition into the gas phase in the unsaturated zone
and can migrate in the gas phase. The latter can lead to vapor intrusion and indoor
air contamination in overlying buildings.

The chlorinated ethenes are also subject to biological processes in the subsurface
[5]. Certain bacteria carry out anaerobic respiration under reduced redox conditions,
using chlorinated ethenes as terminal electron acceptors. This process is known as
dehalorespiration and involves reductive dechlorination reactions that produce
lesser chlorinated ethenes. A number of strains that utilize a range of electron donors
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Fig. 9.1 Tetrachloroethene (PCE) partitioning and reductive dechlorination reactions in the sub-
surface. Subscripts indicate chlorinated ethene phase (Aq = aqueous, N = dense nonaqueous phase
liquid, G = gas, S = sorbed). Trichloroethene (TCE), dichloroethene isomers (DCE), and vinyl
chloride (VC) also partition into the phases shown

are able to mediate one or more often two dechlorination reaction and produce
dichloroethene isomers (DCE) as their dominant product [6]. These bacteria are
referred to here as PCE-to-DCE dehalorespirers. Only members of the
Dehalococcoides mccartyi species have been shown to have the ability to grow via
dehalorespiration of DCE and vinyl chloride (VC) and, thus, achieve complete
detoxification of PCE or TCE [7]. Reductive dechlorination of PCE and lesser chlo-
rinated ethenes via cometabolic reactions that do not contribute to bacterial growth
also occurs but at much slower rates compared to dehalorespiration reactions.
Oxidation of cis-DCE and VC has been shown to support growth under aerobic
conditions, e.g., by Polaromonas strains, and cometabolism of chlorinated ethenes
with one to three chlorine substituents is feasible [5]. Finally, if chlorinated ethenes
are transported to the rhizosphere, they may be taken up by plants and subject to
several phytoremediation processes.

In some cases, multiple biological transformation processes may act on chlori-
nated ethenes [8]. For example, wetland plants transport oxygen to their roots,
which creates, within the rhizosphere, aerobic zones that are surrounded by the bulk
anaerobic sediment. At sites where groundwater contaminated with PCE and TCE
discharges to wetlands, a common scenario because many hazardous waste sites are
located close to surface waters, partial transformation of the parent chlorinated eth-
enes to DCE and/or VC is likely to occur in the anaerobic sediment. A novel rhizo-
sphere bioreactor was developed to evaluate the fate of cis-DCE in the wetland
rhizosphere in such a scenario [5]. In this system, cis-DCE was removed primarily
via aerobic oxidation by rhizospheric bacteria and phytovolatilization. However, the
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focus in this chapter is on the dehalorespiration of chlorinated ethenes because of
the importance of this process in the remediation of PCE and TCE at many ground-
water sites.

9.1.3 Intrinsic and Engineered Bioremediation Strategies

The in situ (or in place) treatment of subsurface chlorinated ethene contamination
can, in some cases, be achieved via intrinsic bioremediation or natural attenuation
[8]. Intrinsic bioremediation is feasible only if dehalorespiring populations capable
of dechlorinating PCE to ethene are present at the site, and, along with physico-
chemical processes, are able to reduce contaminant concentrations to regulatory
levels. While PCE-to-DCE dehalorespiring populations are frequently native to
chlorinated ethene-contaminated sites, the key D. mccartyi strains that dehalore-
spire DCE and/or VC are often lacking. Further, the concentrations of electron
donors are frequently too low to support complete dechlorination of the chlorinated
ethene contaminants. Engineered bioremediation approaches are designed to over-
come the limitations on the intrinsic bioremediation capacity at a contaminated site.
Therefore, engineered bioremediation approaches implemented at chlorinated
ethene-contaminated sites generally include bioaugmentation, i.e., addition of the
D. mccartyi strains needed to detoxify chlorinated ethenes, and/or biostimulation:
the addition of exogenous electron donor(s) needed to sustain complete reductive
dechlorination of the contaminants.

9.2 The Importance of Accurate Dehalorespiration Kinetic
Models and Parameter Estimates

9.2.1 Kinetic Models of Dehalorespiration

Reliable prediction of the activity of dehalorespiring bacteria and their impacts on
contaminant behavior in groundwater systems can only be achieved if accurate and
meaningful kinetic parameter estimates are input into these models. Mathematical
models of dehalorespiration are generally based on Monod growth kinetics [9],
according to:

Xy By - Doe?XS,
dt dt K¢, +S,

bX ©.1)
where X is the biomass concentration [Mx L=3]; ¢ is time [T]; Y is the true yield coef-
ficient [Mx Mg™']; S, is the chlorinated ethene (electron acceptor, @) concentration
[Ms L73]; b is the first-order decay coefficient [T~!]; g i the maximum specific
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substrate utilization rate [Ms Mx~! T~']; and K, is the half-saturation constant for
the electron acceptor [Mg L=3]. At the elevated chlorinated ethene concentrations
that might develop in groundwater systems, the Monod model is modified to incor-
porate appropriate inhibition and/or biomass inactivation terms, as described below.

9.2.2 Obtaining Meaningful and Independent Estimates
of Parameter Values

Equation (9.1), and estimates of Y and b obtained in separate assays, must be fit to
experimental data to obtain the accurate estimates of g, and Ks needed to model
the growth of dehalorespiring populations and chlorinated ethene dehalorespiration.
Typically, the experimental data are obtained by monitoring the abundance of chlo-
rinated ethenes over time via headspace analysis in batch assays. When designing
batch kinetic assays, three key criteria must be met to ensure that the estimates of
Gmax and Kg are meaningful. These criteria are summarized in Table 9.1.

Proper selection of the initial experimental conditions in the batch assays is the
key to achieving the criteria in Table 9.1. For example, the ratio of the initial limiting

Table 9.1 Key criteria for design of batch kinetic assays to ensure meaningful parameter

estimates [13]

Batch kinetic assay design

Quantitative
measure of

consideration Significance assessing criterion®
Estimates must reflect To estimate kinetic characteristics “extant” | Initial substrate-to-
relevant growth conditions, in a substrate-limited environment (e.g., a | biomass (Sy/X,)
which in turn control groundwater aquifer), growth must not ratio calculated on
microbial community and occur during the assay to preserve the a COD basis
cellular composition cellular composition; to estimate the
(including the availability of | “intrinsic” kinetic properties of a culture,
catalytic enzymes) unrestricted growth must occur during the

assay
Kinetic parameter estimates | Parameter uniqueness: Unique ¢,,,, and K5 | Coefficient of

must be unique and
identifiable

values can be fit to experimental data
independently; nonunique values can be fit
to data only as a lumped parameter

determination (R?)

Parameter identifiability: Determines
amount of correlation; different
combinations of highly correlated estimates
may fit data equally well

Collinearity index
(r0)

Parameter estimates should
have relatively low
uncertainties

Uncertainty cannot be eliminated because
experimental data are used to fit unknown
kinetic properties; uncertainty in parameter
estimates increases with the degree of
correlation

Relative standard
deviation (0(6)/0),
where 0 is a

Monod parameter

3See text and Reference [13] for guidance on interpreting numerical values of these parameters
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substrate concentration (Sy) [Mg L™%] to the initial biomass concentration (X,) [Mx
L-3] determines the growth conditions during the assay. If Sy/X, is sufficiently large,
the bacterial population will grow without restriction, and the intrinsic kinetic
parameter values estimated under these conditions will not be impacted by the cul-
ture’s history, including any substrate limitations in the source environment [10,
11]. While previous guidelines recommended that intrinsic kinetics be estimated
with a Sy/X, > 20 when both concentrations are expressed on a Chemical Oxygen
Demand (COD) basis [10], Huang and Becker [11] showed that estimates of intrin-
Sic gmax and K for chlorinated ethene respiration by Desulfuromonas michiganensis
and Desulfitobacterium sp. strain PCE1 could reliably be obtained at Sy/X, > 10 (on
a COD basis). The finding that intrinsic parameter estimates can be obtained at Sy/
X, > 10 is significant because at elevated concentrations, chlorinated ethenes can be
inhibitory to, or even inactivate, dehalorespiring bacterial cells. Therefore, it is
desirable to use the lowest S, possible that will still result in intrinsic parameter
estimates for chlorinated ethene respiration. The intrinsic kinetic parameter esti-
mates did not accurately predict the experimental dehalorespiration data collected
in assays conducted at lower Sy/X, ratios because, under these conditions, the abun-
dance of enzymes that catalyze dehalorespiration reactions is impacted by the sub-
strate availability in the source culture and cell growth is restricted. To completely
prevent growth and thus obtain parameters estimates that describe extant microbial
activity, i.e., the microbial activity currently in existence in the environment from
which the bacteria were obtained, it is recommended that kinetic assays be designed
so that the Sy/X, ratios are on the order of 0.025 (on a COD basis) [10]. Unfortunately,
the initial conditions used in batch kinetic assays are not often reported in the litera-
ture and/or are in range (~1 < Sy/X, < 10) that will yield neither intrinsic or extant
parameter estimates. Parameter estimates obtained at these intermediate Sy/X, val-
ues cannot be reliably used in mathematical models.

The initial batch assay conditions also affect the uniqueness, identifiability, and
hence the amount of uncertainty associated with estimates of ¢,,.x and Kg [10, 12].
Huang et al. [13] used a combination of numerical experiments and laboratory
kinetic assays to systematically and quantitatively evaluate the impact of Sy/X, and
S¢/Ks on parameter correlation based on the measures in Table 9.1. While Sy/X| is
key to obtaining intrinsic or extant parameter estimates that reflect the desired phys-
iological state of the bacteria, the numerical and experimental assays indicated that
Sv/Xy does not have a clear impact on parameter correlation. Instead, the study by
Huang et al. demonstrated that Sy/Ks > 4 must be maintained in order to obtain
unique and identifiable extant parameter estimates with low uncertainties. In prac-
tice, several factors may make it difficult to achieve a S, high enough to meet this
criterion, particularly when estimating extant kinetics. First, S, may be so high when
estimating kinetics for PCE and other self-inhibitory compounds that Monod kinet-
ics do not apply, especially if Ky is relatively high. Second, it may be difficult to
obtain a S, that meets the Sy/Ks ratio while achieving a Sy/X, low enough to limit
growth so that extant parameter estimates can be obtained. Finally, not knowing the
magnitude of Ky a priori makes it difficult to choose an appropriate S,. Therefore,
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the iterative approach to choosing initial conditions and performing kinetic assays
developed by Huang et al. [13] should be adopted to ensure that meaningful extant
parameters are estimated. Although this approach was developed and validated
using four PCE-respiring strains, it is broadly applicable to parameter estimation for
a wide range of substrates and biodegradation processes. The failure to meet the
criteria in Table 9.1 when conducting batch kinetic assays undoubtedly contributes
to the considerable variability in reported estimates of g,,x and K, even for a given
dehalorespiring strain, and consequently, substantially impacts predictions of con-
taminant fate and transport [13, 14].

