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Foreword
The ACS Symposium Series was first published in 1974 to provide a

mechanism for publishing symposia quickly in book form. The purpose of
the series is to publish timely, comprehensive books developed from the ACS
sponsored symposia based on current scientific research. Occasionally, books are
developed from symposia sponsored by other organizations when the topic is of
keen interest to the chemistry audience.

Before agreeing to publish a book, the proposed table of contents is reviewed
for appropriate and comprehensive coverage and for interest to the audience. Some
papers may be excluded to better focus the book; others may be added to provide
comprehensiveness. When appropriate, overview or introductory chapters are
added. Drafts of chapters are peer-reviewed prior to final acceptance or rejection,
and manuscripts are prepared in camera-ready format.

As a rule, only original research papers and original review papers are
included in the volumes. Verbatim reproductions of previous published papers
are not accepted.

ACS Books Department
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Preface
The study of dissolved organic matter (DOM) has fascinated scientists and

engineers for at least 60 years — from the initial efforts focused on measuring
the concentrations of carbon in marine and aquatic systems, to the discovery of
the role of DOM in the formation of disinfection byproducts, all the way to the
new emphasis on the detailed understanding of the different functional groups and
basic structural features which are the basis for the physicochemical properties of
the material. After 50 years of work in the area, there are still many questions
regarding DOM.

The idea to develop this book came after the conclusion of a symposium
that E. M. Thurman and I had organized for the 245th meeting of the American
Chemical Society, which was held on April 7-11, 2013 in NewOrleans, Louisiana,
U.S.A. The main goal of this symposium was to bring different experts to discuss
the progress on DOM characterization and also celebrate the 30th anniversary
of the collection of the first organic matter standard offered by the International
Humics Substances Society (IHSS). The session was developed following five
major themes, including impact of DOM on engineered and natural systems,
general characterization, and photochemical and redox properties. The session
was a success. We had over 40 oral presentations and posters. Afterward, the idea
of collecting the information presented in this symposium — and combining it
with other topics — resulted in the motivation for the development of this book.

I would like the acknowledge all of the participants of the original symposium,
in addition to the presenters and those who contributed chapters to this book. The
work presented in this book represents just a small cross section of the research
being conducted on the physicochemical characterization of DOM, but it offers an
overview on some key aspects that are important to both scientists and engineers.
I also graciously thank E. M. Thurman for his help and mentoring during the
development of this book. In addition, I express my gratitude to the reviewers
who took time out of their busy schedules to make sure that the content of the book
was up to par. I would also like to acknowledge financial support for the original
ACS symposium from the IHSS and the Water Research Foundation. I’d like to
thank the Division of Environmental Chemistry of ACS along with the editorial
personnel whomade the process of putting this book together very pleasant. Lastly
I’d like to acknowledge Caitlin Glover for helpingwith the editorial process, James
Saunders for providing the picture for the cover, and Veronika and Isabel Rosario
for helping with the additional design of the cover.
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Chapter 1

Introduction

Fernando L. Rosario-Ortiz*

Department of Civil, Environmental, and Architectural Engineering,
University of Colorado, Boulder, Colorado 80309

*E-mail: Fernando.Rosario@colorado.edu.

The study of dissolved organic matter (DOM) has fascinated
researchers in different fields of science and engineering for
many decades. The impact that DOM has on a wide array of
environmental processes has resulted in the development of
a multidisciplinary community of researchers all focusing on
using different analytical techniques and experimental design
to better understand DOM. This book offers select case studies
focusing on the advanced characterization of DOM in differet
environments and with respect to different processes.

Organic Matter

The study of the physicochemical properties of dissolved organic matter
(DOM) focuses on answering one key question: How do we accurately predict
(and potentially minimize) the effect that DOM has on a wide array of processes?
These processes include metal binding, fate and transport of organic compounds,
formation of disinfection byproducts, light penetration in ecosystems, etc. Given
the broad scientific impact of these processes, the study of DOM extends over
many different disciplines ranging from ecology, environmental engineering,
organic geochemistry, marine and atmospheric sciences, and analytical chemistry.
As a result, the study of DOM may represent one of the most interdisciplinary
topics in basic and applied sciences and engineering.

Perhaps the key to the multidisciplinary nature of the study of DOM is the
lack of a fundamental understanding of the chemical structure of this material. The
concentration and physicochemical properties of DOM are a function of the source
of thematerial (e.g., terrestrial vegetation and biological processes within thewater
column) and the different processing mechanisms that occur in the environment
(e.g., photolysis, settling, and microbial degradation). In spite of the chemical

© 2014 American Chemical Society
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complexity of DOM, there have been advances in understanding its effects on
specific processes. For example, it is well known that the degree of aromaticity (as
measured by NMR and characterized as the specific UV absorbance or SUVA) is
a good predictor of the relative DOM source and of the formation of disinfection
byproducts during water chlorination. Although there have been great advances in
understanding, the development of a chemical model that could be used in a priori
predictions of DOM physicochemical properties remains a distant goal.

While historically the focus has been on the characterization of DOM from
either terrestrial or aquatic origins, there has been a shift to include other sources
of organic matter that are important for understanding different environmental
processes. For example, the contribution of algae-derived organic matter to the
DOM pool in source waters for potable water production has gained attention
over the past decade. This source of organic matter, termed algogenic organic
matter (AOM), includes both intracellular and extracellular organic matter
(IOM and EOM), and is characterized by differences in molecular weight and
composition. In addition, the characterization of wastewater-derived organic
matter, known as effluent organic matter (EfOM), has also gained attention,
especially as the field of water reuse has gained importance. EfOM includes
background DOM plus contributions from biological processes within wastewater
treatment and as such is described as closer to aquatic-derived DOM in terms of
aromaticity and fluorescence properties. Another interesting extension of DOM
research is the characterization of organic mixtures in aerosols and fog. When
the organic carbon in aerosol samples is extracted in water and characterized
using typical DOM analytical tools, the results indicate the presence of what
has been termed HUmic-LIke Substances, known as HULIS, or in more general
terms water-soluble organic carbon. HULIS, which is formed in part by the
chemical reactions involving secondary aerosol formation, is a relatively new
field and has important implications for the understanding of carbon transport in
the atmosphere. These are just a number of examples where the study of DOM
is being redefined to characterize other material, which shares some of the same
complexity and importance that first motivated the study of DOM.

Book Organization

The development of any book focusing on DOM faces the immense challenge
of defining a scope that is somewhat representative of the larger universe with
regards to DOM research. In addition, there are other volumes being published
that focus on specifc aspects of DOM, including fluorescence characterization and
physicochemical properties. The objective of this volume is to give the reader
an overview of a select number of case studies where advanced understanding of
DOM has resulted in a better understanding of a specific process.

Following this introductory chapter, the book includes three main sections.
The first section of this volume, titled “Characterization of Dissolved Organic
Matter,” deals with the topic of DOM characterization in general. The first
chapter offers a detailed examination of the most impactful publications with
regards to DOM characterization over time. The authors offer their interpretation

2
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of the importance of different publications through the analysis of the number of
citations and the Hirsch-index. The authors also provide what they term “classical
papers” over the past five decades. The second chapter is an excellent review
of the application of fluorescence for the characterization of DOM. The authors
review the use of PARAFAC models for DOM characterization in surface and
ocean waters. The third chapter explores the acid/base properties of DOM. The
last chapter in the first section of the book offers a detailed review of water soluble
organic carbon in aerosols, an emerging field within atmospheric research.

The second section is titled “Impact of Dissolved Organic Matter on
Environmental Processes.” This section offers the reader a glimpse into the
impact that DOM has on environmental processes, including interactions with
contaminants, oxidants, and photochemical processes in wastewater-derived
EfOM. The first chapter in this section is a review of the role organic matter plays
as a natural xenobiotic. This work summarizes different aspects of DOM that
are important for biological processes in the water column. The second chapter
describes recent work on the sorption of hydrophobic organic contaminants to
DOM, specifically focusing on DOM impacted by storm runoff. This chapter
is followed by recent work on the study of the interactions between DOM and
hydroxyl radicals using polymers to evaluate the role of molecular weight on the
reaction rate constant. The next chapter focuses on the characterization of organic
phosphorous in the Everglades region. The last chapter in this section describes
the study of DOM and EfOM photochemical and photophysical properties as a
function of molecular weight. This work focuses on measuring quantum yields
for the formation of different reactive intermediates, including hydroxyl radical
and fluorescence.

The last section of the book is titled “Impact of Dissolved Organic Matter on
Water Treatment.” The first chapter describes new work on the role of molecular
weight on the formation of DBPs. This is an interesting topic as there are
potential differences in the chemical composition of the different molecular
weight components. The second chapter investigates the sources and sinks of
DBPs in DOM during treatment, focusing on coagulation. The third chapter
examines changes in DOM and reactivity towards DBPs for samples collected
during extreme weather events. Lastly, an evaluation of fluorescence for DOM
removal by coagulation compares different data analysis methods and their
resulting interpretations.

Concluding Remarks

As we move into the next decade of work in DOM characterization, we
will continue to uncover different aspects of this mixture’s complex chemistry.
The advent of ever more powerful analytical techniques and the vast amount
of knowledge already amassed will continue to allow scientists and engineers
to investigate different processes. Even though we may never be able to offer
a complete chemical model representative of all DOM properties, continuing
advances will allow researchers and engineers to fine tune our understanding of
DOM and its impact on the numerous processes which are of interst to us.

3
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Chapter 2

“Classic Papers” on Aquatic Humic Substances:
Use of the Hirsch Index

E. Michael Thurman* and Imma Ferrer

Department of Civil, Environmental, and Architectural Engineering,
University of Colorado, Boulder, Colorado 80309, United States

*E-mail: mthurman@ono.com.

Citation impact data from the journals, Science and Nature, are
used as a benchmark for defining a classic paper with a new
application of the journal Hirsch-index, hj. The hj-index was
first published eight years ago as a citation metric of journal
impact. Here we use the hj-index, to measure not only the
impact of a journal, but also to measure the impact of papers
within a journal. Next the hj-index is applied to the field of
environmental science with an example of “citation classics”
dealing with aquatic humic substances from a 50-year record
and a field of >20,000 journal articles. We hypothesize that
the hj-index may be readily calculated for any scientific paper,
regardless of its age or field of activity, to gauge its past, present,
or future citation-impact and that of its author.

Introduction

Recently (2005), Hirsch developed the h-index (1) to measure the citation
impact of an individual research scientist. The index is equal to h if one has
published h papers, each of which has h citations. Thus, if one has published, let
us say 30 papers or more, and if 20 of those papers have 20 citations or more then
the h-index would be the minimum value of 20. An h-index of 20 is an average
value for a full professor in academia (1). The h-index has been rapidly accepted
by the scientific community as a measure of a scientist’s impact in their field of
endeavor.

However, there has been criticism of the h-index for individual scientists
(2), which include the following. Firstly, age plays a factor, i.e. older scientists

© 2014 American Chemical Society
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have had more time to accrue citations than younger scientists. However, this
criticism will be shown to be less important later in this chapter, since the number
of scientists citing papers has increased, thus, giving more recent papers an
advantage over older papers. This conclusion also implies that there is a bias
toward citing recent papers to show relevancy and impact. Secondly, comparisons
of h-indices for people from various fields will vary because of differences in
citation statistics. This is readily seen if one compares say mathematics to human
biology, where the number of scientists working in these two fields differs by
several orders of magnitude. Thirdly, there is no discrimination among the
various authors on a paper, so that all receive equal credit for citations no matter
what their contribution was. Fourthly, review papers receive a large number of
citations, which do not reflect scientific accomplishment of the individual, and
some authors may write numerous reviews (2). In this chapter, we address these
issues, as will be discussed later in this chapter.

The concept of the h-index has also been applied to journals by Braun et
al. (3). The journal h-index is equal to hj if a journal has published hj papers,
each of which has received hj citations for a given year. Braun et al. (3) show
that the hj-index is another measure of the impact of a journal. Our work here
further explores the bibliometric usefulness of the hj-index in new ways. The
first aim of this chapter is to show that the hj-index evaluates a paper’s prestige
and popularity. The second aim is to evaluate hj-indices among journals and
to establish a rating of a “classic impact paper” based on the most prestigious
journals, Science and Nature. The third and final aim is to show the value of
these metrics in environmental science, and by way of example, to all fields of
the physical sciences, with special reference to “aquatic humic substances”. The
significance of this chapter is that important papers may be rapidly culled from the
literature using the hj-index and that this index is a valuable tool for the working
scientist to stay current in the rapidly expanding literature of today, especially
with regard to environmental chemistry and “aquatic humic substances”.

The Journal Hirsch Index (hj)

The hj-index is easily determined using the Institute for Scientific Information
(ISI) database called the “ISI Web of KnowledgeSM”. One simply goes to the
search page and lists a journal in the field labeled “publication name” and a
year of publication in the “timespan” field (i.e. 1980 to 1980), and pushes the
“Search” button, which then calls up all papers within that year. Next the research
articles are culled from the entire list by marking the “Article” box and pushing
the “Refine” button. The citation report is calculated from this subset of journal
articles using the “Create Citation Report” button, in the upper right-hand portion
of the computer screen. The database then reports the total number of papers
published within the year, the total number of times cited, the average citations
per item, and the journal Hirsch index, hj. Finally, the entire list of papers is given
ranked from the highest to lowest citations by the ISI database. For example,
using this exact procedure for Science in 1980 gives an hj-index of 176 and for
Environmental Science and Technology an hj-index of 51.
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Table 1. List of Environmental Journals Examined in This Study of hj-Indices and Classic Papers for 1995 Compared to Science and
Nature (Data from 11 November 2013)

Journal hj-Index
(1995)

Journal Impact Factor
2010

Total Annual
Citations
(1995)

Number of Classic Papers
(1995) ≥hj-indexscience/nature

Environmental Science &Technology 95 5.3 29075 7

Journal of Chromatography A 74 4.6 30936 0

J. Agricultural and Food Chemistry 66 2.9 19712 6

Water Research 60 5.4 13222 1

Science of the Total Environment 50 3.8 11017 0

Environmental Toxicology & Chemistry 48 2.6 8030 0

Chemosphere 46 3.6 8681 0

J. Environmental Quality 45 3.5 6909 3

Marine Chemistry 42 2.8 6195 3

J. Hydrology 38 3.7 5258 0

Archives Environmental Contaminant & Toxicology 33 2.0 3254 0

Organic Geochemistry 29 2.8 3205 0

Groundwater 26 1.4 2361 0

J. Environmental Engineering ASCE 26 1.2 2197 0

Marine Environmental Research 26 1.9 1959 0

Continued on next page.
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Table 1. (Continued). List of Environmental Journals Examined in This Study of hj-Indices and Classic Papers for 1995 Compared
to Science and Nature (Data from 11 November 2013)

Journal hj-Index
(1995)

Journal Impact Factor
2010

Total Annual
Citations
(1995)

Number of Classic Papers
(1995) ≥hj-indexscience/nature

International J. Environmental Analytical Chemistry 20 1.8 1713 0

Applied Geochemistry 21 1.7 1549 1

Science 310 31 343842 310

Nature 318 38 315901 318

10
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Using this procedure we indexed two of the most popular and prestigious
journals in science, that is Science and Nature. Both journals have a more than
50-year citation history as major scientific journals and have current impact factors
of 26 and 29, respectively, for 2007. These impact factors are some of the highest
for major journals that publish papers inclusive of all fields of science. We also
indexed the environmental journal with the highest impact factor, Environmental
Science & Technology (ES&T) with an impact factor of 4.4 for 2007. ES&T was
chosen from a list of 17 environmental journals (Table 1) that have published in
this field since 1995.

Figure 1. The increase in Journal Hirsch Index, hj, from 1958 to 1995 and then
decrease to the present for Science and Nature and for Environmental Science

and Technology.

Figure 1 shows the increase and recent decrease in the hj-index for Science,
Nature, and ES&T for the last 50 years from 1958 to 2008 (40 years for ES&T,
1969-2008). The hj-indices peak at between 250 and 280 for Science and Nature.
At the peak of the hj-index in 1995, the papers exceeding the hj-index account
for 70% of the citations in Science and 68% in Nature. Because both journals
published ~1000 journal articles per year between 1990 and 1995, the ≥hj papers
represent 25-30% of the papers accounting for ~70% of the citations, which is

11
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a Pareto distribution (sometimes called the 80/20 rule). The Pareto distribution
(4), an example of a hyperbolic distribution, is applicable here in that the
majority of the citation impact of the journals is derived from these ≥hj papers.
Because Science and Nature represent the “crème-de la crème” of scientific
papers condensed from the key fields of the physical sciences, we argue that this
boundary of hj papers may be considered a definition of a “classic impact paper”
as discussed below.

(Author’s Note) We chose the term hj-index to prevent confusion with the
original definition of h-index by Hirsch (1). Impact factor for 2007 is equal to
the number of citations that a journal receives in 2007 for articles published in the
same journal during 2005 and 2006 divided by the number of papers indexed for
those two years.

Defining Classic Papers

Status, as defined by Bollen et al. (5), states that it is comprised of both
popularity and prestige. For example, the popularity of an actor is one who
is widely known and appreciated by everyone, both experts and non-experts
alike. While prestige is popularity derived only from experts. For example, the
difference between an actor receiving a People’s Choice Award (a popular award
to actors/actresses chosen by the general public) and an Oscar (prestigious award
chosen by the Academy of Motion Pictures) is a good example of the difference
between popularity and prestige. Both Science and Nature match the definition of
prestige in that they are journals based in both Europe and in the United States
with the highest impact factor for journals accepting all papers in the physical
sciences. They have the highest standards of acceptance in the reviewing process
as determined by leading-world experts.

They are also popular, in that they are continually indexed by newspapers,
radio, and television from around theworld for the latest discoveries in the physical
sciences. Furthermore, it is known by nearly all publishing scientists that only true
discovery papers or papers of the broadest scientific interest (a measure of impact)
are published in Science and Nature. Many scientists read or subscribe to these
journals to stay current with the latest breakthroughs in the physical sciences. For
these reasons, we conclude that papers from any journalwith annual citations that
exceed the hj-index of Science and Nature could be considered “classic impact
papers” in their respective fields for they exceed the requirements of popularity,
prestige, and citation impact.

Several definitions of “classic papers” were given by Garfield in series of
essays (1977-1989) appearing inCurrent Contents (6–8). Garfield (8) concludes in
his final essay on this topic with an example of Noble Prize winners. Their Nobel
papers receive at least 300 citations, which meets the definition of a classic paper
because their work is obviously of classic proportions. Garfield has acknowledged,
however, the difficulty of deciding classics that are non-Nobel in all of his essays
dealing with this subject (6–8). Garfield’s Nobel-Prize definition of a classic paper
compares closely in citations with our definition (within ±10%) for 1995 citations.
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The hj-index over Time

Figure 1 shows that the hj-index for Science and Nature has increased over
the last 50 years from 75 to 250 over a 40-year time period before decreasing to
~25 in 2008. The number of annual citations has increased from 50,000 in 1960
to 250,000 in 1995. The peak in citations occurred in 1994-1995 after 15 years or
~2 half-lives of an average journal article (9), which is equal to 75% of the total
citations received. Figure 2 shows the correlation of the hj–index with the number
of annual citations of Science andNature. The trend line is a power plot that shows
a correlation of 0.97 and follows the hyperbolic laws of bibliometrics (4). This plot
is important in that it shows that the number of citations that these journals receive
goes up exponentially while the number of hj “classic impact papers” increases
linearly.

Figure 2. The power-series relationship of hj–index to total cites, C, over a
50-year period for Science and Nature combined.

We found, while plotting the data in Figure 2, that the older papers (i.e. >30
years) and younger papers (i.e. <5 years) have low total citations and thus a lower
hj but they are still classic impact papers by the hj definition. This result of low total
citations seems reasonable for younger papers since their citation life-history lies

13
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ahead of them, but is counter intuitive for older papers! It would seem that older
papers would have had more time to accumulate the highest number of citations,
but this is not the case. At least two reasons are involved. First the number of
scientists that were citing older papers ismuch less during the critical two half-lives
of the paper’s publication. Secondly, newer papers have replaced older “citation
classics”. The fact that papers in the 1990s have the highest hj-index makes sense
too because of the increasing number of journals (and citations) that can give
rise to higher citations for classic impact papers. Thus, it seems valid to accept
a sliding scale for the hj-index for both the older papers and, more importantly, for
the younger papers. By a sliding scale for classic papers, we mean the following.
Looking at the data in Figure 1, papers published in 1970 have an hj-index of
greater than 150, in 1998 the hj-index is greater than 280, and in 2008 the hj-index
is greater than 150 again. Thus, papers are considered to be classics if they exceed
these sliding scale values. The value of this sliding scale is that it addresses one
of the major criticisms of the h-index for individual scientists. In that a classic
paper may be defined in the first three years by comparing it to the hj-index of the
journal for that same year! This is a valuable tool then for the working scientist to
evaluate his or her work and that of others.

We hypothesize for these reasons that younger papers will continue their
classic status (≥hj-index of Science and Nature) over one to two half-lives and
these papers should be recognized as classic papers at the present time rather than
waiting for time to pass and >300 citations or more to accumulate (7). Thus, the
hj–index is a tool to evaluate younger papers for their popularity, prestige, and
impact. The corollary to this statement is that young or recent new authors in a
field may be evaluated by the cited impact of their recent hj papers. Recent hj
papers also show the continued performance (as measured by citation impact) of
older more established scientists (i.e. tenured).

Classic Papers in Environmental Science

Figure 1 shows the relationship of time to hj values from 1969 to the present
and represents the 40 years of record for ES&T. The hj-indices for ES&T are
considerably less than Science and Nature as would be expected given that ES&T
has a much lower impact factor, 4.4 versus 26-29. The shape of the hj curve
though is similar with the peak hj-index occurring in 1994-1995. The number of
annual citations is also considerably less, about 10-15 times, but a similar power
relationship exists for the hj-index and total citations in ES&T (Figure 3). The
exponent of the power curves are different though for Figures 2 and 3. Science
and Nature have an exponent of 1.66 while ES&T is 1.95. These values mean that
to double the hj-index of Science and Nature a factor of ~3 times more citations
are needed while for ES&T a doubling of the hj-index requires ~4 times more total
journal citations. We consider this exponent to be a measure of the significance
factor of the journal within a field (i.e. the smaller the exponent the greater the
significance of a journal in the field because less citations are needed per paper to
reach hj status).
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Figure 3. The hj–index for ES&T versus to total citations from 1969 to 2008 Also
showing a power-series relationship.

The x coefficient of this power plot (Figures 2 and 3) is ~23 for Nature and
Science and is ~4 forES&T.The x coefficient is a measure of the readership-impact
of the journal or impact factor of the journal over its lifetime. The larger this
x-coefficient is, the more citations that a journal is receiving per hj paper that is
published. In fact, these values of the x coefficient are quite close to the journal
impact factors of Science and Nature (26-29) and ES&T (4.4) for 2007. The
difference being that the x-coefficient rates the journal over its lifetime while the
impact factor rates the journal for a two-year period (2005-2006 for values in Table
1).

“Citation Classics” on Aquatic Humic Substances.

We begin the compilation of classic-citation papers on aquatic humic
substances with the decade of the 1960s, which is just prior to the beginning of the
journal Environmental Science and Technology (1968). In the future, we will refer
to the citation classics and simply classic papers. This time line represents the
beginning of an important mark as the importance of environmental science to the
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scientific community at large. The decade of the 1960s began with several highly
cited papers that dealt with organic matter in the ocean and were the preamble
of studies dealing with dissolved organic matter and aquatic humic substances.
The citation classics are culled from the literature using a series of keywords
including: aquatic humus, aquatic humic, fulvic, humic, dissolved organic matter,
and natural organic matter. We then ordered these papers by citation numbers and
checked each one manually to be sure they dealt with aquatic humic substances
and dissolved organic matter rather than soil organic matter. If the number of
citations for these papers exceeded the hj for Science and Nature for that year
(Figure 1), it was chosen as a citation classic for our list. For example, using the
terms above we found that the 1960s only papers on dissolved organic carbon
or dissolved organic matter gave citations greater than the Science and Nature
scale of 100-150 citations (see data in Figure 1 for those years). Authors’ note:
The senior author of this chapter (Thurman) was an active researcher in aquatic
humic substances during the decades of 1960s-1990s and thus, this knowledge
was brought to bear on term selection and searching the literature during these
decades.