9.2.3 Dehalorespiration Kinetic Model that Incorporates
Substrate Self-inhibition and Biomass Inactivation
Effects

Aqueous chlorinated ethene concentrations are elevated in many groundwater sys-
tems impacted by PCE and TCE, particularly those containing NAPL contaminants,
and may approach solubility limits. Under these conditions, dehalorespiration rates
decrease with increases in the chlorinated ethene concentration and cannot be
described using the Monod model (Eq. 9.1). In fact, preliminary dechlorination
assays conducted while developing the experimental approach for studies of the
relationship between the Sy/X| ratios and parameter identifiability [13] showed that
when X, was <0.55 mg protein L', dechlorination of PCE at concentrations of
approximately 700 pM or higher by D. michiganensis and Desulfitobacterium
sp. strain PCEI ceased completely within several hours [15]. Similar observations
were made in another study, in which the Luong model was applied to describe the
cessation of dehalorespiration by D. michiganensis at elevated concentrations,
according to:

a—max

ds s s Y
‘- g X—t |]-_"4 9.2)
dt Ko, +S, S

where S,...x [Ms L7%] is the maximum concentration of PCE at which dehalorespira-
tion proceeds and 7 is a dimensionless power term, generally assumed to be equal
1, that describes how the specific substrate utilization rate changes in response to
increases in elevated S, concentrations that approach S,..., [16]. However, in assays
in which X, was several-fold higher than 0.55 mg protein L~!, dehalorespiration
proceeded even when the PCE concentration was at the aqueous solubility limit
[15]. This indicates that S,.... for PCE is not constant, and therefore, the Luong
model is not phenomenologically appropriate or capable of accurately describing
PCE dehalorespiration for a broad range of X,. Further, the log Koy (logarithm of
the octanol/water partition coefficient) for PCE at 20 °C (2.6 [4]), is typical of sol-
vents that accumulate in the bacterial cytoplasmic membrane and hence are toxic
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[17]. Thus, Huang and Becker [15] used an integrated modeling and experimental
approach to test the hypothesis that chlorinated solvents such as PCE can negatively
impact dehalorespiration via a self-inhibitory impact on enzymatic reactions plus
inactivation of the biomass through solvent effects on membranes. Biomass inacti-
vation is incorporated into the dehalorespiration growth equation according to:

ds,
ax _ -Y —=-bX-1,S, 9.3)
dt dtg

where Iy [Mx Mg~ T~'] is the biomass inactivation coefficient and dS /dtg, is the rate
of substrate utilization at self-inhibitory concentrations of PCE. Self-inhibitory uti-
lization of PCE is modeled according to

das S
t=—ygq X——FH (9.4)
dt

SZ
St K, +S,+—*¢

Al

where K, [Mg L] is the self-inhibition constant. The model simulation results
obtained using I and K, estimates that were fit to the experimental data demon-
strated that at low Xj, biomass inactivation by PCE resulted in negative net growth
and prevented dehalorespiration from proceeding (Fig. 9.2). At higher X, enough
biomass survives to allow dehalorespiration to occur. Conard et al. [18] recently
expanded the model to incorporate biomass inactivation by TCE and cis-DCE. The
toxicity effects of lesser chlorinated ethenes are the same as that of PCE at a given
cell membrane concentration, which is a function of their tendency to partition into
the cell membrane from the aqueous phase. An accurate dehalorespiration model
that incorporates inhibition and biomass inactivation effects is critical for accurate
prediction of contaminant fate, and it can also be used to determine the mass of
inoculum needed to sustain dehalorespiration in engineered bioremediation efforts
involving bioaugmentation.

9.3 Integrated Modeling and Experimental Evaluation
of the Ecology of Chlorinated Hydrocarbon-Degrading
Microbial Communities and the Implications
for the Implementation of Bioremediation

9.3.1 A Theoretical Modeling Framework of Ecological
Interactions Between Dehalorespiring Bacteria

A fundamental tenet of microbial ecology is that interactions between populations
within a microbial community are generally based on substrates or other factors
utilized for growth. These interactions may be competitive or cooperative.
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Fig. 9.2 Observed PCE concentrations in Desulfuromonas michiganensis cultures containing dif-
ferent initial biomass concentrations (X,). The net biomass concentration and biomass concentra-
tion resulting from growth plus decay simulated using the Andrews biomass inactivation model are
also shown. The difference between the two biomass concentrations represents biomass inacti-
vated by exposure to high PCE concentrations (Spcg). (a) X = 0.19 mg protein/L, Spcgo = 543 pM;
(b) Xo = 0.19 mg protein/L, Spcgo = 799 pM; (¢) X, = 2.5 mg protein/L, Spcgo = 1183 pM; (d)
Xo=5.0 mg protein/L, Spcgo = 1183 pM. (Reprinted with permission from Huang and Becker [15].
Copyright (2011) American Chemical Society)

For example, within chlorinated hydrocarbon-degrading microbial communities,
dehalorespiring bacteria often have to compete for hydrogen and/or other electron
donors [19]. Becker [6] introduced the idea that when multiple dehalorespiring pop-
ulations are present in chlorinated ethene-impacted groundwater systems, either as
part of the indigenous microbial community or through bioaugmentation (or both),
the contaminants themselves may serve as the basis of ecological interactions
between dehalorespiring populations.

Three general conceptual models of competitive interactions between dehalore-
spiring bacteria were formulated based on the substrate ranges of characterized
PCE- and TCE-respiring strains and the availability of electron donors during
groundwater bioremediation (Fig. 9.3). All three models involve a D. mccartyi
strain because only members of this hydrogenotrophic species are thought to have
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Fig. 9.3 Conceptual models of competition between key dehalorespiring bacteria. (a) Scenario 1;
(b) Scenario 2; and (c) Scenario 3. (Adapted with permission from Becker [6]. Copyright (2006)
American Chemical Society)

the ability to respire DCE and VC and achieve total detoxification of chlorinated
ethenes.

e Scenario 1: D. mccartyi competes with another hydrogenotrophic dehalorespirer,
(e.g., Dehalobacter restrictus) for the electron donor (H,) and/or common elec-
tron acceptors (PCE and TCE; Fig. 9.3a).

e Scenario 2: A fermenter produces acetate and H, from lactate, for which it com-
petes with an organotrophic dehalorespirer (e.g., Desulfitobacterium sp. strain
PCE1). Thus, the organotrophic dehalorespirer and D. mccartyi may compete
directly for PCE and TCE and indirectly for electron donor equivalents
(Fig. 9.3b).

e Scenario 3: An organotrophic dehalorespirer (e.g., Desulfuromonas michiganen-
sis) competes with D. mccartyi for PCE and TCE, but the two populations use
mutually exclusive electron donors (Fig. 9.3c).

Mathematical modeling and literature-derived kinetic parameter estimates were
used to simulate the abundance of these populations and contaminant fate in the co-
cultures maintained in a continuous-flow stirred tank reactor (CSTR) in the three
scenarios defined above [6]. These simulations provide a theoretical framework for
understanding and predicting the practical implications of these ecological interac-
tions on the outcome of bioremediation initiatives. The results of this study sug-
gested that under electron donor-limited conditions, which typically prevail at sites
undergoing natural attenuation, the faster substrate utilization kinetics of the
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dehalorespirers competing with D. mccartyi allowed them to become dominant,
and, in some cases, D. mccartyi appeared to be susceptible to washout under these
conditions. As a result, PCE was not completely dechlorinated, and TCE or DCE
was the predominant product. Importantly, these results demonstrate that, even if D.
mccartyi is present at a site, complete detoxification of PCE and TCE can be
achieved only if D. mccartyi can successfully compete with other dehalorespiring
populations that are present. Under several scenarios, coexistence of the two deha-
lorespiring populations was predicted. In all cases, D. mccartyi specialized in grow-
ing on the lesser chlorinated ethenes produced by dehalorespiring populations that
are capable of only partially dechlorinating PCE to TCE or DCE. An example of
this type of complementary interaction is shown in Fig. 9.4a for the two strains in
the Scenario 1 co-culture.

9.3.2 Ecological Interactions in a Dehalococcoides-
Dehalobacter Co-culture Degrading Aqueous-Phase
Contaminant in a Continuous-Flow Stirred-Tank
Reactor

Whether the ecological interaction between dehalorespiring populations is of a
competitive (e.g., Fig. 9.3a) or complementary (e.g., Fig. 9.4a) nature has poten-
tially important implications with respect to the survival of the dehalorespirers and

H H*

2 Dehalobacter >
restrictus

[ PCE/TCE

a DpCE
P —— » Ethene
(Dehalococcoides)

mccartyi 195

H, 4 > H

H, H*
( Dehalobacter

| .
) |
K restrictus X PCE/TCE

b DCE

e » VC %( » Ethene
(Dehalococcoides) (Dehalococco:des)
H, p H*

mccartyi 195 mccartyi 195

Fig. 9.4 Potential complementary interactions between D. restrictus and D. mccartyi 195: (a)
DCE produced by D. restrictus is utilized as the electron acceptor by D. mccartyi 195 and (b)
compounded inhibition of dehalorespiration by the electron acceptors and their dechlorination
products. (Adapted with permission from Lai and Becker [20]. Copyright (2013) American
Chemical Society)
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the extent of contaminant detoxification that is feasible in the subsurface. Based on
the theoretical framework provided by Becker [6], two hypotheses were formulated.
First, competitive interactions will dominate when the availability of the electron
donor and/or acceptors is limiting. Second, complementary interactions in which
PCE-to-DCE dehalorespirers produce lesser chlorinated ethenes that are utilized as
electron acceptors to sustain growth of a D. mccartyi strain will be feasible under
excess electron donor conditions.

The above hypotheses were experimentally tested by maintaining a co-culture of
D. mccartyi strain 195 and D. restrictus in a CSTR supplied with H,, acetate, and
PCE concentrations that are typical of an engineered bioremediation scenario [20].
When steady state was reached with respect to chlorinated ethene concentrations,
PCE was converted primarily to VC, indicating that D. mccartyi 195 was able to
utilize excess H, to respire lesser chlorinated ethenes, as expected. The experimen-
tal data were compared to the results predicted using a modified dual Monod model:

d —
Sa - _ qmax X ( Sa ] ( Sdonor Slhreshold j (9 . 5)
dt K S.a + Sa K S,donor + (Sdonor - Sthreshold )

where Sy [Ms L73] is the electron donor concentration, Ksgomr [Ms L7 is the
electron donor half-saturation constant, and Syyesnoq [Ms L73] is the electron donor
concentration below which the substrate cannot be utilized [11]. Monod kinetic
parameter model inputs were obtained in separate batch assays that were carefully
designed following the procedures developed in previous studies. The guidelines of
Huang and Becker [11] were used to obtain parameter estimates that describe the
intrinsic growth of the dehalorespirers when the limiting substrate concentrations
are high relative to the biomass concentrations, conditions that prevailed during the
CSTR start-up phase. The procedures of Huang et al. [13] were followed to obtain
parameter estimates representing dehalorespirer activity extant in the CSTR follow-
ing the start-up period and were used to simulate its performance at steady state.
While the modified dual Monod model accurately predicted the effluent chlorinated
ethene concentrations (Fig. 9.5b), it did not accurately predict the absolute abun-
dance of the dehalorespirers measured using quantitative polymerase chain reaction
(qPCR) during steady-state operation [20]. In particular, it substantially overesti-
mated the abundance of D. restrictus (Fig. 9.5a).

An additional set of batch kinetic assays were conducted to assess the potential
for competitive inhibition of dehalorespiration. In particular, because the CSTR
steady-state VC concentration was relatively high (~15 pM), its impact on PCE and
TCE respiration by D. restrictus was of interest. VC was shown to competitively
inhibit PCE and, to an even greater extent, TCE dehalorespiration by D. restrictus.
In addition, PCE and TCE competitively inhibited VC dechlorination by D. mccar-
tyi 195. A conceptual model of the ecological interactions between D. mccartyi and
D. restrictus that includes these effects is shown in Fig. 9.4b. The appropriate com-
petitive inhibitive terms were incorporated in the modified dual Monod model. The
resulting competitive inhibition model was used to simulate the CSTR experiment,
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Fig. 9.5 (a) and (c) 16S rRNA gene copy numbers and (b) and (d) chlorinated ethene concentra-
tions in a D. restrictus—D. mccartyi 195 co-culture growing on PCE and excess H, in duplicate
CSTRs. (a) and (b) Lines represent model predictions made using the modified dual Monod deha-
lorespiration model (Eq. 9.4). (¢) and (d) lines represent model predictions made using the com-
petitive inhibition model. (Adapted with permission from Lai and Becker [20]. Copyright (2013)
American Chemical Society)

and showed that the inhibitory effects of PCE and TCE on VC dechlorination con-
tributed to the high concentration of VC in the CSTR, which compounded the nega-
tive impacts of VC on dehalorespiration by, and growth of, D. restrictus. A
much-improved fit was also obtained between the measured dehalorespirer
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population biomass concentrations and those predicted using the inhibition model
(Fig. 9.5¢c). The CSTR study by Lai and Becker [20] highlights the importance of
monitoring not only chlorinated ethene concentrations, which were predicted well
by the Monod model, but also the abundance of individual dehalorespiring popula-
tions and having meaningful and independent parameter estimates. The latter were
essential for understanding the full set of ecological interactions between the
hydrogenotrophic dehalorespirers and the implications for their long-term survival
and potential for contaminant detoxification in bioremediation applications.

9.3.3 Ecological Interactions in a Dehalococcoides-
Desulfuromonas Co-culture Degrading Nonaqueous
Liquid Phase Contaminant in Porous Media

PCE and TCE may form DNAPLs when released to the subsurface in sufficient
quantities. It is estimated that the majority of the Superfund sites on the National
Priority list are impacted by DNAPL contaminants [21]. Removal of these pollutant
source zones represents a significant challenge that must be overcome in order to
successfully bioremediate aqueous-phase contaminant plumes. Unfortunately, the
application of physical and chemical cleanup methods to DNAPL source zones may
result in broad dispersal of DNAPL contaminants and thus complicate remediation
efforts. The use of dehalorespiring bacteria to enhance dissolution of PCE and TCE
from the DNAPL to the aqueous phase, a process known as bioenhanced dissolu-
tion, is a promising alternative to other DNAPL remediation methods [22]. The
mass transfer rate of DNAPL dissolution [Mg L=3 T-!] can be described according
to:

Dissolution rate = K, (C;—C) 9.6)

where K is the first-order dissolution rate constant [T~'], Cs is the aqueous contami-
nant concentration [Mg L] in equilibrium with the DNAPL contaminant concen-
tration at the DNAPL-water interface, and C is the aqueous contaminant
concentration [Mg L73] in the bulk groundwater flow. Under abiotic conditions,
advection and dispersion decrease C below Cs, which creates a driving force for
dissolution. Theoretical, laboratory, and field studies have shown that biodegrada-
tion of dissolved contaminants by bacteria can further decrease C, increase the con-
centration gradient, and thus bioenhance dissolution, as summarized in Ref. [22].
Becker and Seagren [22] recognized that the extent to which dissolution can be
bioenhanced is determined by the kinetic characteristics of the dehalorespiring
population(s) that grow at the DNAPL-water interface, which in turn will be con-
trolled by the ecological interactions between dehalorespiring populations.

A one-dimensional (1-D) cells-in-series mathematical model and analysis of
dimensionless numbers that compare the relative magnitude of mass transfer, mass
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transport, and biodegradation rates were used to evaluate which factors control
these ecological interactions and the amount of dissolution bioenhancement. The
1-D modeling and dimensionless number analyses were applied to a saturated
porous media domain containing PCE DNAPL in the form of blobs and a co-culture
of D. mccartyi and D. michiganensis, which may interact competitively (Fig. 9.3a),
or in a complementary manner.

The 1-D modeling and dimensionless number analysis showed that electron
donor concentrations and hydrodynamics are the key factors determining how much
dehalorespiring populations bioenhance dissolution of DNAPL contamination. At a
low groundwater velocity (v, = 3.3 x 10~ m/h) and low groundwater electron donor
concentrations that are typical of a site undergoing intrinsic bioremediation, the
potential for bioenhancement is minimal because the dehalorespiring populations
are severely limited by the delivery of electron donors.

Bioenhancement of dissolution increased dramatically to 33 times the abiotic
dissolution rate at the low v, and higher electron donor concentrations that are typi-
cal of an engineered bioremediation scenario and thus resulted in a biodegradation
rate that was high relative to the advection rate. At the high v, (3.3 x 1072 m/h),
advection greatly decreased the bulk aqueous PCE concentration (C) and, as
expected [23], substantially increased the abiotic dissolution rate compared to the
low v, condition [22]. However, the decrease in the availability of aqueous PCE
concentration also reduced the rate of PCE dehalorespiration and thus the bioen-
hancement effect observed at the high v, was much lower—only 4.8 times the abi-
otic dissolution rate—than that observed at the low v,.

Although the 1-D model developed by Becker and Seagren [22] is useful, all 1-D
models are subject to several limitations with respect to evaluating the bioenhance-
ment of NAPL dissolution. 1-D models cannot be used to simulate dissolution from
a NAPL pool, account for the effects of substrate interactions on the spatial distribu-
tion of dehalorespiring populations and the resulting impacts on dissolution bioen-
hancement, or incorporate heterogeneities in biomass, hydraulic conductivity, and
other properties that affect v, and hence dissolution rates. Therefore, Wesseldyke
et al. [24] developed a two-dimensional (2-D) coupled flow-transport model that
incorporates the ecological interactions between multiple dehalorespiring bacteria
and a PCE DNAPL contaminant source zone. Under high electron donor concentra-
tion (biostimulation) and low v, conditions, the fast substrate utilization kinetics of
D. michiganensis allowed it to outcompete D. mccartyi for PCE, which was the
rate-limiting substrate. Consequently, D. michiganensis grew along the DNAPL-
water interface where its rapid utilization of aqueous PCE substantially bioenhanced
dissolution (~10 times the abiotic dissolution rate). D. mccartyi had almost no
impact on dissolution bioenhancement because it grew in an arc away from the
DNAPL-water interface, primarily by utilizing DCE produced by D. michiganensis.
However, D. mccartyi still played a critical role by detoxifying the lesser chlori-
nated ethenes. In comparison, at the high v,, more rapid delivery of electron donors
allowed D. mccartyi to build up biomass, initially by growing on DCE. The increase
in D. mccartyi biomass increased the rate at which it utilized PCE (Eq. 9.1), and it
eventually outcompeted D. michiganensis for PCE at the domain inlet and
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contributed to the dissolution bioenhancement. Over time, D. mccartyi biomass
clogged the porous medium, reduced the hydraulic conductivity, and deflected flow
away from the DNAPL-water interface along which D. michiganensis was growing.
This decreased the electron donor supply to D. michiganensis, causing it to go into
net decay mode and D. mccartyi to become dominant throughout the model domain.

Many of the predictions of Wesseldyke et al. [24] for the low pore water veloc-
ity were confirmed by Klemm et al. [25] in experiments in an intermediate-scale
sand tank reactor with a PCE DNAPL pool across the bottom. The tank was inocu-
lated with a co-culture of D. mccartyi 195 and D. michiganensis. PCE dissolution
was enhanced approximately two- to three-fold, primarily by D. michiganensis,
which was dominant along the DNAPL-water interface. D. mccartyi 195 grew pri-
marily on DCE on the periphery of the aqueous contaminant plume that developed
downgradient. However, qPCR quantification of the two populations revealed that
some biomass inactivation occurred in the areas with the highest PCE concentra-
tions, consistent with the findings of Huang and Becker [15].

9.4 Summary and Conclusions

Contamination of groundwater with PCE and/or TCE is common and poses a seri-
ous threat to human health. Bioremediation of chlorinated ethene-contaminated
sites is challenging due to the complex ecology of dehalorespiring populations, the
partitioning of PCE and TCE into DNAPLSs, and site heterogeneities. The concep-
tual models formulated by Becker [6] provided a framework for a body of work that
has integrated mathematical modeling and experimental evaluations to systemati-
cally advance our understanding of how ecological interactions between dehalore-
spirers impact the implementation and performance of bioremediation of these
complex sites. These advances would not have been possible without identifying
and adhering to the criteria needed to obtain meaningful and identifiable kinetic
parameter inputs to the mathematical models and benchmarking model predictions
to experimental data. Through this process, the conceptual and mathematical mod-
els were revised to account for the biomass inactivation and self-inhibitory effects
of PCE on dehalorespirer biomass and activity, respectively; the compounded
effects of competitive inhibition of chlorinated ethenes on dehalorespiration pro-
cesses; and the importance of complementary substrate interactions when multiple
dehalorespirers are present. Based on these findings, 2-D mathematical models
were developed and compared to experimental data to evaluate how hydrodynamics
and electron donor availability affect the outcome of dehalorespirer substrate inter-
actions and the bioenhancement of dissolution of chlorinated ethenes from DNAPL
source zones.