Decade of the 1960s

The 1960s were the beginning of the study of dissolved organic carbon in
seawater and freshwater. It began with the invention of the carbon analyzer and the
subsequent paper byMenzel and Vaccaro (1964) that has been cited more than 700
times. The original work resulted in the Oceanographic carbon analyzer, which
was one of the original, commercial total organic carbon analyzers. The “original
carbon analyzer” that began this revolution in studies of dissolved organic matter
resides at Wood Hole Oceanographic Institute (viewed by Thurman, 1985). After
the invention of the total organic carbon (TOC) analyzer it was applied to seawater
samples and the paradigm shifted to “what is the organicmatter in the ocean”? This
led to oceanographers showing the way with studies of organic matter and humic
substances. The two papers that were cited as classics illustrate this important
first step in the study of aquatic humic substances in water. There were no classic
papers found that deal with aquatic humic substances in literature searches of the
1960s. However, the paper by Ghassemi and Christman (1968) has been cited
94 times and is as close to classic that appeared in the freshwater literature of
humic substances. The title of this 1968 paper is “Properties of yellow organic
acids in natural waters”. This paper was one of the initial papers that pointed out
the importance of humic substances in freshwater chemistry. It was published in
Limnol. Oceanogr. 1968, 13, 583-592., as were the papers below that are classics
from the 1960s. There were no papers that dealt directly with aquatic humic
substances, i.e. using these terms as a search criteria. However, it is instructive to
search the marine chemistry literature for classics that paved the way, so to speak,
for the work to come in the following decade.
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Classic Papers on Dissolved Organic Matter 1960s

1. (350 Cites) Dissolved organic matter in seawater as a source of
particulate food; Baylor, E. R.; Sutcliffe, W. H. Limnol. Oceanogr.
1963, 8, 369−371.

2. (750 Cites) The measurement of dissolved organic and particulate
carbon in seawater; Menzel, D. W.; Vaccaro, R. F. Limnol. Oceanogr.
1964, 9, 138−142.

Decade of the 1970s

The decade of the 1970s saw the studies of marine organic matter become
important especially with the development of XAD resins in the mid-1970s with
the paper by Mantoura on removing humic substances from seawater. This work
was followed up by the work of Aiken et al. on XAD isolation so that it was
possible to remove and study humic substances at trace levels from all types of
natural waters. The book by Egil Gjessing in 1976 on characterization of aquatic
humus was the first detailed study of aquatic humic substances and is one of the
first titles using the term, “aquatic humus”.

The removal of humic substances (organic matter and iron) by flocculation
was a classic paper by Sholkovitz and represented the marine/freshwater
boundary. The paper by Reuter and Perdue emphasized the importance of heavy
metal-organic interactions—a theme that re-appears papers by Buffle et al., as
well as papers dealing with metal complexation in natural waters by humic
substances. But perhaps one of the papers of the 1970s that started a revolution in
the study of aquatic humic substances, which is still important today, is the paper
by Rook in 1977 on the chlorination of fulvic acid and the effect that it has on
formation of chlorination by-products such as chloroform and its related products.
The following 10 papers are the citation classics of the 1970s that paved the way
for the detailed studies of aquatic humic substances of the 1980s.

Classic Papers on Aquatic Humic Substances 1970s

1. (284 Cites) Chemical and isotopic evidence for the in situ origin of
marine humic substances; Nissenbaum, A.; Kaplan, I. R. Limnol.
Oceanogr. 1972, 17, 570−582.

2. (210 Cites) Analytical concentration of humic substances from natural
waters; Mantoura, R. F. C.; Riley, J. P. Anal. Chim. Acta 1975, 76,
97−106.

3. (Unknown) Physical and Chemical Characteristics of Aquatic Humus;
Gjessing, E. CRC Press: Boca Raton, 1976; 120 p. (Citations number
Unknown).
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4. (569 Cites) Flocculation of dissolved organic and inorganic matter
during mixing of river water and seawater; Sholkovitz, E. R. Geochim.
Cosmochim. Acta 1976, 40, 831−845.

5. (273 Cites) Importance of heavy metal-organic interactions in natural
waters; Reuter, J. H.; Perdue, E. M. Geochim. Cosmochim. Acta 1977,
41, 325−334.

6. (198 Cites)Measurement of complexation properties of humic and fulvic
acids in natural waters with lead and copper ion selective electrodes;
Buffle, J.; Greter, F. L.; Haerdi, W. Anal. Chem. 1977, 49, 216−222.

7. (364 Cites) Chlorination reactions of fulvic acids in natural waters;
Rook, J. J. Environ. Sci. Technol. 1977, 11, 478−482.

8. (271 Cites) Removal of dissolved humic acids and iron during estuarine
mixing; Sholkovitz, E. R.; Boyle, E. A.; Price N. B. Earth Planet Sc. Lett.
1978, 40, 130−136.

9. (522 Cites) Complexation of metals with humic materials in natural
waters; Mantoura, R. F. C.; Dickson, A.; Riley, J. P. Estuarine Coastal
Mar. Sci. 1978, 6, 387−408.

10. (205 Cites) Comparison of XAD macroporous resins for the
concentration of fulvic acid from aqueous solution; Aiken, G. R.;
Thurman, E. M.; Malcolm, R. L. Anal. Chem. 1979, 51, 1799−1803.

Decade of the 1980s

The decade of the 1980s saw a major shift from marine science to freshwater
aquatic humic substances and the establishment of the International Humic
Substances Society (IHHS) in 1981 by Ron Malcolm and Pat McCarthy. The
first paper to lead the way was a method’s paper on the isolation of aquatic
humic substances from water by Thurman and Malcolm (1981). This paper was
the culmination of five years of effort by the U.S. Geological Survey’s research
team in Denver, Colorado, on the isolation of aquatic humic substances. The
paper has become of the foundation of isolation of aquatic humic substances
and was adopted by the International Humic Substances Society (IHHS). A
second paper that was closely related to the IHHS was the importance of humic
standards. The paper by Malcolm and McCarthy on the limitations in the use of
commercial humic acids in water and soil research is a classic and a fundamental
reason for the establishment of a reference collection of “real” humic substances
from many environments, such as soil and water. The paper by Malcolm and
McCarthy points out that Aldrich Humic acid is in fact not humic acid but an
oxidized coal and does not represent aquatic or soil humic substances. Thus, one
of the original goals of the International Humic Substances Society (IHHS) was
the establishment of a reference collection of humic substances. The website
(http://www.humicsubstances.org/index.html) states all the goals of the IHHS:
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“This website provides information on the International Humic
Substance Society, its products and services. IHSS was founded in
Denver, Colorado, USA, on September 11, 1981 to bring together
scientists in the coal, soil, and water sciences with interests in humic
substances. IHSS has a membership of nearly 900 scientists. The Society
is recognized as a world leader in fostering scientific education and
research, and promoting public understanding of humic substances.”

There were 60 papers published in the decade of the 1980s with aquatic humic
substances in the title, the most papers from any decade, and of those there are
two classics by Thurman and Malcolm (1981) and Tipping (1981). There are a
thousand papers on dissolved organic matter from the same time period and 24
classic papers are listed below. Two classic books also appeared during this decade
on aquatic humic substances and natural organic matter. They are included with
the classic papers of this decade.

What is most obvious in the transition from the decade of the 1970s to the
1980s is, firstly, the number of papers that appeared on aquatic humic substances
and dissolved organic matter. This represents a doubling of classic papers that
deal with many topics of the interactions of aquatic humic substances (AHS)
with metals and organic pollutants. Isolation and characterization of aquatic
humic substances (AHS) transport of AHS, photochemical reactions of AHS,
biodegradability and origin of AHS. It is important to realize that when the classic
papers double the amount of papers published on this topic has increased by a
logarithmic amount. Thus, the 1980s were the blossoming of the study of aquatic
humic substances. Although the paper by Frimmel in 1980 was not a classic in
citations, it was the first use of the term, “aquatic humic substances” in a journal
article that was found in searched literature. In fact, Frimmel authored a number
of papers during the 1980s using the term “aquatic humic substances” and was a
leader in this field, in spite of papers not reaching the classic status in citations.
Perhaps this shows the weakness of using a citation index as the only definition
of classic papers. Surely, the first use of the term in a journal article qualifies as
a classic.

Metal-ion complexation by aquatic humus. 1. A bog lake as a source of humic
substances, Frimmel, F.H., Niedermann, H. Zeitschrift fur wasser und abwasser
forschung 1980, (Journal for Water and Wastewater Research), 13, 119-124.

The term aquatic humus was used in the 1970s and 1980s by Norwegian
researchers, in particular, the classic work of Egil Gjessing, which was discussed
in the preceding section of the 1970s. The reader is encouraged to browse through
and read these papers as they represent the classic works of the 1980s, and to some
degree, at least in the view of the authors, the coming of age of aquatic humic
substances in the scientific literature.

An interesting aside in the study of aquatic humic substances and dissolved
organic carbon is the paper by Sugimura and Suzuki (1987) in Marine Science.
They describe a “new” organic carbon analyzer that uses high temperature
combustion and a platinum catalyst. Firstly, this is hardly new since the first
author (Thurman) used a similar instrument for his PhD thesis is the 1970s,
ten years earlier. Secondly, and more importantly, this paper sparked a heated
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controversy concerning the nature and amount of DOC in the oceans. Sugimura
and Suzuki suggested that it was under-estimated by previous methods and that
an unknown amount of DOC, humic-like, was responsible. This controversy
eventually dissolved as it was shown that the persulfate method had given good
values for seawater DOC and there was no “unknown” humic-like DOC in
seawater. Nonetheless, this paper became a classic.

The following 25 papers are the citation classics of the 1980s, which in some
way, were the golden years for the initial studies of aquatic humic substances in
the environment. This will be seen more clearly as we move to the decade of the
1990s. The reader is encouraged to read over these two classic books as primers
of their time on dissolved organic matter and the role of aquatic humic substances.

Classic Books on Aquatic Humic Substances

1. (2000 Cites) Organic Geochemistry of Natural Waters; Thurman, E. M.;
Martinus Nijhoff Publishers: The Netherlands, 1985; 497 p.

2. (750 Cites) Humic Substances in Soil, Sediment, and Water:
Geochemistry, Isolation, and Characterization; Aiken, G. R., McKnight,
D. M., Wershaw, R. L., McCarthy, P., Eds.; Wiley & Sons, Inc.: New
York, 1985; 692 p.

Classic Papers on Aquatic Humic Substances 1980s

3. (931 Cites) Preparative isolation of aquatic humic substances; Thurman,
E. M.; Malcolm, R. L. Environ. Sci. Technol. 1981, 15, 463−466.

4. (552 Cites) The adsorption of aquatic humic substances by iron oxides;
Tipping, E. Geochim. Cosmochim. Acta 1981, 45, 191−199.

5. (626 Cites) Comprehensive approach to preparative isolation and
fractionation of dissolved organic carbon from natural waters and
wastewaters; Leenheer, J. A. Environ. Sci. Technol. 1981, 15, 578−587.

6. (749 Cites) Adsorption by dissolved organic matter of the sea (yellow
substance) in the UV and visible domains; Bricaud, A.; Morel, A.; Prieur,
L. Limnol. Oceanogr. 1981, 26, 43−53.

7. (220 Cites) The effects of adsorbed humic substances on the surface
charge of goethite (alpha FeOOH) in fresh waters; Tipping, E.; Cooke,
D. Geochim. Cosmochim. Acta 1982, 46, 75−80.

8. (479 Cites) Binding of DDT to dissolved humic material; Carter, C. W.;
Suffet, I. H. Environ. Sci. Technol. 1982, 16, 735−740.

9. (417 Cites) Adsorption of natural dissolved organic matter at the oxide
water interface; Davis, J. A. Geochim. Cosmochim. Acta 1982, 46,
2381−2393.
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10. (374 Cites) The contribution of humic substances to the acidity of colored
natural waters; Oliver, B. G.; Thurman, E. M.; Malcolm, R. L.Geochim.
Cosmochim. Acta 1983, 47, 2013−2035.

11. (243 Cites) Conservative behavior of riverine dissolved organic carbon
in the Severn estuary-chemical and geochemical implications; Mantoura,
R. F. C.; Woodward, E. M. S. Geochim. Cosmochim. Acta 1983, 47,
1293−1309.

12. (374 Cites) Reverse-phase separation method for determining pollutant
binding to Aldrich humic acid and dissolved organic carbon of natural
waters; Landrum, P. F; Nihart, S. R.; Eadie, B. J. Environ. Sci. Technol.
1984, 18, 187−192.

13. (275 Cites) The chemistry and transport of soluble humic substances in
forested watersheds of the Adirondack Park: New York; Cronan, C. S.;
Aiken, G. R. Geochim. Cosmochim. Acta 1985, 49, 1697−1705.

14. (271 Cites) Photosensitized transformations of involving electronic
energy transfer in natural waters-The role of humic substances; Zepp,
R. G.; Schlotzhauer, P. F.; Sink, R. M. Environ. Sci. Technol. 1985, 19,
74−81.

15. (299 Cites) Interaction between polycyclic aromatic hydrocarbons and
dissolved humic material-binding and dissociation; McCarthy, J. F.;
Jimenez, B. D. Environ. Sci. Technol. 1985, 19, 1072−1076.

16. (286 Cites) Limitations in the use of commercial humic acids in water
and soil research; Malcolm, R. L.; McCarthy, P. Environ. Sci. Technol.
1986, 20, 904−911.

17. (776 Cites)Water solubility enhancement of some organic pollutants and
pesticides by dissolved humic and fulvic acids; Chiou, C. T.; Malcolm, R.
L.; Brinton, T. I. Environ. Sci. Technol. 1986, 20, 502−508.

18. (219 Cites) Dissolved humic substances in the Amazon River system;
Ertel, J. R.; Hedges, J. I.; Devol, A.H. Limnol. Oceanogr. 1986, 31,
739−754.

19. (319 Cites) Fluorescence quenching method for determining equilibrium
constants for polycyclic aromatic hydrocarbons binding to dissolved
humic material; Gauthier, T. D.; Shane, E. C.; Guerin, E. F. Environ.
Sci. Technol. 1986, 20, 1162−1166.

20. (296 Cites) A comparison of water solubility enhancements of organic
solutes by aquatic humic materials and commercial humic acids; Chiou,
C. T.; Kile, D. E.; Brinton, T. I. Environ. Sci. Technol. 1987, 21,
1231−1234.

21. (414 Cites) Effects of structural and compositional variations of
dissolved humic materials on pyrene Koc values; Gauthier, T. D.; Seitz,
W. R.; Grant, C. L. Environ. Sci. Technol. 1987, 21, 243−248.

22. (239 Cites) Determination of the biodegradable fraction of dissolved
organic matter in waters; Servais, P.; Billen, G.; Hascoet, M. C. Water
Res. 1987, 21, 445−450.

23. (300 Cites) Availability of dissolved organic carbon for planktonic
bacteria in oligotrophic lakes of differing humic content; Tranvik, L. J.
Microbial Ecol. 1988, 16, 311−322.
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24. (495 Cites) A high-temperature catalytic-oxidation method for the
determination of non-volatile dissolved organic carbon in seawater by
direct injection of a liquid sample; Sugimura, Y.; Suzuki, Y.Mar. Chem.
1988, 24, 105−131.

25. (406 Cites) Origin, composition, and flux of dissolved organic carbon
in the Hubbard Brook Valley; McDowell, W. H.; Likens, G. E. Ecol.
Monogr. 1988, 58, 177−195.

Decade of the 1990s

The decade of the 1990s saw a different trend with aquatic humic substances
being used less in the titles of papers and a much more diverse nature of papers
which used humic substances as a keyword. The papers dealt with many
aspects of how humic chemistry affects water quality and reactions. The field
of environmental engineering became involved with AHS and their influence
shaped the studies of the 1990s. For example, the importance of chlorine on
AHS became a dominant issue. The engineering community was interested in
the entire spectrum of organic matter in water and we saw the rise of a new term,
natural organic matter or NOM, which was introduced to the literature in the
mid-90s. Dissolved organic matter became the focus and less work occurred with
characterization of aquatic humic substances and their isolation, at least as far as
the classic papers are concerned. The citation classics of the 1990s dealt with
water treatment, membrane fouling, UV oxidation, carbon cycle, photoreactions,
sorption, and fluorescence as a tool to understand the nature of dissolved organic
matter. This decade has 13 papers that have humic substances in the title and deal
with aquatic samples, which is approximately half as many as in the previous
decade. The reader is encouraged to read over these classics as we see a transition
to classic papers of the 2000s that deal with the applied aspects of aquatic humic
substances.

Classic Papers on Aquatic Humic Substances 1990s

1. (333 Cites) Chlorination of humic materials-by-product formation and
chemical interpretations; Reckhow, D. A.; Singer, P. C.; Malcolm, R. L.
Environ. Sci. Technol. 1990, 24, 1655−1664.

2. (342 Cites) Formation of carbonyl compounds from UV-induced
photodegradation of humic substances in natural waters-fate of riverine
carbon in the sea; Kieber, R. J.; Zhou, X. L.; Mopper, K. Limnol.
Oceanogr. 1990, 35, 1503−1515.

3. (351 Cites) Fluxes of dissolved organic nutrients and humic substances
in a deciduous forest; Qualls, R. G.; Haines, B. L. Ecology 1991, 72,
254−266.
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4. (405 Cites) A unifying model of cation binding by humic substances;
Tipping E.; Hurley, M. A. Geochim. Cosmochim. Acta 1992, 56,
3627−3641.

5. (297 Cites) Effects of aqueous chemistry on the binding of polycyclic
aromatic hydrocarbons by dissolved humic materials; Schlautman, M.
A.; Morgan J. J. Environ. Sci. Technol. 1993, 27, 961−969.

6. (249 Cites) Adsorption of aquatic humic substances on hydrophobic
ultrafiltration membranes; Jucker, C.; Clark, M. M. J. Membrane Sci.
1994, 97, 37−52.

7. (927 Cites) Molecular-weight, polydispersity, and spectroscopic
properties of aquatic humic substances; Chin, Y. P.; Aiken, G.;
Oloughlin, E. Environ. Sci. Technol. 1994, 28, 1853−1858.

8. (659 Cites) Humic substances as electron acceptors for microbial
respiration; Lovley, D. R.; Coates, J. D.; Blunt-Harris, E. L. Nature,
1996, 382, 445−448.

9. (223 Cites) Fluorescence characterization of IHSS humic substances:
Total luminescence spectra with absorbance correction; Mobed, J. J.;
Hemmingsen, S. L.; Autry, J. L. Environ. Sci. Technol. 1996, 30,
3061−3065.

10. (356 Cites) Binding of pyrene to aquatic and commercial humic
substances: The role of molecular weight and aromaticity; Chin, Y.
P.; Aiken, G. R.; Danielsen, K. M. Environ. Sci. Technol. 1997, 31,
1630−1635.

11. (310 Cites) Molecular size distribution and spectroscopic properties of
aquatic humic substances; Peuravuori, J.; Pihlaja, K. Anal. Chim. Acta
1997, 337, 133−149.

12. (472 Cites) Humic ion-binding model VI: An improved description of the
interactions of protons and metal ions with humic substances; Tipping,
E. Aquat. Geochem. 1998, 4, 3−48.

13. (309 Cites) Quinone moieties act as electron acceptors in the reduction
of humic substances by humics-reducing microorganisms; Scott, D. T.;
McKnight, D. M.; Blunt-Harris, E. L. Environ. Sci. Technol. 1998, 32,
2984−2989.

Decade of the 2000s

There were only two papers considered as classic status with the key words
of aquatic humic substance(s), as explained in the keyword search for the decade
of the 2000s. These two papers dealt with proton binding and the Donnan model
for proton binding in aquatic humic substances. When the terms dissolved
organic matter was searched there are approximately 20 classic papers, most
of which, do not deal directly with humic substances, but rather are applied to
various environmental issues revolving around the dissolved organic matter pool
and what is now called natural organic matter. The reader may think that it is not
important the terms we use for dissolved organic matter, but we would argue that
the terms are important in that they direct the focus of our research.
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1. (263 Cites) Generic NICA Donnan model parameters for proton binding
by humic substances; Milne, C. J.; Kinniburgh, D. G.; Tipping, E.
Environ. Sci. Technol. 2001, 35, 2049−2059.

2. (236 Cites) Proton binding study of standard and reference fulvic acids,
humic acids, and natural organic matter; Ritchie, J. D.; Perdue, E. M.
Geochim. Cosmochim. Acta 2003, 67, 85−96.

Basically, there has been a keen interest in natural organic matter, not so
much as what it is, but what role it may have in environmental chemistry. It is
at this point that we, the authors, leave the reader to ponder the future of aquatic
humic substances. It is, in effect, that the people who worked on aquatic humus,
have slowly left the field and it has been replaced by a vast number of scientists
and engineers with totally different interests. The role of the IHHS, perhaps it is
as the original organizers envisioned an organization that serves as a source of soil
and aquatic humic substances and dissolved organic matter (i.e. total collection of
NOM via reverse osmosis) for scientific study. We would like to end the chapter
with some of the wisdom of the founders of IHHS, in particular, Pat MacCarthy,
who said, and we paraphrase, “When we determine the structure(s) of humic
substances, they will cease to exist!” The point being that humic substances
are a general term for natural organic matter for which we do not know the
structures or names. But at some time in the future, when we should learn their
structures, the term aquatic humic substances will no longer be necessary and will
be forgotten. However, given the complexity of dissolved organic matter, with
literally thousands of different compounds, it is not likely that the structure will
be easily known, although classes of compounds will continue to be determined.
Thus, the term “humic substances” is safe, at least at the moment.

Conclusions

We conclude that the hj-index is a valuable research tool for the working
scientist or journalist to stay current in the rapidly expanding literature of today,
especially in the field of aquatic humic substances and dissolved organic matter.
We realize that this chapter using the hj-index is only one approach to evaluate
research papers and their effect on a scientific field. The most obvious weakness
to this approach is in the evaluation of the most recent literature, where citations
have not yet accrued, and citation classics have not yet occurred. This weakness is
most important for the literature of the past 5-8 years, which is the first half life of
a paper’s total citations. However, this limitation was addressed by comparisons
of any selected paper with the hj-index papers from that same year and the idea
of a sliding hj-index. With this caveat, we offer the hj-index as a measure of the
scientific impact of journal articles within a journal and between journals within a
field. Finally, the hj-index may be readily calculated for any scientific paper within
a specific journal, regardless of its age or field of activity, to gauge its past, present,
or future citation impact and that of its authors.
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Chapter 3

Applications of Excitation Emission Matrix
Fluorescence with Parallel Factor Analysis

(EEM-PARAFAC) in Assessing Environmental
Dynamics of Natural Dissolved Organic Matter
(DOM) in Aquatic Environments: A Review

Rudolf Jaffé,*,1 Kaelin M. Cawley,2 and Youhei Yamashita3
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Excitation emission matrix fluorescence combined with parallel
factor analysis (EEM-PARAFAC) has emerged over the past
ten years as a powerful and popular technique applied in the
characterization of natural dissolved organic matter (DOM)
in aquatic ecosystems. The exponential production of peer
reviewed manuscripts including EEM-PARAFAC in recent
years merits a review, intended to assist researchers interested
in applying this methodology in ecosystem studies of aquatic
environments. In this paper the authors list most of the
existing EEM-PARAFAC applications in studies related to
DOM dynamics in headwater streams, rivers, lakes, wetlands,
estuaries, coastal areas and the open ocean, and provide specific
examples of such applications as illustrative case studies. While
the inclusions of technical details of the technique are beyond
the scope of this paper, pros and cons are briefly discussed and
general approaches to its applicability are suggested.