Several key themes that have important practical implications have emerged
from this body of work. First, PCE-to-DCE dehalorespirers generally have rela-
tively fast substrate utilization kinetics that generally allow them to outcompete D.
mccartyi strains for higher chlorinated ethenes. Under some conditions, competition
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may lead to the eventual washout of D. mccartyi strains and incomplete detoxifica-
tion of the contaminant. However, particularly under excess electron donor condi-
tions, maintenance of a D. mccartyi strain that specializes in growth on lesser
chlorinated ethenes along with a PCE-to-DCE dehalorespirer may be possible. In
fact, these studies show that maintaining multiple dehalorespiring populations at
PCE-contaminated sites has numerous benefits. In particular, bioaugmentation and
biostimulation treatments should be designed to sustain not only D. mccartyi strains
but also an organotrophic, PCE-to-DCE dehalorespirer such as D. michiganensis.
This strategy maximizes the fractions of exogenous electron equivalents that are
utilized in dehalorespiration, the bioenhancement of DNAPL source zone dissolu-
tion and the associated reduction in site cleanup times, and detoxification of the
parent contaminants.
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Fate of Veterinary Pharmaceuticals
in Agroecosystems

Check for
updates

Shannon L. Bartelt-Hunt

Abstract Veterinary pharmaceuticals, which are increasingly used in animal pro-
duction practices, can enter surface and groundwater after land application of ani-
mal manures or animal wastewater. The presence of veterinary pharmaceuticals can
result in negative environmental impacts including the proliferation of environmen-
tal antibiotic resistance and endocrine-disrupting effects in aquatic organisms. The
efficacy of manure application strategies to limit the occurrence of veterinary phar-
maceuticals in runoff and best management practices to remove these compounds
from runoff prior to entering surface water should be investigated to mitigate the
impact of these compounds on the environment.

10.1 Introduction

Veterinary pharmaceuticals are used regularly in the livestock industry as growth
promoters, to improve feed efficiency, for disease prevention, or as part of therapeu-
tic treatment. Biologically active pharmaceuticals used in animal production include
antimicrobials, steroid hormones, and beta agonists, such as ractopamine which is
used in swine and cattle production. The amount of antimicrobials used in the agri-
culture industry in the United States has been estimated between 8.5 million kg [31]
and 12.6 million kg. Although reliable data regarding the usage of antibiotics in
animal production are difficult to find, over half of the antibiotics consumed in the
United States are used in animal agriculture [27]. Similarly, steroid hormones are
given to nearly all of the approximately 32 million beef cattle produced in the
United States annually, with dosage amounts up to hundreds of milligrams, depend-
ing on the implant or feed additive administered [24].

S. L. Bartelt-Hunt (<)
Department of Civil Engineering, University of Nebraska-Lincoln, Lincoln, NE, USA
e-mail: sbartelt2@unl.edu

© Springer Nature Switzerland AG 2020 173
D. J. O’Bannon (ed.), Women in Water Quality, Women in Engineering
and Science, https://doi.org/10.1007/978-3-030-17819-2_10


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-17819-2_10&domain=pdf
mailto:sbartelt2@unl.edu

174 S. L. Bartelt-Hunt

Veterinary pharmaceuticals administered to animals are excreted in manures,
and up to 90% of certain pharmaceuticals may be excreted unmetabolized [18].
Pharmaceutical concentrations in manure have been reported to range from trace
levels to hundreds of milligrams per kilogram [35, 37]. For centuries, minimally
treated animal manures have been applied to agricultural fields as a soil conditioner
and fertilizer. In 2015, the United States produced a record high 94 billion pounds
of red meat and poultry, despite an 80% decline in the number of animal production
facilities since the 1950s [14]. This trend of increasing geographic density of animal
production in the United States unavoidably results in increased water quality deg-
radation by conventional contaminants such as nutrients and pathogens as well as
veterinary pharmaceuticals due to runoff from fields where animal manures are land
applied [40]. The presence and activity of antimicrobials in manure can increase
antimicrobial resistant bacteria, even at low antimicrobial concentrations [15],
while the occurrence of other veterinary pharmaceuticals, such as steroid hormones,
can lead to endocrine-disrupting effects in aquatic organisms [1, 34, 42].

The fate pathways for veterinary pharmaceuticals in agroecosystems are shown
in Fig. 10.1. Veterinary pharmaceuticals are released into animal manure or waste-
water, which is typically stored on site in manure pits (swine), in stockpiles or com-
post piles (beef cattle, dairy, and poultry), or in wastewater lagoons. Both animal
manures and wastewaters are routinely land applied as an organic fertilizer and soil
conditioner. Once applied to land, the veterinary pharmaceuticals can be transported
to surface water via runoff or infiltrate into soil and be transported to groundwater.
This chapter reviews the occurrence of veterinary pharmaceuticals in surface water
and describes practices that may limit their transport after land application of
manure to crop fields.

Animal Feeding Operations

|

Animal manure  Animal wastewater

infiltration

Agricultural Soil # Soil interstitial # Groundwater

water

runoff
recharge

Bulk water

Surface water PP
sediment *—* NOM

Fig. 10.1 Fate pathways for veterinary pharmaceuticals in the agro-ecosystem
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10.2 Occurrence of Veterinary Pharmaceuticals
in Agroecosystems

The occurrence of veterinary pharmaceuticals in animal manures has been well-
documented. Comprehensive reviews regarding the concentrations and types of vet-
erinary pharmaceuticals in animal manures are provided by Sarmah et al. [35] and
Song and Guo [37]. Numerous classes of antimicrobials have been detected in
manures from swine, cattle, and poultry production at concentrations ranging from
trace levels to hundreds of mg/kg [37]. Although there is significant evidence show-
ing that pharmaceuticals can be transported to surface water in runoff from land-
applied manure, to date, a limited number of studies have evaluated the fate and
persistence of antibiotics in surface waters in intensively agricultural watersheds
with minimal municipal wastewater inputs.

Jaimes Correa et al. [17] previously documented the occurrence and persistence
of pharmaceuticals in an intensively agricultural watershed in. In this study, the
occurrence of pharmaceuticals was monitored in the Shell Creek watershed in east-
central Nebraska. This watershed is approximately 1200 km?, and the five communi-
ties within the watershed have a combined population of 1675 people. By contrast,
the counties comprising the watershed include 1550 farms with over one million
head of swine, cattle, and poultry. Cultivated land cover within the watershed is
78.2%, while urban developed areas are only 4.4%. During this monitoring study,
occurring from September 2008 through October 2009, the presence of 12 veteri-
nary pharmaceuticals was detected using a LC-MS/MS analysis method in at least
one sampling event with concentrations ranging from 0.0003 to 68 ng/L (Fig. 10.2).
As shown in Fig. 10.2, ANOVA reveals significant differences in mean concentra-
tions between antibiotics (p < 0.01). Results from Tukey’s multiple comparison test
are represented by letters. Antibiotics with similar letters (e.g., “a” and “ab”) have no
significant differences in mean concentrations (p > 0.05) while antibiotics with dif-
ferent letters (“a” and “b”) have significant differences in mean concentrations
(p < 0.05). The compounds detected at the highest time-weighted average (TWA)
concentrations in Shell Creek were lincomycin (68 ng/L) and monensin (49 ng/L).
Tiamulin, sulfadimethoxine, and sulfamethazine had maximum concentrations of
2.6, 3.9, and 13 ng/L, respectively. Dissolved concentrations of the beta agonist,
ractopamine, three sulfonamide-group antibiotics sulfachloropyridazine, sulfameth-
azole, sulfamethoxazole, and the macrolide tylosin were all detected at average con-
centrations less than 1 ng/L [17]. In this study, increased antibiotic concentrations
were identified in the summer months and were likely driven by rainfall-runoff
events [17]. This finding is consistent with other studies that have identified increases
in antibiotic concentrations in agricultural watersheds in the summer months [30].
Although some temporal trends were observed, it should be noted that antibiotics
were detected in each monthly sampling event, indicating that pharmaceuticals can
persist in surface water, even if they are introduced via episodic runoff events. In
urban or suburban watersheds, the predominant source of veterinary pharmaceuti-
cals is from municipal wastewater effluents, which are more continuous sources. The



176 S. L. Bartelt-Hunt

10" 3 b
p<0.01
10 a
a a
= o a ab
2 10° - a —
£
=4 ab
S a
=] ab a
‘E 10_‘ 3 Iil
[0}
8 ab
Q
(5] —
<
= 40724
Z 10
107° 4
_4
10 T T T T T T T T T T T T
& & & E @ S
& & & < & & & & & P
S S & & & & & & & & <@ <
S VS K & & & S
<& & N Q{(b 3 %& &
oS ) N
&
(0\3

Fig. 10.2 Distribution of time-weighted average (TWA) pharmaceutical concentrations in Shell
Creek from Jaimes Correa et al. [17]. The split box shows the 25th, 50th, and 75th, whereas whis-
kers shows the 5th and 95th percentiles

results indicate that although agricultural ecosystems are less likely to contain sig-
nificant veterinary pharmaceutical loadings from municipal wastewater, the occur-
rence of pharmaceuticals in surface waters within these watersheds is persistent.

10.3 Influence of Manure Handling Practices

Cattle and swine manure accumulates within the production facility during the ani-
mal production period. In cattle feedlots, manure accumulates within the animal pen
and then is typically scraped out at the end of the animal production period, prior to
the introduction of new animals. This manure is typically stockpiled for a period of
months prior to land application onto crop fields. In swine production systems, typi-
cally one of three waste handling systems is used: flush systems, pit recharge, or
deep pits [35]. In deep pit systems, manure falls from a slatted floor into a pit below
the animal housing facility and typically uses less water than either flush or pit
recharge systems [35]. Manure may be stored in these pits for up to a year. Deep pit
systems are commonly used in colder climates such as the upper Midwest in the
United States, and manure accumulating in deep pits provides an environment for
anaerobic microbial activities.
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The fate of antimicrobials during anaerobic swine manure storage was evaluated
in a previous study [20]. In this study, manure was obtained from an operating swine
production facility that contained chlortetracycline, tylosin, and bacitracin A. After
collection, manure and water were mixed in a 2:1 (w/w) ratio in 100 mL amber glass
reactors, sparged with nitrogen, and incubated at 37 °C for up to 40 days to monitor
the persistence of the antimicrobials. The parent antimicrobials tylosin and chlortet-
racycline were detected in swine manure reactors at initial concentrations of 10 mg/
kg (dry weight basis) and 300 mg/kg (dry weight basis), respectively [20]. Bacitracin
A was not detected in the manure at any time, but bacitracin F, a metabolite of baci-
tracin A, was detected at an initial concentration of 50 mg/kg (dry weight basis) in
the manure.

Observed antimicrobial concentrations were fit with a first-order reaction equa-
tion to determine rate constants and first-order half-lives (Table 10.1). The first-
order reaction rate constant for tylosin, chlortetracycline, and bacitracin F were
—0.07d ' (R*=0.34), —0.6 d' (R?=0.79), and —0.36 d~! (R?> = 0.94), respectively.
The half-life for chlortetracycline measured in Joy et al. [20] is shorter than that
reported previously in studies of chlortetracycline degradation in swine manure or
soil [6, 28, 39]. In contrast, the tylosin half-life reported in Joy et al. [20] is consis-
tent with previous studies that measured tylosin half-lives on the order of 4.4 days
[6, 25].

In Joy et al. [20], the occurrence of the antimicrobials and their corresponding
antibiotic resistance genes (ARGs) were monitored. Although the antibiotic concen-
trations at the end of the 40 day experiments were ~10% of the initial concentration,
the relative abundance of certain ARGs were more persistent, with approximately
50% of the initial abundance at the end of the storage period. The differences in
observed behavior between the antimicrobials and corresponding ARGs indicates
the importance of identifying not only the occurrence of the parent antimicrobial but
also any biologically active degradation products, which could continue to exert a
selective pressure allowing for the observed proliferation of resistance genes in
manure storage systems.

Cattle manure and poultry litter handling have also been evaluated to determine
the influence of practices such as composting or stockpiling on veterinary pharma-
ceutical concentrations. A number of studies have demonstrated the efficacy of
composting for reducing the concentrations of nutrients and veterinary pharmaceu-
ticals such as antibiotics and steroid hormones [2-4, 8, 22, 33].

Table 10.1 Antimicrobial degradation rates in simulated swine manure storage from Joy et al. [20]

Measured degradation Measured Reported
Antimicrobial rate (d7") half-life (d) half-life (d)
Chlortetracycline -0.6 1 20-70d [6, 39]
Tylosin -0.07 9.7 0.02-4.4 [25, 6]
Bacitracin F —0.36 1.9 Not available
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10.4 Practices to Control Veterinary Pharmaceutical
Transport After Land Application of Manures

Contaminants present in the manure including nutrients, pathogens, and trace com-
pounds such as veterinary pharmaceuticals can be transported to surface water fol-
lowing land application. Although the concentrations of conventional pollutants in
runoff from crops fertilized with animal manures have been routinely documented,
there are few studies investigating the fate and transport of antimicrobials in soil and
in runoff following land application of manure. Once animal manure is land applied,
the fate of manure-borne compounds in soil and subsequent transport in runoff will
be affected by the compounds’ sorption properties [7, 23, 36] and susceptibility to
biotic and abiotic degradation process such as photolysis [11, 16, 41].

Several studies have investigated the influence of manure application strategy on
antimicrobial concentrations in runoff. One study found no statistically significant
differences in concentrations of chlortetracycline, monensin, and tylosin in infiltra-
tion water and surface runoff when manure was applied using two different land
application methods [9]. In contrast, other studies suggest that soil tillage leads to
reduced vertical transport of antimicrobials after broadcast application of liquid
manure [21], and manure incorporation (i.e., mixing manure into the top soil) could
lead to reduced antimicrobial concentrations in runoff [26]. Joy et al. [19] published
a study evaluating the influence of manure application methods on the concentration
of antimicrobials in soil and runoff after land application of swine manure. In this
study, a rainfall simulation study was conducted using test plots (0.75 m x 2.0 m)
where swine manure was land applied using one of three land application methods:
broadcast, incorporation, or injection. The plots were established using a random-
ized block design, and on each plot, three sequential rainfall simulation experiments
were performed. Control plots with no manure amendment were also subjected to
rainfall simulation experiments.

Broadcast manure generally resulted in higher antimicrobial concentrations in
runoff than did incorporated and injected manures (Fig. 10.3). Because swine slurry
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Fig. 10.3 Aqueous concentrations of chlortetracycline (CTC) and tylosin (TYL) in runoff from
manure-amended plots receiving broadcast, incorporation, and injection treatments over three
rainfall events. Error bars show the standard errors over triplicate field experiments. (Figure
reprinted with permission from Joy et al. [19])
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was spread on the soil surface in the broadcast application, the antimicrobials were
readily available for transport to runoff during rainfall events. In contrast, mixing
manure slurry with surface soil to various extents (i.e., injection and incorporation)
resulted in reduced transport of antimicrobials to runoff. Although the main treat-
ment factor, application method, was not considered statistically significant accord-
ing to the rANOVA tests (p = 0.26 for chlortetracycline and p = 0.31 for tylosin),
this is likely due to large variation in observed concentrations among the triplicate
plots, which are not uncommon in field-scale experiments. The differences in sorp-
tion partition coefficients between chlortetracycline and tylosin to soil might
account for the differences in runoff concentrations. It was not surprising to observe
that the aqueous chlortetracycline concentrations in the runoff were low (Fig. 10.3)
because of its sorptive nature (log K, for chlortetracycline is —0.62). By contrast,
the range of tylosin concentrations in runoff measured in this study was 0.087—
18 pg/L (log K, for tylosin is 1.63).

In addition to manure application practices, other best management practices
that have been used historically to control the movement of conventional contami-
nants such as nutrients or pathogens can also be used to mitigate veterinary pharma-
ceutical transport, although this remains an underinvestigated research area. Soni
et al. [38] investigated the use of narrow grass hedges, a type of vegetative barrier,
in controlling antimicrobial runoff from plots amended with swine manure.

Vegetative barriers (VBs) are strips of densely growing plants used primarily on
croplands adjacent to surface water. Vegetative barriers can reduce both dissolved
and sediment-bound compounds in runoff by reducing runoff volume and capturing
sediment [29]. VBs reduce the kinetic energy of the runoff, which can lead to
enhanced settling of particulate contaminants. Dissolved contaminants can be
reduced by enhanced infiltration and improved water-holding capacity of the sur-
face soil within VBs [29].

Narrow grass hedges (NGH) are one type of vegetative barrier and are con-
structed using stiff stemmed grass strips that are ~1.5 m wide. Narrow grass hedges
have been demonstrated to be effective in removing both dissolved [10, 13, 32] and
sediment-bound [12] nutrients from runoff. The potential efficacy of narrow grass
hedges for removal of antimicrobials from runoff was evaluated [38]. Similar to as
in Joy et al. [19], test plots were established which were amended with swine
manure and were established in a randomized block design. Three treatment factors
were tested for their effects on runoff water quality: manure amendment (manure
application to meet zero vs. three times annual N demand by corn or control vs.
amended plots), NGH (plots with and without a NGH), and rainfall events (day 1,
2, and 3). In this set of field experiments, the only antimicrobial measured in the
manure that was land applied was tylosin.

ANOVA analysis indicates that both manure amendment and the presence of a
NGH had significant effects on the presence of tylosin in runoff (p < 0.0001).
Although tylosin concentrations in runoff decreased with successive rainfall events
(Fig. 10.4), the impacts of this treatment factor were not statistically significant.
Prior to this study, little was known about the effectiveness of NGHs on reducing
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Fig. 10.4 Concentrations of dissolved tylosin in runoff from manure amended plots with and
without NGH. Error bars represent standard errors from triplicate field experiments. (Reprinted
with permission from Soni et al. [38])

Table 10.2 Mass loadings of Tylosin

tylosin in runoff from the Rainfall event w/o NGH (pg m=2) | w/ NGH (pg m™?)
amended plots with and

without NGH during three ! 48.5+23.3 274 177
rainfall events 2 33.7+134 3.61 +3.29
(average =+ standard error). 3 20.5+12.6 2.48 +0.59
Averages and standard errors Sum 103 8.87

were calculated based on Fraction from #1 | 0.47 0.31

triplicate field experiments.
Reprinted with permission
from Soni et al. [38]

dissolved antimicrobial loadings and concentrations in runoff. In this study, NGHs
lowered tylosin loadings in runoff by more than an order of magnitude (Table 10.2).

Another study also demonstrated that vegetative buffer strips made of tall fescue
could reduce tylosin in runoff [29]. Enhanced infiltration or adsorption of tylosin
within the NGH system likely accounted for increased removal of dissolved tylosin
loadings in runoff. The dissolved tylosin concentrations in runoff decreased with
successive rainfall events for plots without a NGH, whereas no such trend was
observed for plots with a NGH (Fig. 10.4 and Table 10.2). As a cost-effective best
management practice, NGHs have been demonstrated to be effective in reducing
contaminant loads in agricultural runoff, and the results from Soni et al. [38] also
demonstrate that NGH can reduce dissolved antimicrobials in agricultural runoff
following land application of swine manure.
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10.5 Conclusions

Antibiotics and steroid hormones are regularly used in animal production and are
excreted in animal manures. Although land application of manure provides benefits
in agricultural production, including the reduction in use of commercial fertilizers,
trace organics contained in manure can run off from cropland and contaminate sur-
face and groundwater. The results presented here quantify antibiotic loading in run-
off from cropland amended with manure and in surface water within watersheds
with significant animal and crop production facilities. It is important to understand
the impact of manure management practices on limiting antimicrobial impacts to
surface and groundwater. Management practices such as manure storage and com-
posting, manure incorporation into soil during land application, and the use of veg-
etated buffer strips can all reduce the loading of antibiotics and steroid hormones to
the environment; however, more research is needed to evaluate the transformation
of trace organics in agricultural production systems, as well as the relationship
between the occurrence of antibiotics and antibiotic resistance genes, which can
lead to the proliferation of environmental antibiotic resistance.
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Barbara-Ann Lewis and in a summer Research Experiences for Undergraduates (REU) program at
Notre Dame University, directed by Dr. Stephen Silliman. Her summer REU experience confirmed
to her that engineering is a helping profession. These experiences lit a passion for research that
continued through her graduate study at the University of Virginia as well as during her postdoc-
toral training under Dr. Morton Barlaz at NC State University, and continue to this day.
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Abstract Understanding the speciation of metal contaminants and their interac-
tions with soils, sediments, and hazardous waste is critical both to predicting their
mobility in the subsurface and to devising successful remediation approaches.
Experimental-spectroscopic techniques and geochemical modeling can be coupled
toward the study of metal interactions. This chapter will discuss contributions of
infrared and X-ray-based techniques to study of the speciation of hexavalent chro-
mium in two media: a Cr(VI)-contaminated soil from a plating facility and pure iron
oxides—minerals that are abundant in natural soil environments, including the plat-
ing facility. The use of these techniques to inform treatment design and fate and
transport models will be highlighted.