© 2014 American Chemical Society
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Introduction

Dissolved organic matter (DOM) is ubiquitous in the environment and
represents the largest pool of reduced carbon in aquatic ecosystems. As such,
it plays important roles in ecosystem functions and biogeochemical processes
(1). Among other functions, DOM serves as a light attenuator in aquatic systems
(2), as a metabolic substrate for heterotrophic bacteria (3), and as a medium to
transport trace metals (4). In fluvial systems DOM is derived from allochthonous
and autochthonous sources, such as terrestrial landscape derived organic matter
and in-stream primary productivity, respectively. Riverine transport of dissolved
organic carbon (DOC; ca. 0.25 Gt C/yr (5, 6)) is an important process in
the global C-cycle as it integrates sources and processes within watersheds.
Within fluvial systems, and on watershed scales, DOM quantity and quality has
been shown to vary (e.g. (7)) and its photochemical, microbial and physical
processing was reported to be affected on landscape scales (6). While the
fluvial discharge of DOM represents a direct link between the terrestrial system
and the marine environment, the traditional view that rivers represent simple
conduits of refractory carbon to the oceans has been proven wrong. In fact,
rivers serve as active reactors of DOM processing (8) and a significant portion
of DOM is lost during transport (3). Similarly, through complex interactions
of physical, chemical and biological processes, receiving water bodies such
as lakes, wetlands and estuaries can process large amounts of DOM exported
by rivers (9, 10) ultimately affecting the quantity, quality, transport and fate
of DOM. Carbon cycling in aquatic environments is controlled by a variety
of physical and biological drivers such as watershed land-use, morphology,
microbial activity, hydrology and climate. As such, human activities such as
agricultural development, urbanization (and associated pollution), and natural
resources management can modify the quantity and quality on DOM on spatial
and temporal scales (e.g. (11–14)).

However, despite the importance of DOM as a critical component of the
global carbon cycle, the number of studies focused on large spatial scales and
long term temporal resolutions are limited due to a lack of adequate analytical
techniques that feature large sample throughput and both sensitivity and selectivity
(15). In this respect, the application of optical properties as a proxy for DOM
composition and reactivity has been largely applied (15–22). Excitation emission
matrix fluorescence (EEM) and EEM combined with parallel factor analysis
modeling (EEM-PARAFAC) have been particularly popular due to the fact that
fluorescence methods are not only highly sensitive, but the PARAFAC modeling
provides additional benefits regarding the characterization of the compositional
features of DOM. It is therefore not surprising that over 50% of publications in this
field focus on applications of excitation emission spectrofluorometry in aquatic
ecosystems (21). Several recent reviews have reported on the advantages of EEM
fluorescence as an ideally suited analytical tool for environmental applications
(18–21, 23–25), and describe in detail analytical procedures, technical issues, pros
and cons of the technique as compared to other DOM characterization methods,
as well as specifics with regards to environmental applications. Analytical and
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technical issues regarding fluorescence measurements, and effects of metal
complexation, pH, salinity and other environmental conditions are not within the
scope of this review and are therefore not discussed.

While EEM studies based on ‘peak picking’ (26) are still widely and
successfully used, the higher peak resolution and statistical significance of adding
PARAFAC modeling sighnificantly enhances the potential interpretations of the
data in ecosystem studies, particularly when applied on large spatial or temporal
scales (e.g. (27, 28)). This field was pioneered by the early work featured in
publications by Stedmon and collaborators and Cory and McKnight (17, 29–31),
and has since taken off exponentially with a large and ever increasing number
of published works over the past decade. Therefore, this review is focused only
on applications of EEM-PARAFAC in ecosystem studies, and is presented in
sections based on specific aquatic environments, such as headwater streams and
rivers, lakes, wetlands, estuaries, coasts and open-ocean.

Headwater Streams and Rivers

In recent years, EEM-PARAFAC has been widely applied to the study of
DOM in fluvial systems, from headwater streams (13, 14, 32–38) to mid-size
and large rivers (28, 39–49). Most of the reported studies focus on assessing
allochthonous vs. autochthonous DOM source contributions, associated reactivity,
effect of hydrology (e.g. storm events) on DOM quality, and effects of land-use
and pollution due to anthropogenic activities in the watershed. The description
below follows these specific topics.

Environmental Heterogeneity and Spatial Connectivity in Fluvial Systems

Environmental heterogeneity and spatial connectivity in fluvial systems is
critical in understanding DOM dynamics. However, little is still known about
the environmental drivers controlling DOM quality in large river systems,
where nutrient gradients, changes in lithology and geomorphology, variations
in hydrology such as surface vs. groundwater contributions, and shifts in
vegetation cover and soil characteristics can have a strong impact on both the
quantity and quality of DOM. These are systems where DOM studies can benefit
from the application of a high sample throughput characterization method such
as EEM-PARAFAC. Indeed, Yamashita et al. (50) reported a DOM source
assessment on a large geographical scale, where three large fluvial systems
(watersheds) from the Guayana Shield draining into the Orinoco River, Venezuela,
were studied using EEM-PARAFAC. The authors used a principal component
analysis (PCA) approach to determine that optical properties were strongly related
to different geological settings and associated vegetation cover, and to nutrient
levels within these watersheds. While the study area was for the most part quite
remote and mostly undeveloped, higher levels of protein-like fluorescence were
related to localized environmental disturbances, such as gold-mining activities
in some of the studied streams. Similarly, but on a smaller geographical scale,
Fellman et al. (43) reported a gradient of DOM sources along an Australian
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stream discharging into an agro-urban estuary. Here a spatially induced shift from
humic-like to protein-like enriched PARAFAC components was observed and
related to autochthonous production of DOM associated with changes in nutrient
availability (anthropogenic discharges). The authors report three distinct DOM
sources, namely (a) riverine DOM derived mainly from vascular plants and their
remains in soils, as indicated by the presence of terrestrial humic-like PARAFAC
components, (b) recently produced autochthonous DOM, as indicated by the
presence of tryptophan-like fluorescence, and (c) autochthonous DOM originating
in the estuarine zone of the river, as indicated by the presence of tyrosine-like and
marine humic-like fluorescence. The enriched tryptophan-fluorescence signal
may also be influenced by agricultural and/or urban pollution sources, since this
kind of fluorescence has been reported to be enhanced by discharges of untreated
sewage (47) and wastewater effluents (51). As such, the use of protein-like
fluorescence as a proxy for autochthonous DOM and potential anthropogenic
disturbances has been applied in river systems.

The application of EEM-PARAFAC in the assessment of DOM dynamics
in complex fluvial systems was highlighted through studies of the longitudinal
and lateral connectivity of water masses in the St. Lawrence River system
(44, 49). This river system is a mosaic of heterogeneous hydrogeomorphic
zones with a multitude of tributaries draining watersheds with diverse land-use,
riparian areas, and floodplain associated wetlands (44). As such, DOM source
strengths and the assessment of biogeochemical drivers controlling the cycling
of DOC are highly complex. The authors use asymmetric eigenvector map
(AEM) modeling in combination with EEM-PARAFAC DOM characterization
to produce environmental and spatial models to explain DOM dynamics.
Their findings suggest that increases in DOM along the longitudinal axis were
controlled by contributions from tributaries, while the reactivity of DOM was
driven by source variations. Here, freshly produced, protein-like DOM served as
a key substrate for heterotrophic bacterial growth, while the fate of humic-like
fluorescent materials was determined by photochemical processing (44). Seasonal
trends also suggest that detrital macrophyte derived DOM contributions were
significant and correlated with protein-like fluorescence (49). These studies
confirm that the combination of EEM-PARAFAC with spatial analysis modeling
is an ideal approach to better understand DOM sources and processing in large,
heterogeneous, fluvial systems.

Hydrological Flow Paths and DOM Quality

Hydrological flow paths are also critical not only in controlling the DOM
loading in streams (2) but also DOM quality (52). As such, storms are important
physical events affecting DOC export and carbon budgets in rivers. Considering
the effectiveness of EEM-PARAFAC in characterizing DOM, the effects of
storm events on DOM quality have been studied through this approach to better
understand the influence of hydrological flow paths on carbon export from
terrestrial systems (38, 42, 53, 54). While the increase in aromaticity of DOM
during a storm event has been reported (52), an enhanced signal in the humic-like
fluorescence has been observed during storms (35, 38, 42). Similarly, higher
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aromaticity and average molecular weight of DOM during storms have been
suggested (53). While it is clear that storm events induce a temporary shift in
DOM quality, due to a shift from protein-like fluorescence enriched DOM during
base flow to a humic-like enriched DOM during storm surface water runoff (i.e.
ground vs. surface waters; (35, 54, 55)), a study on the effects of stormflows
on quantity, source characteristics and bioavailable DOM (BDOM) from coastal
temperate watersheds showed that these were also strongly related to watershed
characteristics. For example, while the protein-like fluorescence decreased as
humic-like fluorescence increased during stromflow in upland watersheds, the
opposite was observed in streams from watersheds containing wetlands ((38),
Figure 1). Higher relative abundances of protein-like fluorescence during base
flow and/or drier climatic conditions were reported (35, 42), and suggested to be
linked to changes in hydrologic flow paths with decreased contributions of surface
flow to groundwater flow. Considering the changes in organic matter sources with
variations in flow paths, it is not surprising that seasonal drivers including litterfall
and autochthonous primary productivity were also identified as playing a role in
DOM dynamics during storm events (35, 42). Taken together, applications of
EEM-PARAFAC lead to the conclusions that storms and associated variations in
flow paths, can induce significant changes in the fluorescence of DOM, and thus,
DOM quality, affecting not only carbon export, but the bioavailability of DOM
down streams (38, 56), and the potential for disinfection byproducts formation in
associated water treatment facilities (57).

Environmental Processing of DOM in Streams

In headwater streams, EEM-PARAFAC characteristics are commonly
dominated by terrestrial humic-like fluorescence (36, 37), but differences in
the degree of autochthonous DOM contributions have been identified based
on enhanced protein-like fluorescence (34). EEM-PARAFAC humic-like and
protein-like fluorescence (particularly tyrosine-like fluorescence) have been
suggested as potential proxies of the assessment of photo- and bio-degradation
processes in DOM cycling in streams, respectively (7, 9, 37, 38, 44, 56,
58–60). In this respect, EEM-PARAFAC was applied in assessing variations
in DOM processing, where in some fluvial systems the preferential loss of
humic-like fluorescence was associated with photobleaching processes directly
coupled to water residence times (7), or to the heterotrophic bacterial processing
preferentially removing the protein-like fluorescence (56). Indeed, bioavailable
dom (BDOM) has been directly correlated with protein-like fluorescence in
diverse aquatic systems (9, 13, 37, 44, 56, 58, 60).

While the combination of tryptophan-like and tyrosine-like fluorescence,
has been found as a proxy for overall BDOM in streams, the contributions of
the individual protein-like PARAFAC components to DOM processing remains
somewhat controversial. Short term (<2 days) and long term (30 days) lability
(STL and LTL respectively) incubation experiments have shown that streamDOM
bioavailability was indeed positively correlated with the combined tryptophan-like
and tyrosine-like fluorescence, but while tyrosine-like fluorescence correlated with
both STL and LTL, tryptophan-like fluorescence correlated with STL but not LTL
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(9). This suggests that tyrosine-like fluorescence is consumed over longer periods
of time, and that tryptophan-like DOM is consumed preferentially compared to
tyrosine-like materials. While this is in agreement with previous reports (31), it
seems to conflict with a recent report suggesting that tyrosine-like fluorescence is
more sensitive to biodegradation compared to tryptophan-like fluorescence (58).
These authors report the distribution of both, tyrosine and tryptophan protein-like
fluorescence in stream water DOM, and show that both are present in the labile,
semi-labile and refractory DOM pools, with up to 73% of tryptophan being
refractory, while 100% of the tyrosine-fluorescence was biodegraded and the
majority was present in the labile pool. It is likely that the determining factor of
the influence of specific protein-like fluorescence on the respiration of DOM is
related to the specific sources of these materials (e.g. plankton vs. terrestrial),
and if the protein-like fluorescence is derived from unaltered proteins or from
smaller peptides or free amino acids. In this respect, more research is needed to
determine the composition of protein-like fluorescence along the DOMmolecular
size continuum (61) and its effects on BDOM. In addition, the consideration
that low molecular weight polyphenols, such as gallic acid, feature protein-like
fluorescence characteristics (62) is critical in the resolution of this issue. What
is clear is that indeed protein-like fluorescence is a proxy for BDOM in fluvial
systems, while terrestrial humic-like fluorescence has been found to be related
to water residence times, and thus photobleaching (7) and to long term carbon
consumption (9). While riverine sources of protein-like fluorescence range from
soil leachates (56, 60), planktonic primary productivity (9), aquatic macrophytes
(49), to salmon-derived DOM (63), rivers are considered important sources of
protein-like DOM to lakes, wetlands, estuaries and ultimately the oceans.

Effects of Land-Use and Pollution

Changes in land-use have been shown to have significant effects on the
composition of DOM. In a recent report on the character (optical properties) for
34 riverine sites along a gradient of watersheds with variations in the amount of
wetland to cropland cover (12), wetlands loss and increase cover of croplands
was related to an enrichment of microbial components at the expense of terrestrial
components. Indeed, several reports applying EEM-PARAFAC to studies related
to land-use change have reported enrichments in the protein-like fluorescence in
streams with significant human activities in their watersheds (11, 13, 14, 40, 46,
64). Williams et al. (64) reported that, protein-like fluorescence was enhanced
in streams with a higher cropland cover in their watershed, while those with
higher proportions of forest and wetlands featured enhanced fluorescence from
humic-like components. In addition, the watersheds with land-use characterized
by agricultural activities and higher bacterial production exported DOM in a more
reduced redox state (based on EEM-PARAFAC characteristics; (65)) compared
to that from forested watersheds containing wetlands. This suggests that DOM
draining from agriculturally impacted watersheds may be more bioavailable
and thus more reactive than for non-impacted watersheds. Similar results were
reported by Lu et al. (14) who found that anthropogenic activities (cropland,
pasture and urban) increased microbial activity and enhanced the relative
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abundance of protein-like fluorescence of DOM (Figure 2). The authors applied
PCA for relative abundance of PARAFAC components and suggest that PC1 is
mostly controlled by the relative contributions of terrestrial vs. microbial sources
because it negatively correlates with the relative abundance of two terrestrial
fluorescence components, C1 and C2, but positively correlates with the relative
abundance of two components related to microbial sources and activities, C3
and C4. PC2 represents the relative contribution of diagenetic DOM because
it positively correlates with C4 but negatively correlates with C5; protein-like
fluorescence (C4) is often related to freshly produced DOM, and C5 is thought to
be a photodegradation product of terrestrial DOM. In addition, these authors (13)
determined the effects of such compositional changes in the lability of DOM.
Due to the coupling of photoreactivity and the relative abundance of terrestrial
humic-like DOM, the loss of wetlands and forest cover to agricultural and urban
lanscapes results in a reduction in photo-reactivity of DOM. In contrast, the
bioreactivity of DOMwas found to be similar between forested and human-altered
watersheds. Petrone et al. (46) also reported that the relative abundance of the
protein-like fluorescence could be applied as a proxy for BDOM in an agro-urban
stream setting. In contrast, terrestrial humic-like fluorescence was negatively
correlated to BDOM and related to legacy soil carbon from former wetland
systems in the watershed.

From the discussion above it is clear that landscape factors such as human-
disturbances can have a clear effect on DOM quality on spatial scales. However,
little is known on how land-use can impact DOM quality on temporal scales. In a
recent report Catalan et al. (33) applied EEM fluorescence spectroscopy to study
landscape factors based on seasonal characteristics of DOM in ephemeral washes
in a Mediterranean landscape. The authors suggest that for some seasons, changes
in DOM composition and source are driven by hydromorphology and landscape
features (land-use) in the watershed. Longer term studies of this nature that apply
EEM-PARAFAC are needed to increase our understanding of seasonal effects of
land-use on DOM in streams.

While the effect on DOM quality as a result of changes in land-use from
natural systems to human-impacted watersheds through increases in agricultural
and urban landscapes has been clearly demonstrated using EEM-PARAFAC
approaches, less is known about effects resulting from forest management. In
this respect, Yamashita et al. (36), first reported that forest disturbance, such
as clear cutting and re-growth, clear cutting and harvesting, or conversion to
different species, resulted in long-term DOM compositional changes, notably
as an enhancement in the relative abundances of protein-like fluorescence. The
authors suggest changes in soil OM content due to litter accumulation rate
differences and litter quality differences, as well as associated modifications
in hydromorphology as possible explanations for this observation. Similarly,
Burrows et al. (32) applied EEM-PARAFAC to assess differences in DOM
character between old-growth and clearfelled headwater streams. While the
authors did not detect significant compositional differences or DOM source
changes between old growth and clearfelled watersheds, they did report, in
agreement with Yamashita et al. (36) that managed forest watersheds were
characterized by lower relative abundances in terrestrial humic-like fluorescence
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and higher protein-like fluorescence. While DOM compositional differences
between undisturbed and impacted forest watersheds were observed, no significant
differences between such reference and study sites on temporal scales could be
identified (36). Additional research in this area is needed to better constrain
environmental drivers affecting DOM quality in managed forest systems.

Figure 1. Relationship between specific discharge (Q), SUVA254, and the relative
contribution of the humic- and fulvic-like PARAFAC components for a storm
event in upland and wetland watersheds in Alaska. (Reproduced from reference

(38). Copyright 2009 American Geophysical Union)
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Figure 2. Score plot of principal component analysis of the relative abundance
of EEM-PARAFAC components in DOM from headwater streams (eight streams
collected in five different months) draining watersheds of different land use types.
Five fluorescence components were identified: C1 terrestrial, fulvic acid type,
C2 terrestrial, humic acid type, C3 microbial humic-like, C4 protein-like, and C5

humic-like. (Modified from reference (14). Copyright 2014 Springer)

EEM fluorescence spectroscopy has been suggested as a useful technique to
monitor sewage-impacted rivers, as high tryptophan and fulvic-like fluorescence
features have been identified in such effluents (23, 66). In fact, several recent
reports have focused on the application of EEM-PARAFAC in determining effects
of urban activities such as sewage or waste water treatment discharges into streams
(41, 45, 47, 51). In a study by Yao et al. (51) the sources and fate of DOM in a lake
and associated tributaries in China were assessed. Among others, these authors
reported the importance of local geology and land-use in driving DOM sources,
but also suggest that pollution activities influence DOM composition on spatial
scales by incrementing the relative abundance of protein-like fluorescence. As
such, the authors suggest that while tyrosine-fluorescence is most likely derived
from planktonic primary productivity (possibly associated with anthropogenic
nutrient inputs), tryptophan-like fluorescence was more closely associated
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with waste water effluents. Mostofa et al. (47) reported on the presence of
enhanced protein-like (particularly tryptophan-like) fluorescence in the Nanming
River, China, and also related this signature to the presence of waste waters
and possibly untreated sewage in the system. Similarly, Borisover et al. (45)
reported fluorescent characteristics of DOM usually associated with biological
productivity (but not tryptophan-like) in an urban river in Israel with locations
characterized by important inputs of industrial effluents.

Lakes
Allochthonous and Autochthonous DOM Dynamics in Lakes

EEM-PARAFAC has been useful for understanding ecological processes
taking place within and among lakes. For instance, the relative abundance
of humic-like to protein-like PARAFAC components was useful for assessing
trophic dynamics and elevation effects. Among high mountain lakes Zhang et al.
(67) reported relationships between PARAFAC component relative abundances
and trophic state. They found that at higher eutrophication, two humic-like
PARAFAC components were more abundant concomitant with an increase in
UV absorbance. Land use changes around the eutrophic lakes were suggested
to be a potential source of terrestrial humic-like components. A blue-shifted,
microbial humic-like component was reported to correlate with chlorophyll a
concentration and was also more abundant in the eutrophic lakes relative to
the mesotrophic or oligotrophic lakes. In contrast, the oligotrophic lakes were
dominated by two protein-like components (77.9 % of the total fluorescence) with
very little humic-like fluorescence at all. In large lakes, wastewater influence
was reported to play a role in DOM characteristics (68). The ratio of C5 to
C1 (N/A peak ratio) was used as a tracer for wastewater impacts. The highest
autochthonous production of DOM was reported for lakes with the highest
nutrient concentrations, and was potentially due to bacterial production rather
than primary production. In these large temperate lakes, the ratio of watershed
area to lake area and anthropogenic effects were more important drivers of DOM
character than seasonal trends.

In addition to terrestrial and wastewater derived allochthonous inputs to
lakes, there have been reports of DOM inputs from atmospheric deposition.
In clear alpine lakes, Mladenov et al. (69) used EEM-PARAFAC analysis to
discriminate between DOM in alpine lakes and polar lakes due to differences in the
protein-like component relative abundances, whith the alpine lakes have higher
protein-like fluorescence. The fluorescence characteristics of the alpine lakes
were also reported to be highly similar to the fluorescence characteristics of dry
deposition samples, which had similar fluorescence properties as pollen, airborne
bacteria, and formaldehyde. Among the alpine lakes, there were latitudinal trends
in fluorescence with dust inputs and photo-humification processes contributing
to higher humic-like fluorescence at lower latitudes. In addition to natural
dry deposition, PARAFAC has been used to discriminate between natural and
anthropogenic aerosols (70). The 3-component PARAFAC model identified
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a PARAFAC component linked to diesel exhaust in the water soluble organic
carbon fraction of the aerosols. However, to date there have been no studies to
determine the effect of the anthropogenic aerosols directly on lake ecosystems
using PARAFAC analysis. For more information on humic-like substances in
aerosols see Duhl et al. chapter in this book.

The relative importance of DOM sources, i.e. allochthonous vs.
autochthonous, to lakes are often seasonally variable. Using an existing
geographically broad PARAFAC model developed by Cory and McKnight (29)
and then applying PCA to the results, Miller and McKnight (71) reported that in
alpine lakes in Colorado DOM is dominated by allochthonous inputs mobilized by
snowmelt in the spring. However, during the late spring and summer, these same
lakes are dominated by algal-derived, autochthonous DOM. In addition to using
PARAFAC and PCA, these authors (71) developed a redox index (RI) defined as
the ratio of reduced quinone-like to total quinone-like PARAFAC components
(Note: ‘quinone-like’ definition was based on spectral similarity of PARAFAC
components, not through molecular confirmation). The RI shifted from relatively
reduced to more oxidized values concomitant with an increase in the relative
abundance of amino acid-like PARAFAC components. The RI was also used by
Miller et al. (72) as a forcing function in a model to quantify the inputs of different
DOM source pools throughout the summer in an alpine lake. These model results
quantitatively support the hypothesis that alpine lakes act more like streams, with
shorter water residence times and little change in DOC concentration during
snowmelt, while later in the season these lakes act as sources of autochthonous
DOM to downstream surface waters with longer residence times (72, 73). This
seasonal influx of autochthonous, microbial DOM in alpine lakes is also reactive
in surface waters. Miller et al. (74) used the fluorescence index (FI) and the
PARAFAC-based RI to better understand the transformations of non-humic
autochthonous DOM in alpine lakes. They proposed that photochemically driven
condensation reactions transformed non-humic cellular exudates to microbial
fulvic acids (Figure 3). In Arctic thaw ponds, photo-exposure of DOM in lakes has
also been reported to alter the quality of DOM (75). Following photo-exposure,
DOC concentration did not change appreciably, but the humic-like PARAFAC
components decreased to a greater extent than the protein-like component and
the spectral slope measures indicated a likely decrease in molecular weight (75).
These changes are likely to alter DOM quality in such a way that it becomes
more bioavailable to micro-organisms, particularly if Arctic summers increase in
length with climate change.

In addition to microorganisms producing DOM in lakes, laboratory
mesocosm studies have advanced the understanding of the microbial influence on
DOM dynamics (e.g. (9, 31, 76)). As reported by Guillemette and del Giorgio
(9), PARAFAC components from both river and lake DOM were correlated
to long-term (LTL) and short-term lability (STL) of DOM (see also section
above). In a laboratory study using samples collected from a eutrophic lake
during “bloom” conditions, Zhang et al. (76) reported a significant contribution
to the DOM pool from phytoplankton degradation and a link between chlorophyll
a concentrations and DOM lability. Phytoplankton degradation resulted in an
overall enrichment in two ‘marine’ humic-like PARAFAC components (76). After
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an initial increase in the protein-like component, there was ultimately a decrease
in protein-like relative abundance concomitant with an increase in relative
abundance of the two marine/microbial PARAFAC components. Thus, the
PARAFAC results indicate that there is release of microbial humic-like material
during phytoplankton degradation followed by some loss of the protein-like
PARAFAC components.