11.1 Chromium Presence and Mobility in the Environment

Chromium (Cr) is one of the most frequently detected metal contaminants in federal
facilities, both in the Department of Energy (DoE) and Department of Defense
(DoD) sites. It is also frequently found in industrial facilities, such as the metallur-
gic, tanning, and plating industries. As of 2012, Cr has been identified in 49% of the
1270 hazardous waste sites currently on the National Priorities List (NPL) under the
federal Superfund program, making it second only to lead (Pb) as the most fre-
quently cited metal pollutant. Moreover, less than 20% of those sites have been
deleted from the NPL (i.e., cleaned up) since 1980. The state of New Jersey has a
dedicated chromium cleanup program (Hudson County Chromate Project) listing
212 sites in that county alone, due to the widespread disposal of chromite ore pro-
cessing residue (COPR) in the past decades. Chromium production has since shifted
to countries such as China, India, and Pakistan, causing widespread pollution prob-
lems there [9, 22]. In addition to anthropogenic sources of chromium that cause soil
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and groundwater pollution, naturally occurring chromium in groundwater has also
gained attention in recent years [6]. Soils and sediments in areas with ultramafic
geologic background contain high concentrations of chromium, which may release
in groundwater under the right geochemical conditions, and reach levels that exceed
current standards for drinking water quality. Ultramafic rocks are characterized by
high levels of magnesium and low levels of silica: while they are the main constitu-
ent of the earth’s mantle, they are found only in certain regions near the surface [23].

The chemical and toxicological behavior of chromium is well-known, as are the
processes that control its fate and transport in the environment. Figure 11.1 presents
an overview of these processes, discussed in early studies [25].

Chromium has two major oxidation states in the environment—trivalent chro-
mium (Cr(IIl)), which is an essential nutrient, and hexavalent chromium (Cr(VI)),
which is a human carcinogen. In addition to the difference in toxicity, the two forms
of chromium have substantially different geochemical behaviors. Cr(IIl) behaves
similar to several other heavy metals (e.g., Pb, Ni) and is present as a cation (i.e.,
Cr*, CrOH**, Cr(OH),") in aqueous solution, while Cr(VI) is an oxyanion, present
as CrO,*>~ or HCrO,™ in solution. Accordingly, the reactions that control their mobil-
ity in soil and groundwater are typical of the respective groups, cationic metals, and
oxyanions. There are four types of reactions that influence metal behavior in the
environment, including Cr [26]:

* Aqueous complexation: the formation of complexes with organic ligands or other
ions such as chloride can increase the mobility of metal cations.

* Precipitation: cationic metals typically form insoluble hydroxides, including
chromium and often also sulfides.
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Fig. 11.1 Overview of chromium geochemistry
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» Sorption: this refers to the formation of electrostatic or covalent bonds with reac-
tive functional groups on mineral surfaces.

* Redox reactions: for redox-active elements such as Cr, these indirectly influence
mobility by changing the predominant species that participate in sorption and
precipitation reactions.

Nontoxic Cr(III) is typically insoluble at pH values greater than 5 due to the
formation of insoluble oxyhydroxides as illustrated in Fig. 11.1. In ultramafic envi-
ronments, Cr(IIl) is bound in even more insoluble minerals, such as chromite and
serpentine [6]. Cr(III) mobility only increases in acidic environments and can also
be enhanced by organic complexation [001].

Conversely, anionic Cr(VI) is mobile in aqueous environments, given that it
forms very few precipitates, including PbCrO, and BaCrO,. Other chromate salts
such as chromatite (CaCrO,) and commercial products such as K,Cr,O, have very
highly solubility and are absent or infrequent in the natural environment [6].
Precipitation is typically prevalent in alkaline, cementitious matrices such as COPR
and cements, in which Cr(VI) forms phases such as chromate ettringite and chro-
mate hydrocalumite [2]. Sorption to positively charged mineral surfaces such as
iron and aluminum oxyhydroxides is a potential retardation mechanism for Cr(VI)
fate and transport in soil and groundwater [11].

The most frequent remediation approach for both Cr(VI)-contaminated soils and
other waste including COPR is the reduction to immobile Cr(III). This can occur
using various types of reductants, including ferrous and zerovalent iron, reduced
forms of sulfur, and microorganisms. The success of a reductive treatment depends
on several factors, including pH, presence of competing reactants, and availability
of Cr(VI) in solution. Redox reactions are efficient and rapid in solution: if Cr(VI)
is precipitated or entrapped in the solid phase, reduction may not occur quickly. A
prerequisite for irreversible reduction is the absence of high-valence manganese
oxides such as birnessite, which can facilitate Cr(III) reoxidation. Thus, the knowl-
edge of the particular form of Cr(VI) present in the solid, and whether it is a con-
taminated soil or waste, is necessary for optimal treatment design.

A wide variety of analytical, spectroscopic, and modeling approaches is avail-
able in the literature to study the speciation of metals. This chapter focuses on two
techniques that have been widely applied to study the interaction of various metals
with minerals, soils, and waste: micro-X-ray fluorescence spectroscopy (LXRF) and
Fourier transform infrared (FTIR) spectroscopy.

11.2 X-Ray-Based Analysis of Cr(VI) in Contaminated Soil

Chromium plating facilities have frequent occurrences of Cr(VI) contamination in
soil and groundwater, as disposal practices in the past were conducive to releases of
liquid processing waste as well as sludges in the immediate surrounding. In a typi-
cal example at a site in northeastern Connecticut, drippings from the Cr plating
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process and wastewater were directly discharged into an adjacent wetland for
decades until environmental regulations took effect. The facility is still operational,
and a pump-and-treat treatment system for contaminated groundwater has operated
for approximately 20 years now. Because pump and treat does not address the
source of chromium, a study on different in situ reduction alternatives took place.
The studies examined reductants such as calcium polysulfide and nanoscale zerova-
lent iron [4, 5].

Treatability studies are a typical element of a remedial investigation, even for
chemicals that have been proven to be effective. The necessary dosage to achieve
the desired treatment goals in heterogeneous soil and groundwater matrices is best
determined by conducting short-term batch studies, in which the soil and/or ground-
water are mixed with variable amounts of reductant and the contaminant is moni-
tored to determine treatment success. The necessary dosage for in situ treatment is
almost always higher compared to the stoichiometry predicted by the reaction,
given that competing reactants are present in natural environments. For example,
ferrous iron is a common reductant for Cr(VI) that can be oxidized by oxygen or
precipitate as a hydroxide. Treatability studies do not typically take into account
individual competing reactions, but they empirically determine the total amount of
reactant necessary under a specific set of conditions.

Chrysochoou et al. [4] presented the results of a treatability study that sought to
determine the minimum amount of calcium polysulfide (CaSs) required to treat con-
taminated soil from the Connecticut facility, both below and above the groundwater
table. Initially, traditional analytical tests such as alkaline digestion with colorimet-
ric analysis (U.S. Environmental Protection Agency (EPA) methods 3060 and 7196)
and the Synthetic Precipitation Leaching Procedure (SPLP) were used to monitor
treatment success. Two major conclusions were reached from these analyses:

e EPA 3060A caused treatment artifacts by reducing Cr(VI) during the test, an
observation that was previously established with chromite ore processing residue
[8].

e The reduction proceeded very slowly, with continuous decrease in the SPLP
observed even after 1 year of incubation.

The reaction kinetics of aqueous chromate with calcium polysulfide are rela-
tively rapid [3] and did not justify the second observation: only a slow leaching of
chromate of the soil could account for such slow kinetics. To determine the mecha-
nism that could account for the slow leaching of what is known as a highly mobile
element, spectroscopic analyses were conducted at beamline 10.3.2 at the Advanced
Light Source (ALS). The micro-X-ray fluorescence (LXRF) beamline allowed the
mapping of the elemental composition of the soil with a resolution of 10 by 10 pm?.
Soil samples were prepared as thin sections, which insure both a perfectly flat sur-
face, so that the cross section of soil grains can be studied. In addition, a technique
was developed at the beamline to isolate the signal of hexavalent chromium from
total chromium, which allows the detection of Cr(VI)-binding species within the
soil matrix.
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Figure 11.2 shows an example of the pXRF maps generated by XRF analyses.
Each pixel of the image, sized 10 x 10 pm?, contains the XRF signal for a variety of
elements, which can be illustrated in tricolor maps for any desired combination. The
color intensity represents the relative concentration of the element with respect to
the maximum X-ray intensity recorded on the map, and thus the relative distribution
of elements and their associations can be determined both by visual inspection and
by a statistical analysis of the intensities recorded over all pixels. The maps shown
in Fig. 11.2 are 3000 by 1700 pm? in size. Individual soil grains can be easily identi-
fied in Fig. 11.2a that depicts the abundant elements K, Si, and Fe, including angular
quartz particles and K-feldspars. Figure 11.2b depicts Cr(VI), Cr(IIl), and Pb and
yields the following observations:

e Cr(III) either coexists with Fe in large grains or is precipitated on the surface of
the larger feldspar particles as what appears to be a thin coating.

e Cr(VI) is mostly intimately associated with Pb, in grains that range in size from
a few microns to a large particle of ~300 um in length. One large grain contains
high Cr(VI) concentrations that is a Fe-coated silica grain (Fig. 11.3).