Figure 3. Conceptual model showing that both photolysis and microbial
processing influence the fluorescence character of Lake DOM. The abundance of
oxidized and reduced quinone-like PARAFAC components contributed to changes

in the RI. (Reproduced from reference (72). Copyright 2009 Springer)

Spatial Variation in DOM Sources among Lakes

For lakes in the Canadian Shield, Mueller et al. (77) successfully
used EEM-PARAFAC analysis to link watershed composition (i.e., %rock,
%vegetation, and %water) to lake DOM quality characteristics. The 4-component
PARAFAC model identified two ubiquitous, reduced quinone-like components,
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one allochthonous, oxidized quinone-like component and one protein-like
component. The relative abundance of the protein-like component was
significantly higher, and the allochthonous component was significantly lower, for
lakes with lower watershed-to-lake areas. There was also a positive correlation
between DOC concentrations and terrestrial DOM quality. Thus, the dominant
DOM source was a function of the watershed characteristics surrounding the lakes
in the Canadian Shield (77). In urban stormwater ponds, however, DOM quality
was reported to depend more on the level of autochthonous production rather
than surrounding watershed characteristics (78). Based on PARAFAC models
increases in DOC concentration and total suspended solid (TSS) were reported
to be due to increased primary productivity driving the DOM characteristics to
be more microbial for the higher DOC ponds. The different trends in the DOC
quality with increasing DOC concentration between these two types of systems,
highlights the value in using EEM-PARAFAC to assess DOM quality in order
to understand biogeochemical processes governing organic carbon production,
transport, and transformation in lakes and ponds.

In lakes within the Alaskan tundra, water residence time was reported to be
an important factor controlling DOM quality (7). Whole water and fulvic acid
samples collected from 9 surface water bodies, all had low FI values indicative
of terrestrial source material and depleted δ13C values (-28‰). Differences
were reported for microbial contributions, which increased with increasing water
residence time. In addition to looking at DOM source material, photo-degradation
was tracked with specific ultraviolet absorbance at 254 nm (SUVA254) and the
ratio of two PARAFAC components, terrestrial SQ1 and microbial SQ2. A
preferential loss of SQ2 and a decrease in SUVA254 upon photo-degradation was
observed. Overall, similar trends in optical properties were reported for both,
fulvic acid samples and whole water samples. While SUVA254 was higher for
fulvic acid fractions indicating that the CDOM is rich in the fulvic acid fraction
in these lake systems, most of the fluorescence was reported to be in fulvic acid
fraction as well (7). Some differences between fulvic acid and whole water
samples were higher FI for whole water samples and higher relative abundance for
amino-acid-like fluorescence, suggesting that autochthonous and amino-acid-like
compounds are not retained in the fulvic acid fraction. Overall, these findings
indicated that photo-degradation rather than DOM source or microbial processes
control DOM quality in Arctic surface waters (see also rivers section above).

Lake Stratification and Spatial Variation in DOM Source within Lakes

In stratified lakes, DOM source and quality can vary with depth due to changes
in biogeochemical processes dominant at different regions within the lake. In
Lake Kinneret (a major water resource in Israel) DOC concentration did not vary
with depth, but the distribution of PARAFAC components for water samples was
variable during seasons when the lake was thermally stratified (79). Using a 3-
component PARAFAC model, the authors were able to determine that sediments
were contributing substantially to the DOM pool in the hypolimnion due to greater
abundance of humic-like fluorescence. The authors also hypothesized that photo-
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degradation could play a role, with photo-bleaching processes leading to the lower
scores for humic-like PARAFAC components in the epilimnion. In contrast, the
protein-like component did not show any trends comparable to the two humic-like
components and were higher near the water surface during January-April when the
lake was not stratified, indicating that protein-like fluorescence was derived from
seasonal biological activity at the surface of the lake.

In a stratified lake used as a drinking water source, Pifer et al. (80) reported
an increase in total fluorescence at mid-depth (10m below the surface) compared
to 3 m or 18 m depths. The deepest sample had the lowest fluorescence intensity.
The protein-like component had the highest relative abundance at the surface and
based on field flow fractionation data was predominantly present in the larger sized
fraction of DOM. These findings suggest that drinking water treatment facilities
may be able to use DOM characterization techniques, such as EEM-PARAFAC,
to understand their source water characteristics in order to control disinfection
byproduct (DBP) formation by choosing a different mixture of source waters or
locating their intake at a different depth based on DOM quality. Similarly, Beggs
et al. (81) reported that overall fluorescence intensity and quinone-like PARAFAC
component abundance were both linearly related to DBP formation and are likely
better predictors of DBP formation potential than DOC concentration alone.

Wetlands

DOM Sources in Wetlands

Wetlands are often cited as important sources of DOM to downstream aquatic
ecosystems (8, 64, 82). However, most wetlands are dynamic systems that are not
only conduits for soluble soil and plant organic matter to enter surface waters, but
are also reactors where biological and photochemical activity alter DOM quality.
DOM sources within wetlands vary both spatially and temporally as in many other
ecosystems, such as estuaries and lakes (discussed in other sections of this chapter).
One of the most spatially comprehensive studies of DOM quality in a wetland
system was performed in the Everglades, Florida (27). Using EEM-PARAFAC a
North-to-South gradient was observed, where the relative abundances of protein-
like PARAFAC components increased towards the southern Everglades, likely as
a result of primary production and/or degradation or dilution of humic-like DOM
derived from soils and agricultural activities in the northern Everglades (adjacent
to the Everglades Agricultural Area; EAA) ((27), Figure 4). Regardless of the
N-to-S gradient, three of the humic-like components C1, C3, and C4 have sources
throughout the Everglades ecosystem, while C2 seemed to be enriched in canals
and may thus be primarily sourced in the EAA as a soil organic matter oxidation
product (28). The 8-component PARAFACmodel developed as part of this spatial
study (and others) has been used extensively to characterize organic matter from
long-term Everglades datasets (28), from Everglades estuarine and groundwater
samples (83, 84), and has also been applied to other wetland systems ((85); see
below).
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Figure 4. Spatial distribution of PARAFAC components in the Everglades
showing a clear trend of greater abundance of humic-like PARAFAC components
in the northern areas due to soil oxidation and terrestrial inputs (6a, b, c, e and
f) and an enhanced microbial humic-like and protein-like fluorescence in the
southern area derived from primary productivity (6d, g, h). (Reproduced from

reference (27). Copyright 2010 Springer)

41

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 J

un
e 

19
, 2

01
4 

| d
oi

: 1
0.

10
21

/b
k-

20
14

-1
16

0.
ch

00
3

In Advances in the Physicochemical Characterization of Dissolved Organic Matter: Impact on Natural and Engineered Systems; Rosario-Ortiz, F.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2014. 



Mladenov et al. (86) used the 13-component PARAFAC model (29), to
study surface water DOM isolates in the Okavango Delta for evaluating DOM
quality in conjunction with other spectroscopic techniques and stable isotope
analysis. The fulvic acids isolated from leached plant material and surface waters
were reported to feature similar fluorescence characteristics and PARAFAC
component abundances. Thus, the predominant DOM source in the Okavango
Delta was determined to be vascular plants. However, the plant leachates did have
a higher amount of PARAFAC component C1, which was correlated to anomeric
C content (29), and lower relative abundance of the ‘reduced quinone-like’
components relative to the surface water DOM fulvic acids, indicating that
microbial and photochemical alteration of plant-derived DOM was taking place
within the wetland (86). The transformation of DOM within the wetland is
likely hydrologically controlled with constant inputs of fresh plant-derived DOM
having an “overprinting” effect on the biogeochemically modified DOM already
in the wetland surface water.

Temporal variation in DOM quality has also been extensively studied in
the Everglades by Chen et al. (28) who reported consistent seasonal trends in
DOM quality. The seasonality of DOM quality in the freshwater region of the
Everglades was determined predominantly by the hydrological conditions (e.g.
hydroperiod), leading to seasonal changes in the contribution of soil vs. plant
derived DOM. In contrast, the DOM quality in the estuarine and coastal sites was
also driven by primary productivity and tidal exchange or seawater intrusions
during low freshwater head. Cluster analysis of all PARAFAC data (15 sites,
monthly for 6 yrs) clearly separated sites by environment type such as freshwater
marsh with peat vs. marl soils, fringe mangroves with peat vs. marl soils, and
coastal (Figure 5). In addition, PCA of the dataset showed distinct clusters for the
different sub-environments and differences between wet and dry season DOM
quality (28). Clearly, long-term PARAFAC data lead to a better understanding
of Everglades DOM quality on spatial and temporal scales, and aided in the
identification of some of the environmental drivers (e.g. hydrology vs. primary
productivity) controlling DOM dynamics in this wetland. In contrast to such
long temporal scale studies (28), Austnes et al. (82) studied a Welsh peatland
catchment and reported changes to DOM quality due to storms on short temporal
scales. Three storm events were sampled in addition to baseflow conditions and
it was reported that the dominant DOM source changed and was represented by
a decrease in the ratio of two PARAFAC components. However, mixing model
results indicated that in-stream processing was likely to be the dominant driver of
DOM quality rather than a change in DOM source material (82). While the effect
of storms on DOM quality in fluvial systems has been discussed in headwater
streams and rivers section, it is clear that similar effects are important for wetlands
and further research in this area is needed.
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Figure 5. Cluster analysis (Ward method) of normalized EEM-PARAFAC data for
Everglades DOM samples collected monthly for four years at fourteen different

stations. (Reproduced from reference (28). Copyright 2013 Springer)

Alteration of DOM Quality in Wetlands

Microbial alteration is a mechanism for DOM quality changes reported
in wetland systems. Micro-organisms can be both producers or decomposers
of DOM by using it as a substrate for heterotrophic activity. In the Okavango
Delta, Botswana, Cawley et al. (85) reported that DOM source may account
for up to 46% of the variability in the fluorescence character using PARAFAC
data (8-component model; (27, 84)) in conjunction with PCA. Microbial
production of DOM was greatest, as indicated by a higher relative abundance
of protein-like PARAFAC components and a correlation with higher dissolved
oxygen concentrations, in the seasonal floodplains where local conditions may
facilitate primary production (85). In other studies, however, biodegradation,
likely due to bacterial respiration, has been reported to be an important factor
controlling DOM quality in wetlands. For example, the work by Guillemette
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and del Giorgio (9), which is also discussed in the rivers and lakes sections of
this chapter, reported that marshes had significantly higher degradation rates of
DOC and % biological DOC consumption (%BDOC) during long-term (1 month)
experiments compared to lakes and rivers. This enhanced bio-availability of
DOM in wetland systems is likely due to a difference in DOM quality, with the
marshes having a higher contribution of DOM freshly-derived from macrophytes
(9).

Photo-exposure is another major mechanism for the alteration of DOM
quality in wetland ecosystems and has been reported to occur concomitantly
with microbial processing and changes in DOM source. Using EEM-PARAFAC,
Austnes et al. (82) reported that the diurnal pattern (peak in fluorescence in the
morning and decrease throughout the day) due to photo-bleaching was altered by
storm events when biological degradation of fresh soil inputs was the dominant
factor controlling DOM quality in water draining from a peatland area. In the
Everglades, a subtropical wetland, Chen et al. (28) reported a distinct change in
DOM quality wherein the photo-refractory component C2 had a higher relative
abundance in the dry season that likely reflected greater photo-bleaching of DOM
in the freshwater wetland area of the Everglades at that time of year. This may be
a hydrologically controlled phenomenon as the freshwater discharge is decreased
in the dry season allowing for longer residence times and greater photo-exposure.
Similarly, Cawley et al. (85) reported a greater relative abundance of C2 and
lower relative abundance of C6 (a photo-labile component; (84)) in the most
downstream areas (occasional floodplains) of the Okavango Delta using the same
8-component PARAFAC model as Chen et al. (28). Overall, while DOM derived
from wetland systems appears to be photo-reactive and bio-reactive in most
wetland ecosystems, the exact photochemically and biologically driven DOM
dynamics can be highly variable and are often site-specific.

Redox Processes in Wetlands

Because wetlands often have high hydraulic connectivity to anoxic sediments
and/or are anoxic near the sediment surface, redox processes can be important to
DOM character. Larsen et al. (87) studied redox processes in the Everglades using
a 13-component PARAFAC model (29). Applying the PARAFAC model outputs
with PCA and discriminant analysis, these authors were able to deconvolute DOM
redox properties, which tended to have a vertical distribution with more oxidized
fluorescence at the surface in the ridge and slough landscape of the Everglades.
Mladenov et al. (88) also studied redox properties of DOM in awetland system, the
Okavango Delta, Botswana, using the 13-component PARAFACmodel (29). This
model has been proposed for studying redox properties because of the potential
presence of oxidized and reduced ‘quinone-like’ components suggested in the
model. Using this model, Mladenov et al. (88) reported a higher redox index,
a more reduced fluorescence signature, along a longitudinal gradient from the
edge to the center (>100 m from edge) of the islands in the Okavango Delta, and
concluded that DOM behaved non-conservatively and may be important for metal
complexation and electron shuttling in wetland groundwater.
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Figure 6. Examples of estuarine PARAFAC component dynamics relative
to a conservative mixing line (black dashed line) in the estuarine region of
the Everglades’ Shark and Harney Rivers. (a) C1, a ubiquitous humic-like

component C2 shows Type II behavior with a source within the estuary, (b) C2
shows Type I behavior with conservative mixing, (c) C7 shows Type V behavior
with removal in the lower estuary. (Reproduced from reference (89). Copyright

2014 Springer) (see color insert)

Estuaries and Coasts
Spatial Changes in DOM character

Estuaries are aquatic environments, often tidally influenced, that connect
rivers, lakes and wetlands to the coastal ocean. Much of the terrestrial organic
matter contributed to the ocean carbon pool passes through estuarine environments
on its way out to sea. In this section we will discuss sources and sinks of
DOM in estuarine and coastal environments along with mixing behavior that
has been elucidated using EEM-PARAFAC analysis. Throughout estuaries, a
broad range of humic-like, protein-like and unidentified PARAFAC components
have been detected that often correspond to those found in freshwater and
marine systems (25). Along the estuarine salinity gradient, both conservative
and non-conservative behavior have been reported for DOM as measured by
PARAFAC component fluorescence intensity and relative abundance ((89);
Figure 6).

In estuarine and coastal systems with net DOM flow to the ocean, PARAFAC
component intensities, especially terrestrial humic-like components, have been
reported to decrease with increasing salinity due to conservative mixing and/or a
gradual dilution with marine-derived DOM (17, 48, 89–94). However, sources of
PARAFAC components have been identified at both the freshwater and marine
end-members of the estuarine environment. These observational results are
consistent with experimental data that many humic-like PARAFAC components
are produced microbially during mesocosm experiments (31). In addition, it
was reported that humic-like components were produced by macroalgae (95)
and seagrass (96). As such, conservative mixing of ‘terrestrial’ humic-like
components may not be observed for some coastal environments. For example, in
the high salinity zone of the Bohai Bay, China, where river inflow was low during
the dry season, decreases in terrestrial PARAFAC components with increasing in
salinity were not observed (97). Similarly, increases in humic-like PARAFAC
components with increasing salinity observed on the southwest Florida shelf were
likely due to a combination of microbial production and extensive evaporation
(98).

In general terms, microbial (protein-like) components behave differently
than terrestrial components (humic-like) in estuarine and coastal systems (53, 89,
99–102), with higher relative abundances of the former at the marine end-member
and higher relative abundances for the latter at the freshwater end-member. Such
different behaviors can be clearly seen from their spatial distribution (e.g., Figure
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7; (92)). For a study of the coastal zone of the Florida Keys, USA, the levels of
humic-like component were highest in the adjacent Florida Bay where terrestrial
DOM from the Florida coastal Everglades can contribute, and sharply decreased
toward the Atlantic Ocean and Gulf of Mexico, indicative of strong control of
terrestrial inputs of humic-like components. On the other hand, the levels of
the protein-like component were relatively uniformly distributed throughout the
study area, suggesting a primarily autochthonous character of the protein-like
component.

Figure 7. Distributions of fluorescence intensity of humic-like (upper panel) and
protein-like (lower panel) components at the coastal region of the Florida Keys.
(Reproduced from reference (92). Copyright 2013 Elsevier) (see color insert)

Stedmon and Markager (31) first reported the production of protein-like
components during phytoplankton exponential growth, and these components
have been observed above the conservative mixing line in the estuarine
mid-salinity range, likely due to autochthonous productivity (4, 102). The
production of protein-like components by phytoplankton (54, 91, 103),
seagrass (83, 96), and coral reef communities (92) have all been suggested for
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estuarine/coastal environments. As a result, the relative abundance of protein-like
components usually becomes larger with increases in salinity (92, 93). Similar
to protein-like fluorescence, the M peak, identified by Coble (26) as a ‘marine
humic-like’ peak, is more abundant in the marine end-member of estuaries.
However, recent studies suggest that the M peak may also be produced from
microbial activity in soils, and thus may have a terrestrial source in addition to a
marine source. Luciani (104) determined the spatial distribution of PARAFAC
components in the Sepetiba Bay, Brazil and reported that the relative abundance
of a component similar to the M peak did not change significantly from riverine
to open ocean, indicative of a terrestrial/riverine contribution of the M component
that is of a similar magnitude as the marine environment.

Based on the studies discussed above, the estuarine behavior of
EEM-PARAFAC components can be classified into five categories based on their
distribution relative to salinity values (91): Type I: Conservative behavior, which
indicates that mixing is the dominant control on these components (Figure 6b);
Type II: The dominant source is in the freshwater end-member with an additional
source within the estuary (105), which is indicated by the component showing
abundances above the conservative mixing line, but a decreasing trend from the
freshwater end-member (Figure 6a); Type III: Mid-salinity maximum, where the
component has a higher intensity at mid-salinity than the freshwater or marine
end-member indicating that the dominant production of the fluorescent component
is within the estuary rather than at either end-member; Type IV: No relationship
with salinity. Type V (not listed in (91)): sources at both end-members with
removal within the estuary as shown by abundances below the conservative
mixing line (Figure 6c). These trends are summarized in Table 1.

Table 1. List of Behavior Classifications for PARAFAC Components in
Estuarine Environments

Behavior Description Components

Type I Conservative A1,C1,C22,C1-33, C1-3&C5-64

Type II Source within an estuary M1, humic-like peaks2, C43

Type III Mid-salinity maximum C4-51,C44

Type IV No relationship with salinity tyrosine-like1

Type V Sources at both end-members C72

1 (91); 2 (89); 3 (105); 4 (102).

Seasonal Changes in Estuarine/Coastal DOM Character

Seasonal changes in precipitation, storm events, and primary productivity
have the potential to alter DOM source material and fate and transport processes.
Thus, DOM quality may be variable on seasonal timescales in estuarine and
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coastal environments. In an estuary with a distinct monsoon season (Bay of
Bengal) the salinity decreased just before and during the monsoons concomitant
with an increase in intensity of a terrestrially derived component and a decrease
in the tyrosine-like component indicating a seasonal shift from microbial to
terrestrial-derived DOM (90). In a sub-tropical environment with distinct “wet”
and “dry” seasons (Everglades), the DOC concentration and quality showed a
similar trend of increasing terrestrial DOM export during the wet season (89).
Maie et al. (83) carried out two-year monitoring of DOM quantity and quality
in Florida Bay and reported that contributions of protein-like components were
highest during the early wet season when primary productivity of seagrass
communities is highest. In contrast, the contributions of humic-like components
were greater during the late wet season when water discharge from the adjacent
coastal wetlands (Everglades) is at its peak (28). Similarly, clear changes in the
composition of PARAFAC components from relatively high protein-like values
during the drought to a dominance of humic-like components during high river
flow periods were observed for the Cape Fear River plume (93). Interestingly,
climate disturbances in the form of hurricanes did not have a significant effect on
the distribution of PARAFAC components on both spatial and temporal scales
in Florida Bay, with the exception of a few near-shore stations that were most
strongly impacted by freshwater discharge associated with the storm events (83).

Other Factors Influencing Estuarine and Coastal DOM Character

In addition to spatial and temporal changes in DOM source material, the
transformation of DOM within estuaries is an important process influencing
EEM-PARAFAC characteristics of DOM. Aside from physical mixing of the
distinct DOM pools in estuaries, there is mixing of saline and fresh water
resulting in ionic strength variations within estuaries. Boyd et al. (106) built
PARAFAC models for mixtures of DOM at different salinities in a laboratory
experiment using ultrafiltered DOM. The model components, identified based
on similarities to EEM peaks (26), such as the N and T type peaks (unknown
source and protein-like, respectively) generally increased with increasing salinity,
while the A and C type peaks (terrestrial humic-like) generally decreased or
first increased to then decrease with salinity. Boyd et al. (106) found that the
variation in fluorescence behavior of components due exclusively to changes
in salinity may be due to variations in metal binding and associated alteration
of the 3-D DOM structure. Similarly, Catala et al. (99) attributed changes in
DOM fluorescence under hypersaline conditions at least partly to conformational
changes in DOM molecules taking place at higher ionic strength in estuarine field
samples. Changes in EEM-PARAFAC components relative abundance due to
enhanced metal binding have previously been reported (4, 107).

Due to the ability of the fluorescent fraction of DOM to absorb light, its
degradation through photo-bleaching or photo-degradation has been suggested
as an important sink (108, 109). In addition, photo-alteration of DOM in sunlit
waters has been reported to be an important process controlling DOM quality
in estuaries and coastal systems (89, 91, 110, 111). Specifically, Stedmon et
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al. (111) reported the photo-degradation of several terrestrial and microbial
PARAFAC components and the photo-production of one terrestrial PARAFAC
component in lab irradiated Baltic Sea water. The difference in the PARAFAC
distribution between surface and ground-water DOM in Florida Bay and parts of
the Everglades has also been explained in part through higher photo-bleaching
of surface waters (84). Additionally, photo-induced dissolution of sediments
and suspended particulate organic matter was shown to generate humic- and
protein-like components in estuaries (112, 113) suggesting that photo-chemical
processes can be assessed using EEM-PARAFAC.

In addition to photochemical modification of terrestrial DOM derived from
upstream freshwater sources, microbial processing of DOM can take place in
estuarine and coastal ecosystems. Zhang et al. (114) performed laboratory
degradation experiments and reported that microbial degradation of phytoplankton
and macrophytes produced humic-like peaks (A and C type components) that have
traditionally been considered as originating from allochthonous or terrigenous
sources. While heterotrophic bacterial processing within an estuary may alter
the DOM quality, DOM composition may also affect the bio-reactivity of DOM.
The bio-availability of DOM as the %BDOC has been reported to increase with
increasing protein-like PARAFAC component abundance ((102); see also rivers
section above).

Diverse allochthonous contributions to the DOM pool within estuarine
systems have been reported in addition to upstream terrestrial DOM inputs
and in-estuary DOM processing, often resulting in non-conservative behavior
(Type-II or Type-III; see above Table 1). In an estuary lined with fringe mangrove
forests, the above and below ground biomass along with tidal pumping of
soil porewaters can be potential sources of fluorescent DOM (FDOM) (89).
Maie et al. (115) compared the distributional patterns of DOC, CDOM and
PARAFAC components along salinity gradients in the oligo/meso-haline zones
for three distinct wetland-influenced rivers and found that distributional patterns
of spectrally similar PARAFAC components with salinity were different among
three estuaries. The authors report the importance of the local hydrology,
geomorphology, and ecosystem functions in determining environmental dynamics
of DOM at the oligo/meso-haline zone.

EEM-PARAFAC of fulvic and humic acids extracted from estuarine soils
and sediments confirm that these can be a source of humic-like DOM to aquatic
systems (99, 116). However, while Yamashita et al. (91) suggested very
little input from sediments to estuarine waters in Ise Bay, Japan, sediment
porewaters and soil organic matter have been largely accepted as significant
sources of DOM to estuarine ecosystems. Once mobilized through resuspension
or erosional processes, soil and sediment derived particulate organic matter can
further contribute to the FDOM pool though leaching and/or photo-dissolution
(38, 50, 112, 113). As such, EEM-PARAFAC has been applied to study the
characteristics of particulate organic matter (POM) following extraction to the
water phase. Osburn et al. (117) reported seasonal and spatial changes in base
extractable organic matter from POC in the water column that were different
to the corresponding DOM trends, indicating a decoupling of the dissolved and
particulate organic matter fractions.
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Anthropogenic activities can also be allochthonous sources of DOM. For
instance, Catalá et al. (99) reported an increase in protein-like fluorescent
component intensity in the summer tourist season in a Mediterranean estuary
and suggested that sewage may be responsible for that change in DOM quality.
Similarly, Stedmon and Markager (30) reported a likely wastewater contribution
to the FDOM pool in a Danish estuary. While industrial activities such as
paper pulp mill discharges may also contribute to the coastal FDOM signature
(118), agricultural activities and road construction may increase weathering
processes and contribute to the mobilization of organic matter to aquatic systems
in anthropogenically impacted watersheds (53). Similar effects of anthropogenic
activities on PARAFAC distributions in river systems have been discussed above.