The observation of Cr(VI) association with Pb was especially surprising, given
that the soil was never previously analyzed for the presence of Pb, a metal that was

300 um 300 pm

Fig. 11.2 Tricolor micro-XRF map of Cr(VI)-contaminated soil from a plating facility in CT (a)
potassium in red, silicon in green, iron in blue color; (b) hexavalent chromium in red, trivalent
chromium in green, lead in blue color

200 pm 200 pm

Fig. 11.3 Micro-XRF maps of high Cr(VI) grain from Fig. 11.2 (a) hexavalent chromium in red,
silicon in blue; (b) iron in green
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not explicitly part of the chromium plating process. The source of Pb is still not
exactly known; however, it was confirmed that it was present in the soil at a concen-
tration of 15,000 mg/kg [4]. The total concentrations of Cr(VI) and Pb in the soil
indicated that up to 50% of the Cr(VI) could be present as PbCrO,, which is one of
the few highly insoluble Cr(VI) precipitates. The remaining Cr(VI) was observed to
be associated with Fe, as Cr(VI) binding on the surface of iron oxide minerals at the
soil pH (5.5-6) is a well-known retardation mechanism [11]. These observations
explained the behavior of the soil upon treatment: a large fraction of Cr(VI) was
bound in PbCrO, that is difficult to dissolve; therefore the reductive treatment pro-
ceeded very slowly. In such a scenario, optimization of reductive treatment requires
persistent reductant or repetitive small reductant doses over longer time frames.

11.3 Spectroscopic Studies and Modeling of Cr(VI)
Interactions with Iron Oxides

Modeling of metal sorption onto soil surfaces has traditionally been incorporated
into the empirical distribution factor (K;). However, this approach is extremely lim-
ited, because it cannot account for changes in groundwater chemistry (pH, ionic
strength, competitive ions) and is restricted to the site-specific system for which the
empirical Ky value was obtained. In the last 20 years, a significant effort has been
made to shift to a more mechanistic description of sorption reactions through the
development of surface complexation models (SCMs). SCMs provide a thermody-
namic description of the reaction between soil surface ligands and sorbed com-
pounds, taking into account the charge associated with each. Major advantages of
SCMs include the ability to incorporate these reactions in software codes modeling
aqueous chemistry and the ability to model sorption reactions across geochemical
gradients [13]. In sorptive exchange, the effort associated with obtaining the neces-
sary parameters to adequately describe SCMs increases substantially. A large num-
ber of required parameters are needed for the mechanistic level of the model, and it
is difficult to obtain all these parameters.

All SCM formulations rely on the same principles: mineral surfaces are charged
as a result of the interaction of surface H* and OH~ groups with the overlying solu-
tion. The surface charge is balanced through the formation of electrostatic or cova-
lent bonds between surface groups and dissolved cations or anions. The various
models (Constant Capacitance Model (CCM) [28], Double Layer Model (DLM)
[10], Triple Layer Model (TLM) [7], and Charge Distribution-Multisite
Complexation (CD-MUSIC) model [15]) differ in the way they formulate surface
group reactions, the types of bonds they consider, and the mathematical description
of the electrical field near the charged surface. The assumptions of each model influ-
ence its flexibility in describing sorption reactions under various conditions and the
number of parameters required to calibrate it. A heavy emphasis has been placed in
the refinement of SCMs in the last few years, utilizing complementary experimental
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and computational approaches to identify the types of surface complexes that a
compound forms under different geochemical conditions. Various types of spectros-
copy combined with predictions of molecular modeling calculations can be used to
narrow down the surface complexation reactions and constrain the number of
parameters needed to adequately describe adsorption, as well as validate the model
predictions.

The strongest sorbents for Cr(VI) are iron oxides, which have various forms in
natural soils, such as ferrihydrite (Fe,0;-0.5H,0), goethite (a-FeOOH), and hema-
tite (a-Fe,0;) [26]. Chromate (CrO,>") can form three types of complexes on these
surfaces, as illustrated in Fig. 11.4: outer sphere, which only relies on electrostatic
attraction between the positively charged surface and the anion and inner sphere, in
which the ion forms a covalent bond directly with the reactive oxygen groups pres-
ent on the surface [27]. These complexes may also be protonated or unprotonated,
yielding a total of six possible surface species. The surface complexation reaction
depends on the type of complex, and the electrostatic gradient near the surface is
also influenced. Ultimately, the species utilized to describe the surface reaction
affect the parametrization and, hence, the sensitivity of the model to varying condi-
tions. Specifically for chromate on iron oxides, the CD-MUSIC model uses (where
>FeOH~'? denotes the reactive surface site):

>FeOH"? +H" +Cr0,>” — >FeOCrO,"* +H,0 (11.1)

2>FeOH"” +2H" +Cr0,” — >(Fe0), CrO,” +2H,0 (11.2)

The first reaction corresponds to the formation of a monodentate surface com-
plex, as shown in Fig. 11.2, while the second reaction corresponds to the formation
of a bidentate surface complex. Each reaction has its own corresponding log K and

Inner-sphere
OQuter-sphere Monodentate Bidentate

Unprotonated

Protonated

. cr @ o 9H [ Surface

Fig. 11.4 Complexation modes of CrO,> on iron oxide surfaces and modeling studies assuming
a specific complex type
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mass action coefficient, as the reaction stoichiometries for the reactants are differ-
ent. Surface complexation models adopted several combinations of the possible
species, by determining log K from fitted macroscopic sorption data. Most early
models, i.e., prior to 1990, had no corroborating information on the type of com-
plexes formed. Later on, several studies utilized spectroscopic techniques to study
chromate complexation on iron oxides. Specifically, three techniques were imple-
mented, mostly to study chromate sorption on goethite [1, 12, 16]: extended X-ray
absorption Fourier transform spectroscopy (EXAFS), transmission and attenuated
total reflectance (ATR) FTIR, and X-ray photoelectron spectroscopy. It was later
found that techniques that require the use of dry samples skew the results toward
the identification of inner sphere complexes and are thus less reliable to accurately
determine surface speciation. Conversely, both EXAFS and ATR can test samples
in equilibrium with a solution to obtain a spectroscopic signal that results from the
interaction of the ligand with the surface without interference from the solvent
(water).

Figure 11.5 illustrates the use of ATR spectra to differentiate between aqueous
and sorbed chromate species. Aqueous chromate at pH values >6.5 has a single peak
at 880 cm~!. Aqueous bichromate (HCrO,~) has a predominant peak at 950 cm~"' and
a smaller peak at 880 cm™'. When chromate coordinates on a mineral surface, the
symmetry of the molecule is reduced, and the peaks split into several overlapping
peaks. Resolving the number and location of these peaks can be performed through
several techniques, such as the use of difference spectra, inverse second derivative
spectra, and multivariate curve resolution analysis [24].

These techniques were utilized to study chromate interaction with ferrihydrite
[17, 21], hematite [18, 21], boehmite [19], and Al-bearing ferrihydrite [20].
Collectively, these studies yielded the following conclusions:

Fig. 11.5 Comparison of 0.035 eesss aq 100 MM pH 4
aqueous chromate (CrO,>")
and bichromate (HCrO,") 0.03 +
spectra at pH 8 and 4,
respectively, with chromate 0.025 ]
sorbed on ferrihydrite (FH) '
and hematite (HT)

ag 100 mM pH 8

——— FH 100 uM pH 6
wsssss HT 250 uM pH 4

0.02

Absorbance
o
o
2
(6)]

-0.005 - Wavenumber (cm-1)
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e Chromate forms the same types of complexes on all three iron oxides, goethite,
ferrihydrite, and hematite, i.e., an unprotonated monodentate and an unproton-
ated bidentate complex.

* The bidentate complex is generally dominant, especially at higher surface cover-
age and pH values below 7.

e Aluminum oxides and incorporation of Al in iron oxides favor the formation of
weaker outer-sphere complexes that preferentially displace monodentate com-
plexes from the surface.

Observations indicate that the hydrogen is not associated with the chromate mol-
ecule regardless of the aqueous pH. The latter observation was established by per-
forming FTIR experiments in H,O and D,0. Replacement of a hydrogen atom with
a heavier deuterium atom in a molecule would cause a shift in the associated vibra-
tions. Since no shift in peaks was observed, it follows that the chromate surface
complex is not associated with a hydrogen species [17]. This observation allows for
the elimination of protonated surface complexes shown in Fig. 11.2 for consider-
ation in the SCM.

These observations indicate the chromate sorption on different types of iron
oxides can be described using the same reactions (11.1) and (11.2) that only the
presence of aluminum imposes the need for a third reaction of the outer-sphere
complex. More reactions require more log K have to be determined, and macro-
scopic batch sorption tests do not supply the information necessary to determine
such unique constants. This is a common conundrum with modeling exercises: the
model fit improves when more parameters are considered; however the datasets are
often insufficient.

Spectroscopy can further support the modeling problem by providing quantita-
tive estimates for the distribution of surface species with variables such as pH and
surface coverage. This approach is still at its infancy, with only a limited number of
studies including quantitative analysis of ATR [18] and EXAFS spectra [14]. Its
wider adoption can substantially aid the constraining of log K values for individual
surface complexes, which cannot be determined using traditional batch isotherms.
A large emphasis has been placed on the qualitative investigation of the mecha-
nisms of surface complexation; however proper constraints for the resulting surface
complexation models are still needed.

11.4 Summary and Outlook

Spectroscopic techniques are valuable for scientific research and can also be used to
aid the decision-making process for environmental contamination and remediation.
Specifically, spectroscopy can shed light into:

* The behavior and timing of contaminant release from the solid into the liquid
phase; this information can be used to optimize the design and execution of treat-
ability studies for contaminated soils.
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The long-term stability of precipitates that immobilize contaminants; similarly,
this information can be used to support Remedial Action Plans that utilize in situ
immobilization as the treatment approach for soil and/or groundwater.
Secondary reactions that may interfere with in situ remediation processes (foul-
ing, clogging, secondary mobilization, potential for long-term redox reactions).
The identification of precipitates using spectroscopic techniques can point to the
mechanism that caused the secondary reactions, which is not always apparent
using more traditional analytical data.

Mechanisms for reactive transport modeling. The evolution of traditional models
that use the K, (distribution factor) approach can be informed by spectroscopy.
There is a wide gap between the state of the art and the state of the practice in this
field, and there is substantial development necessary to bridge that gap.

A key challenge for environmental researchers is to communicate these capabili-

ties to the industry and establish collaborations and offer services that are accessible
and affordable for more widespread use of spectroscopic techniques.
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Notes on Some Sulpharsenites
and Sulphantimonites from Colorado
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B.S. thesis
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Department of Chemistry

In the summer of 1872, Professor Richards obtained specimens of the silver-bearing
minerals of some of the Colorado mines.