Quantitative Estimates Based on EEM-PARAFAC

Over the past few years, fluorescence and EEM-PARAFAC have been applied
not only to understand spatial and temporal variations of DOM quality in estuarine
and coastal ecosystems, but also to quantify sources and export of organic carbon
to the ocean. For example, Bergamaschi et al. (119) estimated, from in-situ
fluorescence probe measurements, that DOC exports from sub-tropical fringe
mangrove-rivers in the Everglades, ranged from 1.5 (±0.02) × 109 mg d-1 during
the dry season to 9.1 (±0.6) × 109 mg d-1 during the wet season. Building on
these findings, Cawley et al. (89) used DOC measurements in combination with
EEM-PARAFAC analysis along salinity transects to estimate that of the DOC
exported by these coastal rivers, up to ~ 20% of the DOC was derived from
the estuary and was likely produced within the mangrove ecotone, while the
remainder of the DOC (~ 80%) was transported from the upstream freshwater
regions of the Everglades. These authors also observed a significant degree of
variability in the distribution of PARAFAC components along the estuary (Figure
6), suggesting contributions of humic-like components to the DOM pool by the
fringe mangroves, conservative mixing of one of the freshwater end-member
humic-like components, and consumption of tyrosine-like fluorescence at higher
salinities. In another study, the export of DOM from Arctic glacial rivers to the
Gulf of Alaska has been reported to be ~0.01 Tg of DOC (120). A significant
portion of this DOC was found to be highly labile based on EEM-PARAFAC and
bioavailability studies, suggesting that changes in terrestrial DOC and nutrients
from these rivers may affect long-term ecosystem dynamics in the coastal ocean
(102). Using PARAFAC fluorescence and DOC relationships, Osburn and
Stedmon (121) were able to estimate the net flux of terrestrial C from the Baltic
Sea to the North Sea at 0.8 Tg yr-1, which represents 45% of the calculated net
flux (1.7 Tg yr-1). Thus, EEM-PARAFAC has provided a greater understanding
of large-scale carbon fluxes by allowing researchers to better constrain the fate
and transport of different DOC pools that are not readily discernible based on
DOC or CDOM concentration measurements alone.
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Open Ocean

In the open ocean, the stable and radiocarbon isotope signature of bulk
DOM indicates that a major fraction of DOM is of marine origin and is old
compared to the thermohaline circulation (apparent age is 2000~6000 yrs) (122).
Chemical characterization of DOM showed that chromatographically identifiable
biomolecules such as sugars, lipids and amino acids, can only justify ~10% of
DOM, while levels of terrestrial biomarkers, such as lignin phenols, are quite
low in oceanic DOM (123–125). These chemical characteristics of oceanic
DOM indicate that molecularly uncharacterized components (MUC) in DOM
are produced in situ and may be bio-recalcitrant. However, the production
mechanism of bio-recalcitrant DOM and the fate of terrestrial DOM in ocean
environments have not been fully documented (126). Even though remnants
of microbial membranes were detected in DOM as recalcitrant biomolecules
(e.g., (127–129)), the microbial production of bio-recalcitrant MUC was also
experimentally determined (e.g., (130)). These processes have recently been
defined as the microbial carbon pump (131).

Fluorescence techniques, such as fluorescence intensity at fixed Ex/Em
(e.g., (132, 133)) and EEM (e.g., (26, 134)), have been applied to evaluate the
environmental dynamics of DOM in the open ocean. Even though fluorescence
techniques provide “semi-quantitative” information (carbon amount cannot be
obtained from fluorescence analysis), the unique aspects of fluorescence listed
below are useful for evaluating the environmental dynamics of DOM in the open
ocean: (a) spectral characteristics of marine humic-like fluorophores (traditionally
defined as peak M) are different from terrestrial humic-like fluorophores
(traditionally defined as peaks A and C) (26), and thus, fluorescence may allow the
tracing of terrestrial DOM in the open ocean; (b) since humic-like fluorophores
can be considered as MUC, production mechanisms of MUC may be evaluated
using fluorescence; (c) microbial production of bio-recalcitrant (at least 900 yrs)
humic-like fluorophores have been determined (135), indicating that fluorescence
can be used to evaluate the microbial carbon pump; and (d) linear relationships
between concentrations of aromatic amino acids and fluorescence intensity of
protein-like components (136, 137) allow for the evaluation of the environmental
dynamics of semi-labile DOM as represented by amino acids (138). Although the
number of EEM-PARAFAC studies of oceanic DOM is relatively small compared
with terrestrial and coastal environments at present, EEM-PARAFAC studies
have provided new insights into the environmental dynamics of oceanic FDOM
as well as DOM.

Tracing Allochthonous DOM Components in Ocean Systems

The levels of humic-like components in the open ocean are quite low
compared with coastal environments. In the Arctic Ocean where contributions
of terrestrial DOM are greater than other oceans due to high river discharge,
humic-like components can be useful as terrestrial DOM tracers. In the regions
most strongly affected by riverine inputs, a decrease in both terrestrial and
marine humic-like components with increase in salinity have been reported
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(139, 140), whereas decoupling of the behavior between terrestrial and microbial
humic-like components at high salinity waters, possibly due to in situ production
of microbial humic-like components (139–142) has also been suggested. Walker
et al. (143) determined the distribution of FDOM in the Canadian Archipelago
and Beaufort Sea surface waters using EEM-PARAFAC and found that four
terrestrial components were positively linearly correlated with concentrations
of lignin phenols, which can be used as terrestrial biomarkers, whereas marine
humic-like (peak M type) and protein-like (peak T type) components were
unrelated to river sources. The strong linear correlation between terrestrial
humic-like component (peak A type) and lignin phenol concentrations were also
found in the Baltic-North Sea transition zone (121).

From the deviation in the relationships between apparent oxygen utilization
(AOU, the amount of the oxygen consumed by respiration) and fluorescence
intensity at 320 nm excitation and 420 nm emission, Yamashita and Tanoue
(135) suggested that, in addition to in-situ production of FDOM, terrestrial
FDOM contributes to the DOM pool in the North Pacific Intermediate Water
(NPIW) at ~800 m depth. The NPIW is influenced by the Sea of Okhotsk
water, to which terrestrial humic substances from the Amur River evidently
contribute to the FDOM pool (144). Relatively high concentrations of lignin
phenol in the NPIW compared with other water masses were also observed (145).
Jørgensen et al. (146) determined relationships between AOU and humic-like
PARAFAC components and found relatively high levels of humic-like PARAFAC
components in the North Atlantic Deep Water (NADW) compared with other
water masses of the global deep ocean. The contributions of terrestrial DOM in
the NADW from the Arctic rivers have also been evaluated by the distribution
of lignin phenol concentrations (147). These results suggest that some terrestrial
humic-like components are transported into the dark ocean where they cannot be
subjected to photo-bleaching.

Murphy et al. (148) determined FDOM distributions for surface waters
from coastal to open ocean for the Pacific, Atlantic and Mediterranean using
EEM-PARAFAC. They evaluated the environmental dynamics of the peak
M type component and peak C and A type components using log-log plots
of the PARAFAC fluorescence intensity. The study suggests that the sources
of peak C and A type components in surface samples were only terrestrial,
whereas peak M type component was sourced from both terrestrial and oceanic
environments. These results imply that the traditional marine humic-like (peak M
type component) is produced not only in marine environments but can also have
terrestrial origins. This is consistent with data from other EEM-PARAFAC studies
conducted on terrestrial environments (see Lakes, Estuaries and Coasts sections
above). In addition, these authors estimated that fluorescence of terrestrial
humic material (A and C peak type fluorescence) was detectable in the surface
open ocean at levels approximately 1.5% of original freshwater concentrations.
However, as pointed out by the authors, this fluorescence cannot be used as a
conservative tracer of terrestrial humic materials considering that it can also be
produced in the deep ocean ((146, 149); see discussion below). In summary,
while terrestrial humic-like materials can be traceable through EEM-PARAFAC
in marine environments where contribution of riverine inputs are significant
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and/or where DOM photo-bleaching is not severe, further studies are necessary
for evaluating the applicability of this technique, especially in surface waters
where photo-bleaching and in situ production of humic-like components might
be major factors controlling their levels.

Anthropogenic influences are another factor impacting DOM quality in
the oceans. The significant differences in the levels of terrestrial humic-like
components between coast and open ocean waters have been reported to be useful
to trace the source of ballast water (148, 150). Murphy et al. (150) applied
EEM-PARAFAC to distinguish between ports and oceanic waters as the source
of ballast water. They reported that a humic-like component (Ex/Em = 370/494,
peak C type) was sufficient for discriminating between port and oceanic waters
as a source of most ballast waters. Murphy and coworkers (148, 151) also
identified an EEM-PARAFAC component that featured spectral characteristics
similar to polycyclic aromatic hydrocarbons (PAH) in oceanic waters. They
reported that the distribution of this component was clearly consistent with an
anthropogenic source, considering that high concentrations were detected in ports
(148). In addition, the fate and transformation processes of oil derived from an
unprecedented deep water spill in the Gulf of Mexico were determined using
EEM-PARAFAC (152–154). Zhou et al. (154) revealed the presence of three
oil-related PARAFAC components corresponding to crude and weathered oil
in the water column. Such results imply that EEM-PARAFAC is also a useful
technique for assessing the contributions of anthropogenically derived organic
matter in the open ocean.

Distribution of PARAFAC Components in the Open Ocean

PARAFAC models developed using oceanic samples identified one to three
humic-like components which can basically be categorized as peak M, C, and A
type (146, 149, 155–157). The number of such components is smaller than those
obtained from PARAFACmodels using coastal and terrestrial samples, suggesting
that humic-like PARAFAC components in the open ocean are relatively less
complex, more homogeneous, irrespective of differences in seasons, depths, and
oceanic regions.

Photo-bleaching has been reported to be a major sink for humic-like
components in coastal and terrestrial environments (see Lakes, Estuaries and
Coasts section). Even though photo-bleaching processes of oceanic DOM have
not been evaluated using EEM-PARAFAC, photo-degradation of humic-like
fluorophores in oceanic DOM have been well studied using fluorescence intensity
at fixed Ex/Em and EEMs (22, 133, 158). As a result of this process, low
levels of humic-like fluorescence in surface water have been observed for the
Atlantic (e.g., (133)), the Pacific (e.g., (132, 134)), the Indian (e.g., (159)), and
the Southern Ocean (e.g., (160)). Similarly, levels of humic-like PARAFAC
components, both marine humic-like (peak M type) and terrestrial humic-like
component (peaks A and C type), were lowest in surface waters, increased with
depth in intermediate waters, and then, remained within a relatively narrow range
in deep waters, irrespective of the specific oceanic region ((146, 149); Figure 8).
Autochthonous sources of humic-like components, including peak M and peak
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C type, have been observed for controlled experiments using both traditional
fluorescence techniques (161–164) as well as EEM-PARAFAC (31, 114). For
open ocean waters, Yamashita et al. (149) and Jørgensen et al. (146) reported
that fluorescence intensities of both marine and terrestrial humic-like components
correlated linearly with AOU for water depths greater than 200 m. Interestingly,
the vertical gradient of the fluorescence intensity was larger for the terrestrial
humic-like component (peak C type) compared with the marine humic-like
component (peak M type) (Figure 8; (146)). Similarly, the ratio of fluorescence
intensity of a terrestrial humic-like component to a marine humic-like component
was lowest in the surface water, increased with depth in the intermediate water,
and then, was constant in the deep water of the northwestern North Pacific (149).
Such quantitative changes in PARAFAC component distribution with increases in
depths were consistent with qualitative differences in EEMs observed between the
surface and deep waters (26, 134). These EEM-PARAFAC based experimental
and observational findings indicate that both marine and terrestrial humic-like
components are produced in situ in the open ocean, and thus, in situ produced
humic-like components are likely responsible for their high levels at intermediate
and deep waters.

The quantitative evaluation of EEM-PARAFAC component abundance
provided new insights regarding oceanic DOM dynamics. The microbial
production of bio-refractory (at least 900 yrs) humic-like fluorescence in the
deep ocean water was indicated by the linear relationship between AOU and
fluorescence intensity (Ex/Em = 320/420 nm; (135)). The similarity in the ratios
between the two humic-like components (marine vs. terrestrial) in the deep ocean
water (146, 149) where vertical gradients of AOU were evident, suggests that
fluorophore composition of in situ produced humic-like substances is not changed
biotically nor abiotically with the thermohaline circulation in the deep ocean.
On the other hand, decreases in the ratio of terrestrial humic-like component to
marine humic-like component (Figure 8; (146, 149)) are possibly due to different
rates of photo-bleaching between two components, causing a blue shift in the
EEMs (e.g., (108)). However, using in vitro experiments with EEM analysis,
Romera-Castillo et al. (163, 165) recently reported that eukaryotes mainly
produce peak M type fluorescence, whereas prokaryotes mainly produce peak
C type fluorescence. Such differences in fluorophore composition by different
organisms may also ontribute to the observed vertical changes in the ratio of
humic-like components. Additional in vitro experiments with EEM-PARAFAC
are necessary to gain further knowledge on the relationship between fluorophore
composition and source organisms.

EEM-PARAFAC has also contributed to the evaluation of the interactions
between humic-like components and trace metals in the open ocean. From the
linear relationships between humic-like fluorescence intensity at Ex/Em = 320/
420 nm and Fe(III) solubility in the deep ocean water, Fe(III) complexation with
humic-like substances was suggested to be critical in controlling iron solubility
and its ultimate concentration in the deep ocean (166). As such, Yamashita et al.
(149) reported that Fe(III) solubility linearly correlated with levels of terrestrial
humic-like components, but not with those of marine humic-like components in
the deep water of the northwestern North Pacific, indicative of the dominance of

55

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 J

un
e 

19
, 2

01
4 

| d
oi

: 1
0.

10
21

/b
k-

20
14

-1
16

0.
ch

00
3

In Advances in the Physicochemical Characterization of Dissolved Organic Matter: Impact on Natural and Engineered Systems; Rosario-Ortiz, F.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2014. 



terrestrial humic-like component acting as ligands for Fe(III) compared to marine
humic-like components. In contrast, Heller et al. (156), using EEM-PARAFAC,
suggested that although humic-like components were not significantly correlated
with Fe(III) solubility, they were weakly correlated with iron solubility in iron-
enriched Atlantic surface water.

Figure 8. Global mean vertical distribution of humic-like fluorescence
components in the open ocean. Mean values are calculated for eight depth
intervals (0–100, 100–200, 200–500, 500–1000, 1000–2000, 2000–3000,

3000–4000 and 4000–5000 m) from 170 stations. Error bars represent standard
deviations. Data from the top 200 m of the Atlantic (except the Sargasso Sea)
and the Eastern South Pacific are omitted. (Reproduced from reference (146).

Copyright 2011 Elsevier)

In the ocean surface layer, levels of humic-like components, including M,
C, and A types, are lower compared to deeper layers due to photobleaching
as discussed above (Figure 8; (146)). However, in surface waters, levels of
humic-like components for the Atlantic (except for the Sargasso Sea) were
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higher than those at other regions, indicative of terrestrial inputs from Arctic
rivers (146). EEM-PARAFAC data for meriodional transects of the Atlantic
surface layer showed that levels of marine humic-like component (156) and
total humic-like components (157) at the equator and continental regions were
higher than those at tropical-subtropical regions, indicating that the distribution
of humic-like components in the surface layer of the open ocean is controlled by a
combination of photo-bleaching, in situ production, upwelling of the deep water,
and terrestrial inputs. Furthermore, Kowalczuk et al. (157) reported that total
humic-like components exhibited a significant negative correlation with salinity,
and temperature and a positive correlation with AOU and suggested that a net
equilibrium between the supply of humic-like substances from the continental
margins, in situ production by the microbial activity and photo-degradation in the
surface waters was responsible for these trends.

Heller et al. (156) reported that the marine humic-like component (peak
M type) showed a well-developed minimum in the southern tropical gyre of
the Atlantic Ocean. In contrast, the terrestrial humic-like component (peak
A type) was distributed relatively uniformly throughout surface waters of the
Atlantic. In addition, Murphy et al. (148) showed that the ratio of C9 (peak
A type component) to terrestrial humic-like C3 (peak A and C type) increased
with increasing distance from land, indicative of a long-lived product of the
photo-degradation of organic matter. Similar components have been suggested to
be photo-refractory and/or photo-produced in coastal environments (see Estuaries
and Coasts section). Thus, these components (and their ratio to other humic-like
components) might be a useful proxy to trace the photo-chemical history of
oceanic DOM. Further studies on the photo-reactivity of oceanic DOM using
EEM-PARAFAC are necessary to advance this field.

The presence of protein-like EEM-PARAFAC components in oceanic
environments is ubiquitous, and one to four protein-like components have been
identified (146, 149, 155–157). Although levels of protein-like components
were commonly low in the open ocean compared to coastal regions, the relative
abundance of protein-like components in total FDOM usually increases from
shore to open ocean, indicative of an autochthonous enrichment of protein-like as
compared to humic-like components (48, 92, 93, 148). In contrast to terrestrial and
coastal PARAFACmodels, the numbers of protein-like components using oceanic
waters were similar or exceeding those of humic-like components, suggesting
a higher spectral variability and compositional complexity of protein-like
fluorescence. The vertical patterns of protein-like components in the open ocean
were usually quite different from those of humic-like components, where levels
were highest in the surface layer, decreased with depth, and were lowest in the
intermediate and deep waters (146, 149). Such vertical patterns are similar to the
DOC profiles (167), suggesting that production and degradation are dominant
process at the surface layer and below the surface layer, respectively. Wedborg
et al. (155) showed that levels of protein-like components were correlated with
chlorophyll a in the surface waters of the Southern Ocean, and were found to
mix down to the core of the Antarctic intermediate water (AAIW). Similarly,
Jørgensen et al. (146) reported relatively high levels of phenylalanine- and
tyrosine-like PARAFAC components in the NADW at the North, Equatorial,
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and South Atlantic compared with other deep water masses and suggested that
these components were transported from surface to deep layers and then flow
southward along the direction of the NADW. These results imply that a part of
protein-like components are at least semi-labile and transported from the surface
layer to below the surface layer though ocean circulation.

Kowalczuk et al. (157) reported that the fluorescence intensity of three
protein-like components displayed a subsurface maximum at depths between
100-200 m that were deeper than the corresponding subsurface chlorophyll
maximum, even though the causes of the subsurface maximum have not been
well documented. Heller et al. (156) found that the abundance of the tyrosine-like
component reached a maximum in the upper 100 m of the oligotrophic southern
tropical gyre, while the tryptophan-like component showed higher and lower
values at the South and North Atlantic, respectively. In addition, they found high
variability of the tryptophan-like component below the mixed layer and pointed
out that “hotspots” of this component might be related to zooplankton grazing.
As such, while different protein-like components show different distributional
patterns (e.g., tyrosine-like and tryptophan-like), the environmental drivers
resulting in these distributional patterns have not been fully elucidated. Since
protein-like fluorescence is not only caused by the presence of aromatic amino
acids and amino acid-containing molecules in DOM (136, 137), but can have
potential contributions from the fluorescence of phenolic compounds (62), further
molecular-based evaluations of the protein-like EEM-PARAFAC fluorescence
are needed to better evaluate the chemical/physical character, and thus, reactivity
of ‘protein-like’ fluorophore-containing DOM.

Characteristics of Fluorescent Components in Sea Ice

Sea ice formation, biological processes in sea ice, and sea ice melt are
important biogeochemical processes in surface waters at the Polar Ocean.
Although solutes in seawater are mostly excluded from the ice during sea ice
formation, about 10–40% of solutes may become entrained in channels within
the sea ice (168). In addition, biological activity in sea ice may consume
or produced organic matter within the ice. Thus, sea ice melt can supply
freshwater-associated DOM to the surface layer of the ocean. Based on sea ice
formation experiments, Müller et al. (168) showed that protein-like components
were effectively incorporated into sea ice (enrichment factor 1.10-3.94) compared
to humic-like components (enrichment factor 1.0-1.39). Stedmon et al. (169)
applied EEM-PARAFAC for the characterization of DOM in sea ice and
underlying water of the coastal Baltic Sea and reported that humic-components
were incorporated during sea ice formation, while protein-like components
were produced within the ice. Similarly, Stedmon et al. (170) determined the
FDOM composition of Antarctic sea ice brines and found that accumulations
of tryptophan-like components in sea ice were accompanied with accumulation
of low C/N DOM. Although several studies have been reported regarding
EEM-PARAFAC applications for the characterization of DOM in sea ice, further
studies combining fluorescence with DOC and DON abundances will provide
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a better understanding of the drivers controlling the biogeochemical cycling of
carbon within sea ice as well as the impacts of sea ice melt to the biological
productivity of surface waters of the Polar Ocean.

Conclusions and Considerations

EEM-PARAFAC has been applied to a great variety of aquatic environments
with the main objective to better understand DOM dynamics in diverse
ecosystems. The enhanced resolution of EEM-PARAFAC compared to the
traditional EEM ‘peak picking’ technique allows for a better quantification of
different FDOM components and provides more detailed information regarding
the quality or composition of FDOM. As such, the technique has been used in
assessing allochthonous vs. autochthonous source strengths in aquatic systems,
effects of storms and hydrological disturbances on DOM composition and
source, as a proxy to assess photo- and bio-reactivity, and to determine effects of
land-use change, forest management and pollution on DOM dynamics. Although
EEM-PARAFAC is limited to only measuring a relatively small fraction of the
total DOM (the FDOM), its strength lies in the fact that it is a relatively simple,
cheap, sensitive and high throughput technique that allows for the generation
of large databases over a relatively short period of time. Sample size (volume)
and preparation (filtration) are small and simple respectively, creating an ideal
technique for ecosystem studies on large temporal and spatial scales. Although
EEM-PARAFAC has also been used to assess detailed compositional features
of DOM (e.g. (29)) and has been suggested as a means to determine DOM
red-ox conditions, photo-reactivity and bio-availability, such approaches need
to be performed with great care, and for well-characterized ecosystems, as
little is still known about the links between EEM-PARAFAC components and
their actual chemical composition and molecular character. In addition to the
chemical composition of individual DOM molecules, EEM-PARAFAC results
may also be affected by intermolecular interactions. A recent report by Korak
et al. (171) highlights that DOM metrics derived from EEM fluorescence may
be influenced by non-ideal interactions within the DOM solution and suggests
that care should be taken to evaluate the validity of underlying assumptions of
linearity in fluorescence intensity with concentration and shifts in peak locations
when calculating indices.

One of the merits of this technique for ecosystem studies is easy handling
of large datasets, which allow statistical analyses for the interpretation of data
based on the variation in the distribution patterns on spatial and temporal scales.
On the other hand, studies with a low number of samples seem to have some
limitation in scope due to potentially large variations in the ecological processed
driving DOM dynamics in complex ecosystems. However, large datasets do
not necessarily generate a larger number of validated PARAFAC components,
nor do PARAFAC models featuring a larger numbers of components fit data
better than those with a low number of components. Comparisons of PARAFAC
components between models developed for different ecosystems are commonly
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performed and can be quite useful as an aid in data interpretations. This task is
facilitated through the availability of PARAFAC components characteristics in
the literature (25, 172). However, care must be exercised using this approach
since fluorescence features may appear ‘similar’ between different systems, but
may represent quite different DOM compositions. In addition, small differences
in the spectral characteristics between models can translate into significant
differences in fluorescence maxima ratios between PARAFAC components or
relative abundances of PARAFAC components (118, 173). In this regard, much
discussion in this field has focused on the potential advantages in developing a
robust, ‘global PARAFAC model’ to be used in general, or if regional PARAFAC
models provide more accurate site-specific data interpretation (e.g. (55)). A
rigorous analysis of the PARAFACmodel residuals may be helpful in determining
whether a potential global model adequately fits an individual dataset or not (e.g.,
(118)). However, only one literature report has, to the best of our knowledge,
performed a detailed comparison of a variety of different, site-specific PARAFAC
models and compared them to a potentially more broad-based PARAFAC model
(174). When EEMs are collected from similar environments (174) and with
proper instrument correction factors (175), a potentially broad-based PARAFAC
model might be adequate for determining variability of DOM character within
a system. However, some of the sensitivity to unique, site-specific ecological
processes is likely to be lost if regionally-specific models are not used (174). In
the absence of a true, globally applicable PARAFAC model, more research in this
area is needed.

An additional issue requiring further studies is the use and true identity of the
‘protein-like’ PARAFAC components. While such fluorescence has been clearly
linked to the abundance of hydrolysable amino acids in ocean water, and in most
instances is likely applied correctly, it has also been shown to be representative
of fluorescence features of polyphenols commonly found in the environment
(62), such as gallic acid. Such potential differences in DOM composition for the
‘protein’-like fluorescence may lead to misinterpretations if not accounted for.
As such, while EEM-PARAFAC has undergone a remarkable growth in its use
and development in aquatic biogeochemistry, and will likely continue to grow
as a highly popular and user-friendly analytical tool in DOM dynamics studies,
one critically underrepresented research aspect in this field is the determination
of clear links between PARAFAC components’ fluorescence characteristics and
their actual chemical composition and molecular features.

Acknowledgments

The authors thank Dr. Fernando Rosario-Ortiz for the invitation to contribute
to this book with a review chapter. The authors are particularly thankful to Dr.
N. Mladenov and an anonymous reviewer for their constructive comments which
significantly improved this review. Special thanks to Drs. J. Fellman, Y. Lu and C.
Stedmon for kindly providing modified versions of Figures 1, 2 and 8 used in this
review. R. Jaffé thanks the National Science Foundation through the FCE-LTER

60

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 J

un
e 

19
, 2

01
4 

| d
oi

: 1
0.

10
21

/b
k-

20
14

-1
16

0.
ch

00
3

In Advances in the Physicochemical Characterization of Dissolved Organic Matter: Impact on Natural and Engineered Systems; Rosario-Ortiz, F.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2014. 



program and the George Barley Endowment, for many years of support, resulting
in several EEM-PARAFAC publications presented in this review. Y. Yamashita
thanks the Japan Society for the Promotion of Science (JSPS) for research support.
This is SERC Contribution number 662.

References

1. Benner, R. In Aquatic Ecosystems: Interactivity of Dissolved Organic
Matter; Findlay, S., Sinsabaugh, R. L., Eds.; Academic Press: New York,
2003; pp 121−137.

2. Zhang, Y. L.; Zhang, E. L.; Liu, M. L.; Wang, X.; Qin, B. Q. Variation
of chromophoric dissolved organic matter and possible attenuation depth of
ultraviolet radiation in Yunnan Plateau lakes. Limnology 2007, 8, 311–319.

3. Kaplan, L. A.; Wiegner, T. N.; Newbold, J. D.; Ostrom, P. H.; Gandhi, H.
Untangling the complex issue of dissolved organic carbon uptake: a stable
isotope approach. Freshwater Biol. 2008, 53, 855–864.

4. Yamashita, Y.; Jaffé, R. Characterizing the interactions between trace metals
and dissolved organic matter using excitation-emission matrix and parallel
factor analysis. Environ. Sci. Technol. 2008, 42, 7374–7379.

5. Hedges, J. I.; Keil, R. G.; Benner, R. What happens to terrestrial organic
matter in the ocean? Org. Geochem. 1997, 27, 195–212.

6. Battin, T. J.; Kaplan, L. A.; Findlay, S.; Hopkinson, C. S.; Marti, E.;
Packman, A. I.; Newbold, J. D.; Sabater, F. Biophysical controls on organic
carbon fluxes in fluvial networks. Nat. Geosci. 2008, 1, 95–100.

7. Cory, R. M.; McKnight, D. M.; Chin, Y. P.; Miller, P.; Jaros, C. L. Chemical
characteristics of fulvic acids from Arctic surface waters: Microbial
contributions and photochemical transformations. J. Geophys. Res.:
Biogeosci. 2007, 112, G04S51.

8. Cole, J. J.; Prairie, Y. T.; Caraco, N. F.; McDowell, W. H.; Tranvik, L. J.;
Striegl, R. G.; Duarte, C. M.; Kortelainen, P.; Downing, J. A.; Middelburg, J.
J.; Melack, J. Plumbing the global carbon cycle: Integrating inland waters
into the terrestrial carbon budget. Ecosystems 2007, 10, 171–184.

9. Guillemette, F.; del Giorgio, P. A. Reconstructing the various facets of
dissolved organic carbon bioavailability in freshwater ecosystems. Limnol.
Oceanogr. 2011, 56, 734–748.

10. Spencer, R. G. M.; Ahad, J. M. E.; Baker, A.; Cowie, G. L.; Ganeshram, R.;
Upstill-Goddard, R. C.; Uher, G. The estuarine mixing behaviour of peatland
derived dissolved organic carbon and its relationship to chromophoric
dissolved organic matter in two North Sea estuaries (UK). Estuarine,
Coastal Shelf Sci. 2007, 74, 131–144.

11. Holbrook, R. D.; Yen, J. H.; Grizzard, T. J. Characterizing natural organic
material from the Occoquan Watershed (Northern Virginia, US) using
fluorescence spectroscopy and PARAFAC. Sci. Total Environ. 2006, 361,
249–266.

61

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 J

un
e 

19
, 2

01
4 

| d
oi

: 1
0.

10
21

/b
k-

20
14

-1
16

0.
ch

00
3

In Advances in the Physicochemical Characterization of Dissolved Organic Matter: Impact on Natural and Engineered Systems; Rosario-Ortiz, F.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2014. 



12. Wilson, H. F.; Xenopoulos, M. A. Effects of agricultural land use on the
composition of fluvial dissolved organic matter. Nat. Geosci. 2009, 2,
37–41.

13. Lu, Y.; Bauer, J. E.; Canuel, E. A.; Yamashita, Y.; Chambers, R. M.; Jaffé, R.
Photochemical and Microbial Alteration of Dissolved Organic Matter in
Temperate Headwater Streams Associated with Different Land Use. J.
Geophys. Res.: Biogeosci. 2013, 118, 566–580.

14. Lu, Y.; Bauer, J. E.; Canuel, E. A.; Chambers, R. M.; Yamashita, Y.;
Jaffé, R.; Barrett, A. Effects of land use on sources and ages of inorganic
and organic carbon in temperate headwater streams. Biogeochemistry 2014
DOI:10.1007/s10533-014-9965-2.

15. Jaffé, R.; McKnight, D.; Maie, N.; Cory, R.; McDowell, W. H.; Campbell, J.
L. Spatial and temporal variations in DOM composition in ecosystems: The
importance of long-term monitoring of optical properties. J. Geophys. Res.:
Biogeosci. 2008, 113, G04032.

16. McKnight, D. M.; Boyer, E. W.; Westerhoff, P. K.; Doran, P. T.; Kulbe, T.;
Andersen, D. T. Spectrofluorometric characterization of dissolved organic
matter for indication of precursor organic material and aromaticity. Limnol.
Oceanogr. 2001, 46, 38–48.

17. Stedmon, C. A.; Markager, S.; Bro, R. Tracing dissolved organic matter in
aquatic environments using a new approach to fluorescence spectroscopy.
Mar. Chem. 2003, 82, 239–254.

18. Coble, P. G. Marine optical biogeochemistry: The chemistry of ocean color.
Chem. Rev. 2007, 107 (2), 402–418.

19. Fellman, J. B.; Hood, E.; Spencer, R. G. M. Fluorescence spectroscopy
opens new windows into dissolved organic matter dynamics in freshwater
ecosystems: A review. Limnol. Oceanogr. 2010, 55, 2452–2462.

20. Andrade-Eiroa, A.; Canle, M.; Cerda, V. Environmental Applications of
Excitation-Emission Spectrofluorimetry: An In-Depth Review I. Appl.
Spectrosc. Rev. 2013, 48, 1–49.

21. Andrade-Eiroa, A.; Canle, M.; Cerda, V. Environmental Applications of
Excitation-Emission Spectrofluorimetry: An In-Depth Review II. Appl.
Spectrosc. Rev. 2013, 48, 77–141.

22. Helms, J. R.; Stubbins, A.; Perdue, E. M.; Green, N. W.; Chen, H.;
Mopper, K. Photochemical bleaching of oceanic dissolved organic matter
and its effect on absorption spectral slope and fluorescence. Mar. Chem.
2013, 155, 81–91.

23. Henderson, R. K.; Baker, A.; Murphy, K. R.; Hamblya, A.; Stuetz, R. M.;
Khan, S. J. Fluorescence as a potential monitoring tool for recycled water
systems: A review. Water Res. 2009, 43, 863–881.

24. Mostofa, K. M. G.; Wu, F. C.; Liu, C. Q.; Vione, D.; Yoshioka, T.;
Sakugawa, H.; Tanoue, E. Photochemical, microbial and metal complexation
behavior of fluorescent dissolved organic matter in the aquatic environments.
Geochem. J. 2011, 45, 235–254.

25. Ishii, S. K. L.; Boyer, T. H. Behavior of Reoccurring PARAFACComponents
in Fluorescent Dissolved OrganicMatter in Natural and Engineered Systems:
A Critical Review. Environ. Sci. Technol. 2012, 46, 2006–2017.

62

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 J

un
e 

19
, 2

01
4 

| d
oi

: 1
0.

10
21

/b
k-

20
14

-1
16

0.
ch

00
3

In Advances in the Physicochemical Characterization of Dissolved Organic Matter: Impact on Natural and Engineered Systems; Rosario-Ortiz, F.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2014. 



26. Coble, P. G. Characterization ofmarine and terrestrial DOM in seawater using
excitation emission matrix spectroscopy. Mar. Chem. 1996, 51, 325–346.

27. Yamashita, Y.; Scinto, L. J.; Maie, N.; Jaffé, R. Dissolved Organic Matter
Characteristics Across a Subtropical Wetland’s Landscape: Application
of Optical Properties in the Assessment of Environmental Dynamics.
Ecosystems 2010, 13, 1006–1019.

28. Chen, M.; Maie, N.; Parish, K.; Jaffé, R. Spatial and temporal variability
of dissolved organic matter quantity and composition in an oligotrophic
subtropical coastal wetland. Biogeochemistry 2013, 115, 167–183.

29. Cory, R. M.; McKnight, D. M. Fluorescence spectroscopy reveals ubiquitous
presence of oxidized and reduced quinones in dissolved organic matter.
Environ. Sci. Technol. 2005, 39, 8142–8149.

30. Stedmon, C. A.; Markager, S. Resolving the variability in dissolved organic
matter fluorescence in a temperate estuary and its catchment using PARAFAC
analysis. Limnol. Oceanogr. 2005, 50, 686–697.

31. Stedmon, C. A.; Markager, S. Tracing the production and degradation of
autochthonous fractions of dissolved organic matter by fluorescence analysis.
Limnol. Oceanogr. 2005, 50, 1415–1426.

32. Burrows, R. M.; Fellman, J. B.; Magierowski, R. H.; Barmuta, L. A.
Allochthonous dissolved organic matter controls bacterial carbon production
in old-growth and clearfelled headwater streams. Freshwater. Sci. 2013, 32,
821–836.

33. Catalan, N.; Obrador, B.; Alomar, C.; Pretus, J. L. Seasonality and landscape
factors drive dissolved organic matter properties inMediterranean ephemeral
washes. Biogeochemistry 2013, 112, 261–274.

34. Jaffé, R.; Yamashita, Y.; Maie, N.; Cooper, W. T.; Dittmar, T.; Dodds, W. K.;
Jones, J. B.; Myoshi, T.; Ortiz-Zayas, J. R.; Podgorski, D. C.; Watanabe, A.
Dissolved Organic Matter in Headwater Streams: Compositional Variability
across Climatic Regions of North America. Geochim. Cosmochim. Ac.
2012, 94, 95–108.

35. Inamdar, S.; Finger, N.; Singh, S.; Mitchell, M.; Levia, D.; Bais, H.;
Scott, D.; McHale, P. Dissolved organic matter (DOM) concentration and
quality in a forested mid-Atlantic watershed, USA. Biogeochemistry 2012,
108, 55–76.

36. Yamashita, Y.; Kloeppel, B. D.; Knoepp, J.; Zausen, G. L.; Jaffé, R. Effects
of Watershed History on Dissolved Organic Matter Characteristics in
Headwater Streams. Ecosystems 2011, 14, 1110–1122.

37. Balcarczyk, K. L.; Jones, J. B. R.; Maie, N. Stream dissolved organic matter
bioavailability and composition in watersheds underlain with discontinuous
permafrost. Biogeochemistry 2009, 94, 255–270.

38. Fellman, J. B.; Hood, E.; Edwards, R. T.; D’Amore, D. V. Changes in the
concentration, biodegradability, and fluorescent properties of dissolved
organic matter during stormflows in coastal temperate watersheds. J.
Geophys. Res.: Biogeosci. 2009, 114, G01021.

39. Chen, H.; Meng, W.; Zheng, B. H.; Wang, C. Y.; An, L. H. Optical signatures
of dissolved organic matter in the watershed of a globally large river (Yangtze
River, China). Limnologica 2013, 43, 482–491.

63

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 J

un
e 

19
, 2

01
4 

| d
oi

: 1
0.

10
21

/b
k-

20
14

-1
16

0.
ch

00
3

In Advances in the Physicochemical Characterization of Dissolved Organic Matter: Impact on Natural and Engineered Systems; Rosario-Ortiz, F.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2014. 



40. Yang, L. Y.; Hong, H. S.; Guo, W. D.; Huang, J. L.; Li, Q. S.; Yu, X. X.
Effects of changing land use on dissolved organic matter in a subtropical
river watershed, southeast China. Reg. Environ. Change 2012, 12, 145–151.

41. Hur, J.; Cho, J. Prediction of BOD, COD, and Total Nitrogen Concentrations
in a Typical Urban River Using a Fluorescence Excitation-Emission Matrix
with PARAFAC and UV Absorption Indices. Sensors (Basel) 2012, 12,
972–986.

42. Hong, H. S.; Yang, L. Y.; Guo,W. D.; Wang, F. L.; Yu, X. X. Characterization
of dissolved organic matter under contrasting hydrologic regimes in a
subtropical watershed using PARAFAC model. Biogeochemistry 2012, 109,
163–174.

43. Fellman, J. B.; Petrone, K. C.; Grierson, P. F. Source, biogeochemical
cycling, and fluorescence characteristics of dissolved organic matter in an
agro-urban estuary. Limnol. Oceanogr. 2011, 56, 243–256.

44. Massicotte, P.; Frenette, J. J. Spatial connectivity in a large river system:
resolving the sources and fate of dissolved organic matter. Ecol. Appl. 2011,
21, 2600–2617.

45. Borisover, M.; Laor, Y.; Parparov, A.; Bukhanovsky, N.; Lado, M. Spatial
and seasonal patterns of fluorescent organic matter in Lake Kinneret (Sea of
Galilee) and its catchment basin. Water. Res. 2009, 43, 3104–3116.

46. Petrone, K. C.; Fellman, J. B.; Hood, E.; Donn, M. J.; Grierson, P. F. The
origin and function of dissolved organic matter in agro-urban coastal streams.
J. Geophys. Res.: Biogeosci. 2011, 116, G01028.

47. Mostofa, K. M. G.; Wu, F. C.; Liu, C. Q.; Fang, W. L.; Yuan, J.; Ying, W.
L.; Wen, L.; Yi, M. Characterization of Nanming River (southwestern
China) sewerage-impacted pollution using an excitation-emission matrix
and PARAFAC. Limnology 2010, 11, 217–231.

48. Yamashita, Y.; Panton, A.; Mahaffey, C.; Jaffé, R. Assessing the spatial
and temporal variability of dissolved organic matter in Liverpool Bay using
excitation-emission matrix fluorescence and parallel factor analysis. Ocean.
Dyn. 2011, 61, 569–579.

49. Lapierre, J. F.; Frenette, J. J. Effects of macrophytes and terrestrial inputs
on fluorescent dissolved organic matter in a large river system. Aquat. Sci.
2009, 71, 15–24.

50. Yamashita, Y.; Maie, N.; Briceno, H.; Jaffé, R. Optical characterization of
dissolved organic matter in tropical rivers of the Guayana Shield, Venezuela.
J. Geophys. Res.: Biogeosci. 2010, 115, G00F10.

51. Yao, X.; Zhang, Y. L.; Zhu, G. W.; Qin, B. Q.; Feng, L. Q.; Cai, L. L.;
Gao, G. A. Resolving the variability of CDOM fluorescence to differentiate
the sources and fate of DOM in Lake Taihu and its tributaries. Chemosphere
2011, 82, 145–155.

52. Hood, E.; Gooseff, M. N.; Johnson, S. L. Changes in the character of stream
water dissolved organic carbon during flushing in three small watersheds,
Oregon. J. Geophys. Res.: Biogeosci. 2006, 111, G01007.

53. Yang, L. Y.; Guo, W. D.; Chen, N. W.; Hong, H. S.; Huang, J. L.; Xu, J.;
Huang, S. Y. Influence of a summer storm event on the flux and composition

64

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 J

un
e 

19
, 2

01
4 

| d
oi

: 1
0.

10
21

/b
k-

20
14

-1
16

0.
ch

00
3

In Advances in the Physicochemical Characterization of Dissolved Organic Matter: Impact on Natural and Engineered Systems; Rosario-Ortiz, F.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2014. 



of dissolved organic matter in a subtropical river, China. Appl. Geochem.
2013, 28, 164–171.

54. Inamdar, S.; Singh, S.; Dutta, S.; Levia, D.; Mitchell, M.; Scott, D.; Bais, H.;
McHale, P. Fluorescence characteristics and sources of dissolved organic
matter for stream water during storm events in a forested mid-Atlantic
watershed. J. Geophys. Res.: Biogeosci. 2011, 116, G03043.

55. Singh, S.; Inamdar, S.; Scott, D. Comparison of Two PARAFAC Models
of Dissolved Organic Matter Fluorescence for a Mid-Atlantic Forested
Watershed in the USA. J. Ecosyst. 2013, 16, 532424.

56. Fellman, J. B.; Hood, E.; D’Amore, D. V.; Edwards, R. T.; White, D.
Seasonal changes in the chemical quality and biodegradability of dissolved
organic matter exported from soils to streams in coastal temperate rainforest
watersheds. Biogeochemistry 2009, 95, 277–293.

57. Nguyen, H. V. M.; Lee, M. H.; Hur, J.; Schlautman, M. A. Variations in
spectroscopic characteristics and disinfection byproduct formation potentials
of dissolved organic matter for two contrasting storm events. J. Hydrol.
2013, 481, 132–142.

58. Cory, R. M.; Kaplan, L. A. Biological lability of streamwater fluorescent
dissolved organic matter. Limnol. Oceanogr. 2012, 57, 1347–1360.

59. Fellman, J. B.; Hood, E.; Edwards, R. T.; Jones, J. B. Uptake of
Allochthonous Dissolved Organic Matter from Soil and Salmon in Coastal
Temperate Rainforest Streams. Ecosystems 2009, 12, 747–759.

60. Fellman, J. B.; D’Amore, D. V.; Hood, E.; Boone, R. D. Fluorescence
characteristics and biodegradability of dissolved organic matter in forest
and wetland soils from coastal temperate watersheds in southeast Alaska.
Biogeochemistry 2008, 88, 169–184.

61. Romera-Castillo, C.; Chen, M.; Yamashita, Y.; Jaffé, R.Water Res. 2014, 55,
40–51.

62. Maie, N.; Scully, N. M.; Pisani, O.; Jaffé, R. Composition of a protein-
like fluorophore of dissolved organic matter in coastal wetland and estuarine
ecosystems. Water Res. 2007, 41, 563–570.

63. Fellman, J. B.; Hood, E.; Edwards, R. T.; D’Amore, D. V. Return of
salmon-derived nutrients from the riparian zone to the stream during a storm
in southeastern Alaska. Ecosystems 2008, 11, 537–544.

64. Williams, C. J.; Yamashita, Y.; Wilson, H. F.; Jaffé, R.; Xenopoulos, M. A.
Unraveling the role of land use and microbial activity in shaping dissolved
organic matter characteristics in stream ecosystems. Limnol. Oceanogr.
2010, 55, 1159–1171.

65. Miller, M. P.; McKnight, D. M.; Cory, R. M.; Williams, M. W.; Runkel, R.
L. Hyporheic exchange and fulvic acid redox reactions in an alpine stream/
wetland ecosystem, Colorado front range. Environ. Sci. Technol. 2006, 40,
5943–5949.

66. Baker, A. Fluorescence excitation-emission matrix characterization of some
sewage-impacted rivers. Environ. Sci. Technol. 2001, 35, 948–953.

67. Zhang, Y. L.; Zhang, E. L.; Yin, Y.; van Dijk, M. A.; Feng, L. Q.; Shi, Z. Q.;
Liu, M. L.; Qin, B. Q. Characteristics and sources of chromophoric dissolved

65

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 J

un
e 

19
, 2

01
4 

| d
oi

: 1
0.

10
21

/b
k-

20
14

-1
16

0.
ch

00
3

In Advances in the Physicochemical Characterization of Dissolved Organic Matter: Impact on Natural and Engineered Systems; Rosario-Ortiz, F.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2014. 



organic matter in lakes of the Yungui Plateau, China, differing in trophic state
and altitude. Limnol. Oceanogr. 2010, 55, 2645–2659.

68. Hiriart-Baer, V. P.; Binding, C.; Howell, T. E. Dissolved organic matter
quantity and quality in Lake Simcoe compared to two other large lakes in
southern Ontario. Inland Waters 2013, 3, 139–152.

69. Mladenov, N.; Alados-Arboledas, L.; Olmo, F. J.; Lyamani, H.; Delgado, A.;
Molina, A.; Reche, I. Applications of optical spectroscopy and stable isotope
analyses to organic aerosol source discrimination in an urban area. Atmos.
Environ. 2011, 45, 1960–1969.

70. Mladenov, N.; Sommaruga, R.; Morales-Baquero, R.; Laurion, I.;
Camarero, L.; Dieguez, M. C.; Camacho, A.; Delgado, A.; Torres, O.;
Chen, Z.; Felip, M.; Reche, I. Dust inputs and bacteria influence dissolved
organic matter in clear alpine lakes. Nat. Commun. 2011, 2, 405.

71. Miller, M. P.; McKnight, D. M. Comparison of seasonal changes in
fluorescent dissolved organic matter among aquatic lake and stream sites in
the Green Lakes Valley. J. Geophys. Res.: Biogeosci. 2010, 115, G00F12.

72. Miller, M. P.; McKnight, D. M.; Chapra, S. C. Production of microbially-
derived fulvic acid from photolysis of quinone-containing extracellular
products of phytoplankton. Aquat. Sci. 2009, 71, 170–178.

73. Hood, E.; McKnight, D.M.; Williams,M.W. Sources and chemical character
of dissolved organic carbon across an alpine/subalpine ecotone, Green Lakes
Valley, Colorado Front Range, United States. Water Resour. Res. 2003, 39,
1188.

74. Miller, M. P.; McKnight, D. M.; Chapra, S. C.; Williams, M. W. A model of
degradation and production of three pools of dissolved organic matter in an
alpine lake. Limnol. Oceanogr. 2009, 54, 2213–2227.

75. Laurion, I.; Mladenov, N. Dissolved organic matter photolysis in Canadian
arctic thaw ponds. Environ. Res. Lett. 2013, 8, 030526.

76. Zhang, Y. L.; van Dijk, M. A.; Liu, M. L.; Zhu, G. W.; Qin, B. Q. The
contribution of phytoplankton degradation to chromophoric dissolved
organic matter (CDOM) in eutrophic shallow lakes: Field and experimental
evidence. Water Res. 2009, 43, 4685–4697.

77. Mueller, K. K.; Fortin, C.; Campbell, P. G. C. Spatial Variation in the
Optical Properties of Dissolved Organic Matter (DOM) in Lakes on the
Canadian Precambrian Shield and Links to Watershed Characteristics.
Aquat. Geochem. 2012, 18, 21–44.

78. Williams, C. J.; Frost, P. C.; Xenopoulos, M. A. Beyond best management
practices: pelagic biogeochemical dynamics in urban stormwater ponds.
Ecol. Appl. 2013, 23, 1384–1395.

79. Borisover, M.; Laor, Y.; Saadi, I.; Lado, M.; Bukhanovsky, N. Tracing
Organic Footprints from Industrial Effluent Discharge in Recalcitrant
Riverine Chromophoric Dissolved Organic Matter. Water Air Soil Pollut.
2011, 222, 255–269.