They were called, by the mines, brittle silver or gray copper, but, as they had
never been analyzed, nothing definite was known as to their composition.

In March 1873 T was requested to test these specimens sufficiently to ascertain
whether they belonged under stephanite or tetrahedrite and whether the minerals
from the different mines were of the same composition.

A qualitative analysis showed that all contained copper and in varying
proportions.

These indications together with the results of the blowpipe tests divided the spec-
imens into two groups.

Those from the Illinois and Walker mines contained much copper and little silver
and both arsenic and antimony, while those from the Hercules and Terrible mines
contained a very large amount of silver with comparatively little copper and anti-
mony with traces only of arsenic.

The Illinois Lode, Central City, Colorado, yields both gold and silver by the dry
assay although neither appear in the results given of the analysis by the wet way.

Luster, metallic. Color, dark gray. Streak, brown. Not easily fused.

Iron pyrite was abundantly distributed throughout the mass, and although the
coarse powder was carefully examined under the microscope, some pyrite and much
quartz evidently escaped separation.

This would give a slightly different ratio between (Ag. Cu. Fe) and (As. Sb. S.)
from that which the exact analysis would give.
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The ratio of tetrahedrite is 1:24, while the ratio of the percentages as given is
about 1:2.

The mineral would therefore seem to be a true tetrahedrite.

The specimen from the Walker Mine, Montezuma, Colorado, was massive, in
quartz rock, without galena.

Luster, metallic. Color, dark brown. Streak, red. Fusible.

The percentages given below of the Walker Mine are the results of a single analy-
sis but suffice to indicate that the mineral is a tetrahedrite.

llinois Walker
SiO, 15.04 0
Pb 0 2.64
Ag Undetermined 591
Au Undetermined -
Cu 41.32 36.07
Fe 6.24 .80
Zn 6.00 0
S 24.03 26.41
Sb 1.62 Undetermined 71.83
As 6.31 Undetermined
100.56

There were four specimens from Hercules Mine and five from Terrible Mine,
both at Georgetown, Colorado.

The gangue rock from both mines seemed to be a tolerably fine granite contain-
ing very little mica.

The silver ore occurred, intermingled with finely crystallized galena and zine
blende, in a vein or fissure lined on both sides with splendid crystals of quartz. It
seemed, in some instances, to have been deposited after the galena and blende for it
filled up the crevices in them and occupied the spaces between the quartz crystals.

In one case, it seemed almost a vein between the galena and blende.

Luster, metallic. Color, steel gray. Streak, black. Very brittle

The specimens were mainly massive although in two, something like crystalline
form was noticed with striae along the length of the prisms.

On attempting to get them out separately for measurement, they broke into sev-
eral pieces which, under a magnifying glass, seemed to present a micaceous, lami-
nated structure. Thin scales were placed under a microscope, and the forms obtained
by examination of the different specimens are roughly depicted below.
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There was definiteness of form sufficient to indicate a crystalline structure, and a
similarity of shape indicated that the crystalline form would be the same.

The specimens from Terrible Mine numbered 3, 4 and 5 with Hercules 2 and 4
were more silvery in luster and less massive in structure, rather more brittle, yet as
the galena and blende were also in more perfect crystals, the outward appearance did
not show a difference sufficiently marked to suggest a difference of composition.

The ore was in so small quantity and so intimately mingled with the other ores
that it was very difficult to get a clear sample; those, from which the results tabu-
lated below were obtained, were chipped off with a penknife and carefully exam-
ined with a microscope that all foreign minerals might be separated—still, only two
were free from galena.

The object originally in view, in undertaking the investigation, was merely to see
if the ore was of a uniform composition, and absolute accuracy is not claimed for
any of the analyses, but they are reliable enough to base a theory upon.

Some analyses from Dana’s Mineralogy are given for comparison.

Hercules Terrible Stylo- | Poly- | Steph- | Tetrahedrite
No.1l. |No.2 |No.3 |No.l1 |No.2 |No.3 | typite | basite |anite | (freibergite)

SiO, |2.24 2.00 4.86 2.60 | 1.00 |.80
Pb 1.67 0 5.00 2.19 | 11.67 |0
32.50
Ag 36.67 | 60.06 |44.68 47.00 28.00 |57.76 |8.30 |68.55 68.51 |31.29
Cu 18.04 | 10.18 |12.48 19.65 29.20 | 13.35 |28.00 |3.36 |.64 14.81
Fe 1.10 1.19 5.52 57 1.90 |0 7.00 | .14 0 5.98
Zn .99
Sb 17.80 | Undet |Undet |Undet |Undet Undet 30.53 |11.53 |14.68 |24.63
As Traces? | Traces? | Traces? | — - -
S 2270 | 17.42 | 17.45 18.90 |19.00 |20.33 |24.30 | 15.55 |16.42 |21.17

. 2 4 4 1 2 1 1
Ratio | 1:2— 1:1— 1= 12— 1:2 12— 1:1— 12 1:2—
3 5 5 2 3 2 4




200 Notes on Some Sulpharsenites and Sulphantimonites from Colorado

It will be seen that the percentages do not quite agree with any given analysis.
Hercules No. 1 and Terrible No. 1 are probably tetrahedrite although containing
more silver than any previously analyzed specimen.

These two were darker in color and more compact than the others. Terrible No. 2
doubtless belongs with them, but the amount of galena which was evidently min-
gled with the sample throws it out of account.

Terrible No. 3 has the ratio of stephanite, while Hercules No. 2 and No. 3 are
between polybasite and stephanite. As the antimony was estimated by difference, a
more accurate analysis might change the ratios so that they would agree with steph-
anite, but from the amount of copper contained in all the samples, it would seem that
they were nearer to polybasite.

Apparatus suggested by Professor Crafts for the analysis of tetrahedrites con-
tained possibly Cu, Ag, Fe, Zn, Hg, Sb, As, and S and also as impurities Pb S, Zn S,
Cu S, and SiO..
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The small straight tube A is long enough to allow the sliding back of the iron tube
quite off from the glass tube.

After the weighted substance is placed in the tube (in a porcelain boat), dry chlo-
rine gas is passed over it without heating as long as there appears to be any action.
Then the iron tube is pushed forward over the combustion tube and heated to dull
redness by an ordinary combustion furnace.

As to the materials employed, most of the results given in the table were obtained
by the chlorine method, the residue from treatment with chlorine being first treated,
in the boat, with strong, hot nitric acid; then well washed with hot water, the residue
thus obtained was separated by decantation or by filtration if necessary, treated with
ammonia which dissolved the chloride of silver and left only silica which was fil-
tered off, dried, and weighed. The silver was reprecipitated by nitric acid, weight as
chloride. The copper was precipitated from the first nitric acid solution as subsulfide
[sic] and the iron determined in the filtrate.

The solutions containing the volatile chlorides were used in making experiments
on the method. The lead was obtained from the evaporation with sulfuric acid for
the precipitation of copper as subsulfide.

Duplicate determinations were made as follows. The sulfides were oxidized with
nitric acid, evaporated and taken up with nitric acid and water, filtered, the silver
precipitated by dilute chlorhydric acid, the filtrate evaporated with sulfuric acid
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with the addition of tartaric and sulfurous acids. The lead was filtered out, the
solution heated and then treated with hyposulfite of soda which precipitates copper
arsenic and antimony as sulfides, the filtrate is oxidized, evaporated to a small bulk,
the separated sulfur filtered out, and the iron and zinc are determined as usual. The
precipitate is treated with sulfide of sodium, washed, dried, and ignited with sulfur.
The solution in sulfide of sodium is acidified with chlorhydric acid, the precipitated
sulfides of arsenic and antimony filtered out and oxidized and separated and deter-
mined by Fresenius — (? 155).!

In some cases this method is very convenient, not requiring the apparatus of the
chlorine method and giving the arsenic and antimony in a more convenient and
accurate form.

The arsenic and antimony are completely precipitated with the copper if the solu-
tion is dilute enough and kept at just the boiling point for a few minutes.

In analyzing these minerals, I was puzzled to separate the copper in the presence
of arsenic and antimony, and the battery was hardly practicable. I had just been
estimating copper in some other minerals, not containing arsenic or antimony, as
subsulfide according to Fresenius.

As I found it a quick process, I wished to try to use it in the case of the minerals
under examination, but I could find no reference to the behavior of arsenic or anti-
mony compounds with sodium hydrosulfide, and no one could tell me what the
reaction would be. I did not know whether I should find the arsenic and antimony in
the precipitate with the copper or in the filtrate with the zinc or in both places.

In order to settle the question, known solutions of arsenic and antimony were
treated at first separately and afterward together with a solution of sodium hydrosul-
fite and the conditions of complete precipitation determined as above.

At the time this was an entirely original investigation (March 1873). I have
recently (May 1873) noticed an account of the preparation of sulfides of arsenic and
antimony for calico printing and for some other technical uses by means of hyposul-
fite Chemie Applige’e (Barreswil) 18592, Graham-Otto Band.?

I have yet seen no mention of it as a method of separation or estimation.

I propose to try to use hyposulfite for determining either arsenic or antimony or
both together and in that case separating and estimating the arsenic, volumetrically
by an apparatus something like that figured below; the sulfurous acid which is
evolved may be received into a flask, and after cooling, the contents of both flasks
may be titrated with iodine.

"Fresenius, C. Remigius. 1866. Anleitung zur quantitativen chemischen Analyse : oder die Lehre
von der Gewichtsbestimmung und Scheidung der in der Pharmacie, den Kiinsten, Gewerben und
der Landwirthschaft héufiger vorkommenden Korper in einfachen und zusammengesetzten
Verbindungen, fiir Anfinger und Geiibtere. Braunschweig: Friedrich Vieweg und Sohn.
2Appligee: Repertoire de chimie appliquee, 1859.

3Graham-Otto: Lehrbuch der physikalischen und theoretischen Chemie (Graham-Otto’s
Ausfiihrliches lehrbuch der Chemie, Band 1.) 1857. Buff, Johann Heinrich; Kopp, Hermann;
Zamminer, Friedrich Georg Karl. Braunschweig : Friedrich Vieweg und Sohn.
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There must be no nitric acid and a very slight excess of chlorhydric acid.

I have begun a series of investigations on the behavior of the other metals with
hyposulfite with a view to employing hyposulfite in qualitative analysis, in some
instances at least, instead of sulfidric acid.

I think it might be used as a preliminary test and save much time - - -

Ellen H. Swallow
Note: Douglas and Prescott since published (illegible)
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