80. Pifer, A. D.; Miskin, D. R.; Cousins, S. L.; Fairey, J. L. Coupling asymmetric
flow-field flow fractionation and fluorescence parallel factor analysis reveals
stratification of dissolved organic matter in a drinking water reservoir. J.
Chromatogr. A 2011, 1218, 4167–4178.

66

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 J

un
e 

19
, 2

01
4 

| d
oi

: 1
0.

10
21

/b
k-

20
14

-1
16

0.
ch

00
3

In Advances in the Physicochemical Characterization of Dissolved Organic Matter: Impact on Natural and Engineered Systems; Rosario-Ortiz, F.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2014. 



81. Beggs, K. M. H.; Summers, R. S.; McKnight, D. M. Characterizing chlorine
oxidation of dissolved organic matter and disinfection by-product formation
with fluorescence spectroscopy and parallel factor analysis. J. Geophys.
Res.: Biogeosci. 2009, 114, G04001.

82. Austnes, K.; Evans, C. D.; Eliot-Laize, C.; Naden, P. S.; Old, G. H. Effects of
storm events on mobilisation and in-stream processing of dissolved organic
matter (DOM) in a Welsh peatland catchment. Biogeochemistry 2010, 99,
157–173.

83. Maie, N.; Yamashita, Y.; Cory, R. M.; Boyer, J. N.; Jaffé, R. Application
of excitation emission matrix fluorescence monitoring in the assessment of
spatial and seasonal drivers of dissolved organicmatter composition: Sources
and physical disturbance controls. Appl. Geochem. 2012, 27, 917–929.

84. Chen, M. L.; Price, R. M.; Yamashita, Y.; Jaffé, R. Comparative study of
dissolved organic matter from groundwater and surface water in the Florida
coastal Everglades using multi-dimensional spectrofluorometry combined
with multivariate statistics. Appl. Geochem. 2010, 25, 872–880.

85. Cawley, K. M.; Wolski, P.; Mladenov, N.; Jaffé, R. Dissolved Organic
Matter Biogeochemistry Along a Transect of the Okavango Delta, Botswana.
Wetlands 2012, 32, 475–486.

86. Mladenov, N.; McKnight, D. M.; Macko, S. A.; Norris, M.; Cory, R. M.;
Ramberg, L. Chemical characterization of DOM in channels of a seasonal
wetland. Aquat. Sci. 2007, 69, 456–471.

87. Larsen, L. G.; Aiken, G. R.; Harvey, J. W.; Noe, G. B.; Crimaldi, J. P. Using
fluorescence spectroscopy to trace seasonal DOM dynamics, disturbance
effects, and hydrologic transport in the Florida Everglades. J. Geophys.
Res.: Biogeosci. 2010, 115, G03001.

88. Mladenov, N.; Huntsman-Mapila, P.; Wolski, P.; Masarnba, W. R. L.;
McKnight, D. M. Dissolved organic matter accumulation, reactivity, and
redox state in ground water of a recharge wetland. Wetlands 2008, 28,
747–759.

89. Cawley, K. M.; Yamashita, Y.; Maie, N.; Jaffé, R. Using optical properties to
quantify fringe mangrove inputs to the dissolved organic matter (DOM) pool
in a subtropical estuary. Estuaries Coasts 2014, 37, 399–410.

90. Chari, N. V. H. K.; Sarma, N. S.; Pandi, S. R.; Murthy, K. N. Seasonal
and spatial constraints of fluorophores in the midwestern Bay of Bengal
by PARAFAC analysis of excitation emission matrix spectra. Estuarine,
Coastal Shelf Sci. 2012, 100, 162–171.

91. Yamashita, Y.; Jaffé, R.; Maie, N.; Tanoue, E. Assessing the dynamics
of dissolved organic matter (DOM) in coastal environments by excitation
emission matrix fluorescence and parallel factor analysis (EEM-PARAFAC).
Limnol. Oceanogr. 2008, 53, 1900–1908.

92. Yamashita, Y.; Boyer, J. N.; Jaffé, R. Evaluating the distribution of terrestrial
dissolved organic matter in a complex coastal ecosystem using fluorescence
spectroscopy. Cont. Shelf Res. 2013, 66, 136–144.

93. Kowalczuk, P.; Durako, M. J.; Young, H.; Kahn, A. E.; Cooper, W. J.;
Gonsior, M. Characterization of dissolved organic matter fluorescence in the

67

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 J

un
e 

19
, 2

01
4 

| d
oi

: 1
0.

10
21

/b
k-

20
14

-1
16

0.
ch

00
3

In Advances in the Physicochemical Characterization of Dissolved Organic Matter: Impact on Natural and Engineered Systems; Rosario-Ortiz, F.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2014. 



South Atlantic Bight with use of PARAFAC model: Interannual variability.
Mar. Chem. 2009, 113, 182–196.

94. Kowalczuk, P.; Cooper, W. J.; Durako, M. J.; Kahn, A. E.; Gonsior, M.;
Young, H. Characterization of dissolved organic matter fluorescence in the
South Atlantic Bight with use of PARAFAC model: Relationships between
fluorescence and its components, absorption coefficients and organic carbon
concentrations. Mar. Chem. 2010, 118, 22–36.

95. Wada, S.; Hama, T. The contribution of macroalgae to the coastal dissolved
organic matter pool. Estuarine, Coastal Shelf Sci. 2013, 129, 77–85.

96. Cawley, K. M.; Ding, Y.; Fourqurean, J.; Jaffé, R. Characterising the sources
and fate of dissolved organic matter in Shark Bay, Australia: a preliminary
study using optical properties and stable carbon isotopes. Mar. Freshwater
Res. 2012, 63, 1098–1107.

97. Chen, H.; Zheng, B. H. Sources of fluorescent dissolved organic matter in
high salinity seawater (Bohai Bay, China). Environ. Sci. Pollut. Res. 2013,
20, 1762–1771.

98. Mendoza, W. G.; Zika, R. G. On the temporal variation of DOM fluorescence
on the southwest Florida continental shelf. Progr. Oceanogr. 2014, 120,
189–204.

99. Catala, T. S.; Mladenov, N.; Echevarria, F.; Reche, I. Positive trends
between salinity and chromophoric and fluorescent dissolved organic matter
in a seasonally inverse estuary. Estuarine, Coastal Shelf Sci. 2013, 133,
206–216.

100. Huguet, A.; Vacher, L.; Relexans, S.; Saubusse, S.; Froidefond, J. M.;
Parlanti, E. Properties of fluorescent dissolved organic matter in the Gironde
Estuary. Org. Geochem. 2009, 40, 706–719.

101. Singh, S.; D’Sa, E. J.; Swenson, E. M. Chromophoric dissolved organic
matter (CDOM) variability in Barataria Basin using excitation-emission
matrix (EEM) fluorescence and parallel factor analysis (PARAFAC). Sci.
Total Environ. 2010, 408, 3211–3222.

102. Fellman, J. B.; Spencer, R. G. M.; Hernes, P. J.; Edwards, R. T.; D’Amore, D.
V.; Hood, E. The impact of glacier runoff on the biodegradability and
biochemical composition of terrigenous dissolved organic matter in
near-shore marine ecosystems. Mar. Chem. 2010, 121, 112–122.

103. Mendoza, W. G.; Kang, Y.; Zika, R. G. Resolving DOM fluorescence
fractions during a Karenia brevis bloom patch on the Southwest Florida
Shelf. Cont. Shelf Res. 2012, 32, 121–129.

104. Luciani, X.; Mounier, S.; Paraquetti, H. H. M.; Redon, R.; Lucas, Y.;
Bois, A.; Lacerda, L. D.; Raynaud, A.; Ripert, A. Tracing of dissolved
organic matter from the SEPETIBA Bay (Brazil) by PARAFAC analysis of
total luminescence matrices. Mar. Environ. Res. 2008, 65, 148–157.

105. Guo, W. D.; Yang, L. Y.; Hong, H. S.; Stedmon, C. A.; Wang, F. L.; Xu, J.;
Xie, Y. Y. Assessing the dynamics of chromophoric dissolved organic matter
in a subtropical estuary using parallel factor analysis. Mar. Chem. 2011, 124,
125–133.

106. Boyd, T. J.; Barham, B. P.; Hall, G. J.; Osburn, C. L. Variation in ultrafiltered
and LMW organic matter fluorescence properties under simulated estuarine

68

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 J

un
e 

19
, 2

01
4 

| d
oi

: 1
0.

10
21

/b
k-

20
14

-1
16

0.
ch

00
3

In Advances in the Physicochemical Characterization of Dissolved Organic Matter: Impact on Natural and Engineered Systems; Rosario-Ortiz, F.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2014. 



mixing transects: 1. Mixing alone. J. Geophys. Res.: Biogeosci. 2010, 115,
G00F13.

107. McIntyre, A. M.; Gueguen, C. Binding interactions of algal-derived
dissolved organic matter with metal ions. Chemosphere 2013, 90, 620–626.

108. Moran, M. A.; Sheldon, W. M.; Zepp, R. G. Carbon loss and optical property
changes during long-term photochemical and biological degradation
of estuarine dissolved organic matter. Limnol. Oceanogr. 2000, 45,
1254–1264.

109. Blough, N. V.; Del Vecchio, R. In Biogeochemistry of Marine Dissolved
Organic Matter; Hansell, D. A., Carlson, C. A., Eds.; Academic Press: San
Diego, CA, 2002; pp 509−446.

110. Boyd, T. J.; Barham, B. P.; Hall, G. J.; Schumann, B. S.; Paerl, R. W.;
Osburn, C. L. Variation in ultrafiltered and LMWorganic matter fluorescence
properties under simulated estuarine mixing transects: 2. Mixing with
photoexposure. J. Geophys. Res.: Biogeosci. 2010, 115, G00F14.

111. Stedmon, C. A.; Markager, S.; Tranvik, L.; Kronberg, L.; Slatis, T.;
Martinsen, W. Photochemical production of ammonium and transformation
of dissolved organic matter in the Baltic Sea. Mar. Chem. 2007, 104,
227–240.

112. Shank, G. C.; Evans, A.; Yamashita, Y.; Jaffé, R. Solar radiation-enhanced
dissolution of particulate organic matter from coastal marine sediments.
Limnol. Oceanogr. 2011, 56, 577–588.

113. Pisani, O.; Yamashita, Y.; Jaffé, R. Photo-dissolution of flocculent, detrital
material in aquatic environments: Contributions to the dissolved organic
matter pool. Water Res. 2011, 45, 3836–3844.

114. Zhang, Y. L.; Liu, X. H.; Wang, M. Z.; Qin, B. Q. Compositional differences
of chromophoric dissolved organic matter derived from phytoplankton and
macrophytes. Org. Geochem. 2013, 55, 26–37.

115. Maie, N.; Sekiguchi, S.; Watanabe, A.; Tsutsuki, K.; Yamashita, Y.;
Melling, L.; Cawley, K.; Shima, E.; Jaffé, R. Dissolved orgnaic matter
dynamics in the oligo/meso-haline zone of wetland-influenced coastal rivers.
J. Sea Res. 2014 DOI:10.1016/j.seares.2014.02.016.

116. Santin, C.; Yamashita, Y.; Otero, X. L.; Alvarez, M. A.; Jaffé, R.
Characterizing humic substances from estuarine soils and sediments by
excitation-emission matrix spectroscopy and parallel factor analysis.
Biogeochemistry 2009, 96, 131–147.

117. Osburn, C. L.; Handsel, L. T.; Mikan,M. P.; Paerl, H.W.; Montgomery,M. T.
Fluorescence Tracking of Dissolved and Particulate Organic Matter Quality
in a River-Dominated Estuary. Environ. Sci. Technol. 2012, 46, 8628–8636.

118. Cawley, K. M.; Butler, K. D.; Aiken, G. R.; Larsen, L. G.; Huntington, T.
G.; McKnight, D. M. Identifying fluorescent pulp mill effluent in the Gulf of
Maine and its watershed. Mar. Pollut. Bull. 2012, 64, 1678–1687.

119. Bergamaschi, B. A.; Krabbenhoft, D. P.; Aiken, G. R.; Patino, E.;
Rumbold, D. G.; Orem, W. H. Tidally Driven Export of Dissolved Organic
Carbon, Total Mercury, and Methylmercury from a Mangrove-Dominated
Estuary. Environ. Sci. Technol. 2012, 46, 1371–1378.

69

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 J

un
e 

19
, 2

01
4 

| d
oi

: 1
0.

10
21

/b
k-

20
14

-1
16

0.
ch

00
3

In Advances in the Physicochemical Characterization of Dissolved Organic Matter: Impact on Natural and Engineered Systems; Rosario-Ortiz, F.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2014. 



120. Hood, E.; Fellman, J.; Spencer, R. G. M.; Hernes, P. J.; Edwards, R.;
D’Amore, D.; Scott, D. Glaciers as a source of ancient and labile organic
matter to the marine environment. Nature 2009, 462, 1044–1047.

121. Osburn, C. L.; Stedmon, C. A. Linking the chemical and optical properties
of dissolved organic matter in the Baltic-North Sea transition zone to
differentiate three allochthonous inputs. Mar. Chem. 2011, 126, 281–294.

122. Bauer, J. E. In Biogeochemistry of Marine Dissolved Organic Matter.;
Hansell, D. A., Carlson, C. A., Eds.; Academic Press: San Diego, CA, 2002;
pp 59−90.

123. Ogawa, H.; Tanoue, E. Dissolved organic matter in oceanic waters. J.
Oceanogr. 2003, 59, 129–147.

124. Benner, R. In Biogeochemistry of Marine Dissolved Organic Matter;
Hansell, D. A., Carlson, C. A., Eds.; Academic Press: San Diego, CA, 2002;
pp 405−453.

125. Opsahl, S.; Benner, R. Distribution and cycling of terrigenous dissolved
organic matter in the ocean. Nature 1997, 386, 480–482.

126. Hedges, J. I.; Eglinton, G.; Hatcher, P. G.; Kirchman, D. L.; Arnosti, C.;
Derenne, S.; Evershed, R. P.; Kogel-Knabner, I.; de Leeuw, J. W.; Littke, R.;
Michaelis, W.; Rullkotter, J. The molecularly-uncharacterized component of
nonliving organic matter in natural environments. Org. Geochem. 2000, 31,
945–958.

127. Tanoue, E.; Nishiyama, S.; Kamo, M.; Tsugita, A. Bacterial-Membranes
- Possible Source of a Major Dissolved Protein in Seawater. Geochim.
Cosmochim. Acta 1995, 59, 2643–2648.

128. McCarthy, M. D.; Hedges, J. I.; Benner, R. Major bacterial contribution to
marine dissolved organic nitrogen. Science 1998, 281, 231–234.

129. Yamada, N.; Tanoue, E. The inventory and chemical characterization of
dissolved proteins in oceanic waters. Progr. Oceanogr. 2006, 69, 1–18.

130. Ogawa, H.; Amagai, Y.; Koike, I.; Kaiser, K.; Benner, R. Production of
refractory dissolved organic matter by bacteria. Science 2001, 292, 917–920.

131. Jiao, N.; Herndl, G. J.; Hansell, D. A.; Benner, R.; Kattner, G.; Wilhelm, S.
W.; Kirchman, D. L.; Weinbauer, M. G.; Luo, T. W.; Chen, F.; Azam, F.
Microbial production of recalcitrant dissolved organic matter: long-term
carbon storage in the global ocean. Nat. Rev. Microbiol. 2010, 8, 593–599.

132. Hayase, K.; Tsubota, H.; Sunada, I.; Goda, S.; Yamazaki, H. Vertical-
Distribution of Fluorescent Organic-Matter in the North Pacific. Mar. Chem.
1988, 25, 373–381.

133. Chen, R. F.; Bada, J. L. The Fluorescence of Dissolved Organic-Matter in
Seawater. Mar. Chem. 1992, 37, 191–221.

134. Mopper, K.; Schultz, C. A. Fluorescence as a Possible Tool for Studying the
Nature and Water Column Distribution of Doc Components. Mar. Chem.
1993, 41, 229–238.

135. Yamashita, Y.; Tanoue, E. Production of bio-refractory fluorescent dissolved
organic matter in the ocean interior. Nat. Geosci. 2008, 1, 579–582.

136. Yamashita, Y.; Tanoue, E. Chemical characterization of protein-like
fluorophores in DOM in relation to aromatic amino acids. Mar. Chem.
2003, 82, 255–271.

70

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 J

un
e 

19
, 2

01
4 

| d
oi

: 1
0.

10
21

/b
k-

20
14

-1
16

0.
ch

00
3

In Advances in the Physicochemical Characterization of Dissolved Organic Matter: Impact on Natural and Engineered Systems; Rosario-Ortiz, F.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2014. 



137. Yamashita, Y.; Tanoue, E. Chemical characteristics of amino acid-containing
dissolved organic matter in seawater. Org. Geochem. 2004, 35, 679–692.

138. Davis, J.; Benner, R. Quantitative estimates of labile and semi-labile
dissolved organic carbon in the western Arctic Ocean: A molecular
approach. Limnol. Oceanogr. 2007, 52, 2434–2444.

139. Gueguen, C.; Granskog, M. A.; McCullough, G.; Barber, D. G.
Characterisation of colored dissolved organic matter in Hudson Bay and
Hudson Strait using parallel factor analysis. J. Marine Syst. 2011, 88,
423–433.

140. Para, J.; Charriere, B.; Matsuoka, A.; Miller, W. L.; Rontani, J. F.;
Sempere, R. UV/PAR radiation and DOM properties in surface coastal
waters of the Canadian shelf of the Beaufort Sea during summer 2009.
Biogeosciences 2013, 10, 2761–2774.

141. Gueguen, C.; McLaughlin, F. A.; Carmack, E. C.; Itoh, M.; Narita, H.;
Nishino, S. The nature of colored dissolved organic matter in the southern
Canada Basin and East Siberian Sea. Deep-Sea Res. Pt. II 2012, 81-84,
102–113.

142. Dainard, P. G.; Gueguen, C. Distribution of PARAFAC modeled CDOM
components in the North Pacific Ocean, Bering, Chukchi and Beaufort Seas.
Mar. Chem. 2013, 157, 216–223.

143. Walker, S. A.; Amon, R. M. W.; Stedmon, C.; Duan, S. W.; Louchouarn, P.
The use of PARAFAC modeling to trace terrestrial dissolved organic matter
and fingerprint water masses in coastal Canadian Arctic surface waters. J.
Geophys. Res.: Biogeosci. 2009, 114, G00F06.

144. Nakatsuka, T.; Toda, M.; Kawamura, K.; Wakatsuchi, M. Dissolved and
particulate organic carbon in the Sea of Okhotsk: Transport from continental
shelf to ocean interior. J. Geophys. Res.: Oceans 2004, 109, C09S14.

145. Hernes, P. J.; Benner, R. Transport and diagenesis of dissolved and particulate
terrigenous organic matter in the North Pacific Ocean. Deep Sea Res., Part I
2002, 49, 2119–2132.

146. Jorgensen, L.; Stedmon, C. A.; Kragh, T.; Markager, S.; Middelboe, M.;
Sondergaard, M. Global trends in the fluorescence characteristics and
distribution of marine dissolved organic matter. Mar. Chem. 2011, 126,
139–148.

147. Hernes, P. J.; Benner, R. Terrigenous organic matter sources and reactivity in
the North Atlantic Ocean and a comparison to the Arctic and Pacific oceans.
Mar. Chem. 2006, 100, 66–79.

148. Murphy, K. R.; Stedmon, C. A.; Waite, T. D.; Ruiz, G. M. Distinguishing
between terrestrial and autochthonous organic matter sources in marine
environments using fluorescence spectroscopy. Mar. Chem. 2008, 108,
40–58.

149. Yamashita, Y.; Cory, R. M.; Nishioka, J.; Kuma, K.; Tanoue, E.; Jaffé, R.
Fluorescence characteristics of dissolved organic matter in the deep waters
of the Okhotsk Sea and the northwestern North Pacific Ocean. Deep Sea Res.,
Part II 2010, 57, 1478–1485.

150. Murphy, K. R.; Boehme, J. R.; Brown, C.; Noble, M.; Smith, G.; Sparks, D.;
Ruiz, G. M. Exploring the limits of dissolved organic matter fluorescence for

71

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 J

un
e 

19
, 2

01
4 

| d
oi

: 1
0.

10
21

/b
k-

20
14

-1
16

0.
ch

00
3

In Advances in the Physicochemical Characterization of Dissolved Organic Matter: Impact on Natural and Engineered Systems; Rosario-Ortiz, F.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2014. 



determining seawater sources and ballast water exchange on the U.S. Pacific
coast. J. Mar. Syst. 2013, 111, 157–166.

151. Murphy, K. R.; Ruiz, G. M.; Dunsmuir, W. T. M.; Waite, T. D. Optimized
parameters for fluorescence-based verification of ballast water exchange by
ships. Environ. Sci. Technol. 2006, 40, 2357–2362.

152. Zhou, Z. Z.; Guo, L. D. Evolution of the optical properties of seawater
influenced by the Deepwater Horizon oil spill in the Gulf of Mexico.
Environ. Res. Lett. 2012, 7, 025301.

153. Mendoza, W. G.; Riemer, D. D.; Zika, R. G. Application of fluorescence
and PARAFAC to assess vertical distribution of subsurface hydrocarbons and
dispersant during the Deepwater Horizon oil spill. Environ. Sci.: Processes
Impacts 2013, 15, 1017–1030.

154. Zhou, Z. Z.; Guo, L. D.; Shiller, A. M.; Lohrenz, S. E.; Asper, V. L.;
Osburn, C. L. Characterization of oil components from the Deepwater
Horizon oil spill in the Gulf of Mexico using fluorescence EEM and
PARAFAC techniques. Mar. Chem. 2013, 148, 10–21.

155. Wedborg, M.; Persson, T.; Larsson, T. On the distribution of UV-blue
fluorescent organic matter in the Southern Ocean. Deep Sea Res., Part I
2007, 54, 1957–1971.

156. Heller, M. I.; Gaiero, D. M.; Croot, P. L. Basin scale survey of marine humic
fluorescence in the Atlantic: Relationship to iron solubility and H2O2. Global
Biogeochem. Cycles 2013, 27, 88–100.

157. Kowalczuk, P.; Tilstone, G. H.; Zablocka, M.; Rottgers, R.; Thomas, R.
Composition of dissolved organic matter along an Atlantic Meridional
Transect from fluorescence spectroscopy and Parallel Factor Analysis. Mar.
Chem. 2013, 157, 170–184.

158. Omori, Y.; Hama, T.; Ishii, M.; Saito, S. Vertical change in the composition
of marine humic-like fluorescent dissolved organic matter in the subtropical
western North Pacific and its relation to photoreactivity. Mar. Chem. 2011,
124, 38–47.

159. Coble, P. G.; Del Castillo, C. E.; Avril, B. Distribution and optical properties
of CDOM in the Arabian Sea during the 1995 Southwest Monsoon. Deep
Sea Res., Part II 1998, 45, 2195–2223.

160. Yamashita, Y.; Tsukasaki, A.; Nishida, T.; Tanoue, E. Vertical and horizontal
distribution of fluorescent dissolved organic matter in the Southern Ocean.
Mar. Chem. 2007, 106, 498–509.

161. Rochelle-Newall, E. J.; Fisher, T. R. Chromophoric dissolved organic matter
and dissolved organic carbon in Chesapeake Bay. Mar. Chem. 2002, 77,
23–41.

162. Yamashita, Y.; Tanoue, E. In situ production of chromophoric dissolved
organic matter in coastal environments. Geophys. Res. Lett. 2004, 31,
L14302.

163. Romera-Castillo, C.; Sarmento, H.; Alvarez-Salgado, X. A.; Gasol, J.
M.; Marrase, C. Net Production and Consumption of Fluorescent Colored
Dissolved Organic Matter by Natural Bacterial Assemblages Growing
on Marine Phytoplankton Exudates. Appl. Environ. Microb. 2011, 77,
7490–7498.

72

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 J

un
e 

19
, 2

01
4 

| d
oi

: 1
0.

10
21

/b
k-

20
14

-1
16

0.
ch

00
3

In Advances in the Physicochemical Characterization of Dissolved Organic Matter: Impact on Natural and Engineered Systems; Rosario-Ortiz, F.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2014. 



164. Shimotori, K.; Watanabe, K.; Hama, T. Fluorescence characteristics of
humic-like fluorescent dissolved organic matter produced by various taxa of
marine bacteria. Aquat. Microb. Ecol. 2011, 65, 249–260.

165. Romera-Castillo, C.; Sarmento, H.; Alvarez-Salgado, X. A.; Gasol, J. M.;
Marrase, C. Production of chromophoric dissolved organic matter by marine
phytoplankton. Limnol. Oceanogr. 2010, 55, 446–454.

166. Tani, H.; Nishioka, J.; Kuma, K.; Takata, H.; Yamashita, Y.; Tanoue, E.;
Midorikawa, T. Iron(III) hydroxide solubility and humic-type fluorescent
organic matter in the deep water column of the Okhotsk Sea and the
northwestern North Pacific Ocean. Deep Sea Res., Part I 2003, 50,
1063–1078.

167. Hansell, D. A.; Carlson, C. A.; Repeta, D. J.; Schlitzer, R. Dissolved Organic
Matter in the Ocean a Controversy Stimulates New Insights. Oceanography
2009, 22, 202–211.

168. Muller, S.; Vahatalo, A. V.; Stedmon, C. A.; Granskog, M. A.; Norman, L.;
Aslam, S. N.; Underwood, G. J. C.; Dieckmann, G. S.; Thomas, D. N.
Selective incorporation of dissolved organic matter (DOM) during sea ice
formation. Mar. Chem. 2013, 155, 148–157.

169. Stedmon, C. A.; Thomas, D. N.; Granskog, M.; Kaartokallio, H.;
Papadimitriou, S.; Kuosa, H. Characteristics of dissolved organic matter in
Baltic coastal sea ice: Allochthonous or autochthonous origins? Environ.
Sci. Technol. 2007, 41, 7273–7279.

170. Stedmon, C. A.; Thomas, D. N.; Papadimitriou, S.; Granskog, M. A.;
Dieckmann, G. S. Using fluorescence to characterize dissolved organic
matter in Antarctic sea ice brines. J. Geophys. Res.: Biogeosci. 2011, 116,
G03027.

171. Korak, J. A.; Dotson, A. D.; Summers, R. S.; Rosario-Ortiz, F. L. Critical
analysis of commonly used fluorescence metrics to characterize dissolved
organic matter. Water. Res. 2014, 49, 327–338.

172. Murphy, K. R.; Stedmon, C. A.; Wenig, P.; Bro, R. OpenFluor- an
online spectral library of auto-fluorescence by organic compounds in the
environment. Anal. Methods 2014, 6, 658–661.

173. Murphy, K. R.; Hambly, A.; Singh, S.; Henderson, R. K.; Baker, A.;
Stuetz, R.; Khan, S. J. Organic Matter Fluorescence in Municipal Water
Recycling Schemes: Toward a Unified PARAFAC Model. Environ. Sci.
Technol. 2011, 45, 2909–2916.

174. Fellman, J. B.; Miller, M. P.; Cory, R. M.; D’Amore, D. V.; White, D.
Characterizing Dissolved Organic Matter Using PARAFAC Modeling of
Fluorescence Spectroscopy: A Comparison of Two Models. Environ. Sci.
Technol. 2009, 43, 6228–6234.

175. Cory, R. M.; Miller, M. P.; McKnight, D. M.; Guerard, J. J.; Miller, P.
L. Effect of instrument-specific response on the analysis of fulvic acid
fluorescence spectra. Limnol. Oceanogr.: Methods 2010, 8, 67–78.

73

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 J

un
e 

19
, 2

01
4 

| d
oi

: 1
0.

10
21

/b
k-

20
14

-1
16

0.
ch

00
3

In Advances in the Physicochemical Characterization of Dissolved Organic Matter: Impact on Natural and Engineered Systems; Rosario-Ortiz, F.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2014. 



Chapter 4

Acidic Functional Groups of Suwannee River
Natural Organic Matter, Humic Acids,

and Fulvic Acids

Shamus J. Driver and E. Michael Perdue*

Department of Chemistry, Ball State University, Muncie, Indiana 47306
*E-mail: emperdue@bsu.edu.

Two samples each of natural organic matter, humic acids, and
fulvic acids from the Suwannee River in southeastern Georgia
were titrated with NaOH on a Mettler-Toledo autotitrator. An
average of 1500 data points was collected for each titration.
Charge densities were corrected for the concentrations of
inorganic anions and cations in the original samples. The
pH 8 and 10 method, the modified Henderson-Hasselbalch
model, and the Gaussian distribution model were fit to the
titration data, and fitting parameters were compared with fitting
parameters from earlier manual titrations of the same samples.
With the exception of the carboxyl contents of two samples,
both the carboxyl and phenolic contents from the pH 8 and
10 method were noticeably higher in the 2003 paper. Similar
results were obtained for fitting parameters of the modified
Henderson-Hasselbalch model, where, with the exception of
two samples, both carboxyl contents and log K1 values are
lower in the current study.

Introduction

Since 1981, the International Humic Substances Society (IHSS) has provided
samples of humic acids, fulvic acids, and natural organic matter (NOM) from
locations all over the world. Among their collections are humic acids, fulvic
acids, and NOM from the Suwannee River in southeastern Georgia, United States.
Although these samples have been available since 1983, the first comprehensive
analysis of the acid-base chemistry of these samples did not occur until 2003

© 2014 American Chemical Society
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(1). In this 2003 study, four Suwannee River standard and reference materials
were analyzed, including two fulvic acids (1S101F and 1R101F), one humic acid
(1S101H), and one NOM (1R101N). Since that time, one fulvic acid (2S101F),
one humic acid (2S101H), and one NOM (2R101N) from the Suwannee River
have been added to the IHSS collection.

The 2003 analysis relied on acid-base titrations in which approximately 0.1M
NaOH was added manually to samples using a micropipette. Titrations were
conducted on 10 mL aliquots of solutions containing 360 mg L-1 of humic acids,
fulvic acids, or NOM. Each titration was titrated over 30 minutes, producing no
more than 120 data points. The samples were titrated in a background electrolyte
of 0.1M NaCl to stabilize the ionic strength of the solution. When calculating the
charge of the organic anions (Σ[Orgi-]) in the solution, the only cations considered
were H+ and the Na+ from the added titrant. The only anions considered were OH-

and Cl-. The concentrations of carboxyl groups and phenolic hydroxyl groups
were derived from the data using the pH 8 and 10 method (2) and the modified
Henderson-Hasselbalch model (3).

The focus of this research was to replicate the 2003 titrations of Suwannee
River NOM, humic acids, and fulvic acids using an autotitrator capable of
recording thousands of data points per titration. The three new Suwannee River
samples were titrated alongside the older samples to complement the existing
data for this set of important standard and reference samples.

The pH 8 and 10 model was used to derive concentrations of acidic functional
groups from the data, and the modified Henderson-Hasselbalch model was used to
fully model the pH dependence of organic charge density in each titration curve.
The Gaussian distribution model (4) was also used to fit titration data and provide
an additional point of comparison between the different models for the data. The
Gaussian distribution model was developed in 1983, but has been used as recently
as 2013 to study the acid-base chemistry of NOM samples from Barataria Bay,
Louisiana, U.S.A. after the Deepwater Horizon MC252 oil spill (5).

All three of these models use the variation of Σ[Orgi-] with pH to calculate
the concentrations of acidic functional groups and other relevant properties of
those functional groups. The Σ[Orgi-] is calculated from the electroneutrality
equation, given the concentrations of all other cations and anions in the solution.
In the current research, a comprehensive effort has been made to quantify the
contributions of all major inorganic cations and anions to the electroneutrality
equation, thus enabling a more accurate estimate of the pH dependence of Σ[Orgi-]
for each sample. The increased density of data from the autotitrator and the more
complete accounting for major cations and anions should lead to a more accurate
determination of acidic functional groups in these Suwannee River samples.

Experimental

Samples of IHSS reference NOM, standard humic acids, and standard fulvic
acids were dissolved into 0.1M NaCl at a concentration of approximately 375 mg
L-1. A 40 mL aliquot of the sample was titrated to an endpoint of pH 10.5 with
a Mettler Toledo G20 Compact Auto titrator. A Mettler Toledo DGi115-SC pH
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electrode was used to monitor pH during the pontiometric titration. The titrant
was approximately 0.1M NaOH, standardized with dried potassium hydrogen
phthalate. Titrations were carried out at a rate of 40 µL min-1 with constant
stirring. Each titration lasted 25-35 minutes. Titration data (volume of added
titrant, pH, etc.) were recorded using LabX titration software version 3.1. All
titrations were carried out under flowing, humidified nitrogen gas using a Haake
G temperature bath to maintain the temperature of the sample at 25±0.2°C. All
titrations were performed in triplicate.

The IHSS codes of the samples that were titrated were 1R101N, 2R101N,
1S101F, 1S101H, 2S101H, and 2S101F. All samples were collected from the
Suwannee River in southeastern Georgia. 1R101N and 2R101N are samples
of NOM that were isolated from the Suwannee River via reverse osmosis (6)
in 1999 and 2012, respectively (7). The humic acid and fulvic acid samples
(1S101F, 1S101H, 2S101H, and 2S101F) were isolated using the XAD-8 method
(8). The 1S101F and 1S101H samples were collected in 1982, and the 2S101F
and 2S101H samples were collected in 2003.

The concentrations of major cations (Na+, Ca2+, Mg2+, K+, and NH4+) and
anions (SO42- and Cl-) were determined for each sample. Concentrations of cations
and anions were measured on a Dionex ICS-5000 using a CS-19 IonPac Dionex
column and an AS-15 Dionox IonPac column, respectively. Total nitrogen and
non-purgeable organic carbon were measured using a Shimadzu TOC-L carbon
analyzer that is equipped with a Shimadzu TNM-L nitrogen accessory. The
concentration of silicic acid in each sample was determined using the heteropoly
blue colorimetric method for the determination of silica in water. The organic
charge (in eq L-1) at any point in the titration was calculated using Equation 1.

Ionic strengthwas calculated at each step of the titration using Equation 2. The
hydrogen ion concentration was calculated using the Davies equation to calculate
the activity coefficient. Because ionic strength depends on Σ[Orgi-], Equations 1
and 2 must be solved iteratively. The task is simplified by the presence of a high
concentration of NaCl as a swamping background electrolyte that dominates ionic
strength.

The organic charge calculated in Equation 1 was divided by the concentration
of organic carbon (DOC) in the solution to correct for dilution and give the
experimental organic charge density (Qexp) in units of meq gC-1. This is shown
in Equation 3.
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Three different methods were used to assign concentrations of carboxylic acid
functional groups and phenolic groups for the samples. The simplest method used
is the pH 8 and 10 method (9). In this method, it is assumed that all the carboxylic
acids and no phenolic groups are titrated by pH 8. The carboxyl content is thus
estimated to be equal to Qexp at pH 8 (10). From pH 8 to pH 10, it is assumed that
half of the phenolic groups have been titrated (2). The phenolic content is thus
estimated to be double the difference in Qexp between pH 8 and pH 10 (11).

The second method used to estimate the concentrations of acidic functional
groups in the samples was the modified Henderson-Hasselbalch model. This
model describes proton binding by two different types of proton binding sites
using Equation 4 (3).

One of the two different types of binding sites is assumed to be carboxylic
acid groups, with a concentration of Q1meq gC-1, an average equilibrium constant
of K1 for proton binding, and width parameter (n1) that increases with increased
range of K values within the class of carboxyl groups. The second type of proton
binding sites is assumed to be phenolic groupswith a concentration of Q2meq gC-1,
an average equilibrium constant of K2 for proton binding, and a width parameter
(n2). The Fletcher-Powell minimization algorithm was used to optimize the model
fitting parameters and minimize the sum of squares of residuals (12).

The third method used to assign concentrations of carboxylic and phenolic
groups for the sample is the Gaussian distribution model (13). In this model,
the variation of Qexp with pH is attributed to two Gaussian distributions of acidic
functional groups. Each of these distributions can be described independently by
a charge density (Q, meq gC-1), an average log K for proton binding (µ), and a
standard deviation of log K values within the distribution of proton binding sites
(σ). The overall charge density (Qtot) is described mathematically in Equation 5.
The same minimization algorithm was used to fit the data.

When using these three means of estimating carboxyl content, the pH 8 and
10 method gives the lowest estimate, the modified Henderson-Hasselbalch model
gives the highest estimate, and the Gaussian distribution model generally gives
intermediate values (5).
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Results

Titrations and Inorganic Contributions

All samples yielded titration curves with the characteristics of Figure 1. As
seen in Figure 1, the titration curve slowly increases in pH until pH 6, where a
steeper increase in pH is observed. The inflection point of the curve is around pH
7. The experimental data were converted using Equations 1, 2, and 3 and plotted
as Qexp versus pH. Figure 2 shows this plot for a titration of Suwannee River NOM
(2R101N).

Figure 1. Titration of 2R101N.

Figure 2. Titration on 2R101N in Qexp v pH.
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As planned, this study included a comprehensive accounting of the
contributions to the electroneutrality equation of major cations and anions that
were present as contaminants in the initial freeze-dried samples. Generally,
Qexp decreased by 0.2-1.4 meq gC-1 when titration curves were corrected for
background cations and anions, indicating that the initial samples typically
contained more strong acid anions than strong base cations. The shift in the
charge density curve was a vertical offset, so the shapes of titration curves
were unaffected by the presence of background cations and anions in the initial
sample. This offset was especially high in 2R101N, which has an unusually high
concentration of sulfate.

In Figure 2, the organic charge density of the NOM increases throughout the
pH range of the titration. The three different models discussed above were fit to
data for the three replicate titrations of each sample. Model-derived parameters
are reported as average values and standard deviations for each sample. The
Gaussian distribution model returned unrealistically high values for both Q2
and µ2 for several titrations. In such instances, µ2 was constrained to be 10 (an
average log K for proton binding by phenolic groups). With this constraint,
there was good general agreement between the Gaussian model and the Modified
Henderson-Hasselbalch model in these cases. Table 1 contains the averages for
data given by the pH 8 and 10 method.

Table 1. Carboxyl Content (Qexp at pH 8) and Phenolic Content (2 Times the
Change in Qexp between pH 8 and pH 10)

Sample Carboxyl Content Phenolic Content

1R101N 9.07 ± 0.11 2.99 ± 0.11

2R101N 10.39 ± 0.94 2.86 ± 0.60

1S101H 7.98 ± 0.05 3.79 ± 0.01

2S101H 9.61 ± 0.32 3.48 ± 0.79

1S101F 10.40 ± 0.08 2.47 ± 0.10

2S101F 11.35 ± 0.10 2.32 ± 0.04

Model Fitting Parameters

Table 2 shows the averages and standard deviations for the six model
fitting parameters of the Gaussian distribution model and the modified
Henderson-Hasselbalch model for three titrations of the six samples. The data
sets highlighted in grey are those for which µ2 was constrained to a value of 10
for the phenolic groups.
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Table 2. Results for the Gaussian Distribution Model (See Text for Explanation of Model)

Carboxyl Groups Phenolic Groups

Sample Q1 µ1 σ1 Q2 µ2 σ2

1R101N 9.51 ± 0.08 4.03 ± 0.08 2.39 ± 0.10 2.26 ± 0.03 10.00 ± 0.00 0.61 ± 0.17

2R101N 10.70 ± 0.90 4.02 ± 0.18 2.10 ± 0.21 2.23 ± 1.09 9.94 ± 0.13 0.60 ± 0.18

1S101H 7.94 ± 0.12 4.84 ± 0.01 1.58 ± 0.05 3.35 ± 0.14 9.75 ± 0.02 1.05 ± 0.07

2S101H 10.01 ± 0.03 4.32 ± 0.06 2.30 ± 0.02 2.11 ± 0.19 10.00 ± 0.00 0.51 ± 0.13

1S101F 10.84 ± 0.10 3.99 ± 0.06 2.18 ± 0.05 1.57 ± 0.34 9.91 ± 0.17 0.29 ± 0.21

2S101F 11.87 ± 0.15 3.98 ± 0.04 2.23 ± 0.05 1.16 ± 0.03 9.82 ± 0.03 0.22 ± 0.06
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Table 3 shows the difference between root mean squared errors (RMSE) when
the constrained and unconstrained Gaussian models are fit to titration data sets.
For three of the data sets, the RMSE increases by less than 1% when the phenolic
content in the model is constrained, and the largest increase in RMSE is less
than 5% when phenolic content is constrained. The quality of fit is not seriously
compromised by constraining phenolic content.

Table 3. Root Mean Squared Error for Restricted and Unrestricted
Gaussian Data Sets

Sample Titration Restricted Unrestricted Difference

1R101N 1 0.0296 0.0294 2.14E-04

1R101N 2 0.0263 0.0250 1.29E-03

1R101N 3 0.0488 0.0474 1.39E-03

2R101N 2 0.0470 0.0465 4.33E-04

2S101H 1 0.0255 0.0249 6.38E-04

2S101H 2 0.0228 0.0226 2.17E-04

2S101H 3 0.0270 0.0266 3.99E-04

Table 4 shows the results for the modified Henderson-Hasselbalch model.
When carboxyl contents (Q1 in the Gaussian and modified Henderson-Hasselbalch
models) are compared, the lowest carboxyl contents are obtained from the
pH 8 and 10 method, and the highest values are predicted by the modified
Henderson-Hasselbalch model, the only exception being a Suwannee River
humic acid (1S101H). When phenolic contents (Q2 in the Gaussian and modified
Henderson-Hasselbalch models) are compared, the highest phenolic contents are
obtained from the pH 8 and 10 method, and the lowest values are predicted by
the modified Henderson-Hasselbalch model, again with 1S101H being the only
exception.

The µ values in the Gaussian model and the log K values in the modified
Henderson-Hasselbalch model are both average log K values for proton binding by
a class of functional groups (carboxyl or phenolic), so they can also be compared
directly. With the exception of the carboxyl groups of the 1S101H sample, log K
values from the modified Henderson-Hasselbalch model are consistently greater
than µ values in the Gaussian model. Both the modified Henderson-Hasselbalch
model and the Gaussian model have fitting parameters that represent the spread of
log K values around the average values (n and σ, respectively). Although both n
and σ increase continuously as the width of a distribution of log K values increases,
they approach different limits when the width of a distribution decreases to a single
proton binding site (n = 1 and σ = 0). Consequently, the width parameters are not
directly comparable.
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Table 4. Results for the Henderson-Hasselbalch Model (See Text for Explanation of Model)

Carboxyl Groups Phenolic Groups

Sample Q1 LogK1 n1 Q2 LogK2 n2

1R101N 10.81 ± 0.13 4.26 ± 0.05 4.04 ± 0.27 1.92 ± 0.55 10.18 ± 0.12 1.05 ± 0.08

2R101N 11.20 ± 0.82 4.16 ± 0.20 3.44 ± 0.39 1.60 ± 0.74 9.99 ± 0.18 1.03 ± 0.06

1S101H 7.85 ± 0.15 4.82 ± 0.01 2.50 ± 0.06 3.84 ± 0.25 9.85 ± 0.04 2.24 ± 0.15

2S101H 10.58 ± 0.03 4.53 ± 0.03 3.79 ± 0.05 1.61 ± 0.32 10.06 ± 0.06 1.00 ± 0.00

1S101F 11.32 ± 0.10 4.13 ± 0.06 3.54 ± 0.08 1.27 ± 0.26 10.13 ± 0.08 1.00 ± 0.00

2S101F 12.38 ± 0.18 4.40 ± 0.52 3.60 ± 0.28 1.12 ± 0.26 10.22 ± 0.43 1.00 ± 0.00
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Comparison with IHSS Fitting Parameters

The IHSS website contains estimates of carboxyl and phenolic content of the
samples used in this study (except the 2R101N sample, which was collected in
2012). The pH 8 and pH 10 method and the modified Henderson-Hasselbalch
model were used to generate those estimates of carboxyl and phenolic contents (1).
Those carboxyl and phenolic contents and the other fitting parameters of the model
are compared in Table 5 with the corresponding results from this study. Because
Qexp decreased by 0.2-1.4 meq gC-1 when titration curves were corrected for
background cations and anions, it was anticipated that the results in the 2003 paper
would be generally higher than those obtained in this study. Both the carboxyl
and phenolic contents from the pH 8 and 10 method were noticeably higher in the
2003 paper, with the exception of the 2S101H and 2S101F carboxyl contents. This
relationship is also observed for the fitting parameters of the modified Henderson-
Hasselbalch model, for which both carboxyl contents and log K1 values of the
2S101H and 2S101F samples are higher in the current study.

Table 5. Experimental Results and IHSS Results Comparison

Carboxyl Groups Phenolic Groups

Sample pH 8 Q1
Log
K1

n1 pH
10 Q2

Log
K2

n2 N

IHSS 1R101N 9.85 10.57 3.94 3.60 3.94 2.61 9.74 1.19 112

Exp 1R101N 9.07 10.18 4.26 4.04 2.99 1.92 10.18 1.05 1554

IHSS 1S101F 11.44 12.00 3.80 3.21 2.91 1.48 9.52 1.00 109

Exp 1S101F 10.40 11.32 4.13 3.54 2.47 1.27 10.13 1.00 1670

IHSS 2S101F 11.17 11.66 3.76 3.24 2.84 2.05 9.84 1.45 123

Exp 2S101F 11.35 12.38 4.40 3.60 2.32 1.12 10.22 1.00 1775

IHSS 1S101H 9.59 10.69 4.42 3.79 4.24 2.28 9.68 1.11 113

Exp 1S101H 7.98 7.85 4.82 2.50 3.79 3.84 9.85 2.24 1222

IHSS 2S101H 9.13 9.74 4.35 3.30 3.72 4.48 10.44 1.73 171

Exp 2S101H 9.61 10.58 4.53 3.79 3.48 1.61 10.06 1.00 1533

84

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 J

un
e 

19
, 2

01
4 

| d
oi

: 1
0.

10
21

/b
k-

20
14

-1
16

0.
ch

00
4

In Advances in the Physicochemical Characterization of Dissolved Organic Matter: Impact on Natural and Engineered Systems; Rosario-Ortiz, F.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2014. 



Conclusions
The data-rich titration curves that were generated using an autotitrator do not

substantially alter the estimates of concentrations of carboxyl and phenolic groups,
their average log K values, or the width parameters that describe the distribution
of log K values in each class of proton binding sites. The enhanced correction for
the contribution of background contaminant cations and anions that was used in
this study led to generally lower estimates of carboxyl content relative to values
generated earlier from manual titrations in which such corrections were not made.
The range of estimates of carboxyl and phenolic content are consistent with prior
observations and reflect only the fundamental differences in the three modeling
approaches.
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Chapter 5

Natural and Unnatural Organic Matter in the
Atmosphere: Recent Perspectives on the High
Molecular Weight Fraction of Organic Aerosol
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This chapter provides an overview of research related to
aerosol-derived HUmic-LIke Substances (HULIS) and the low
volatility/high molecular weight organic aerosol fraction, from
the comprehensive 2006 review by Graber and Rudich of the
similarities and differences between terrestrial/aquatic humic
substances and HULIS, to new insights on the sources and
formation, atmospheric distribution and climatic, ecological,
and epidemiological influences of HULIS from more recent
observations. HULIS are primarily formed through secondary
oxidation of gaseous biogenic and anthropogenic precursors
followed by oligomerization or polymerization reactions
and atmospheric aging but can also be directly emitted e.g.,
from biomass burning smoke or airborne soil. These diverse
processes and sources cause HULIS’ physicochemical and
optical characteristics to evolve over time and vary spatially,
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making conclusions about its climate forcing effects uncertain.
Recent evidence shows that HULIS is present world-wide and
in both fine and coarse aerosol size fractions and can impact
water optical qualities and nutrient cycling in some ecosystems,
form complexes with metals or organic pollutants, and generate
reactive oxygen species, which can harm exposed cells. A brief
review of mass spectrometric techniques that have been applied
to study HULIS or have been recently developed but not yet
extensively utilized is included, as are possible future research
directions.

Introduction

NOM (Natural Organic Matter) is the term used to describe degraded
plant, animal, and microbial substances found ubiquitously in terrestrial and
aquatic ecosystems. NOM includes humic and non-humic substances and its
constituents play important roles in ecosystem dynamics, fate and transport of
organic contaminants, metal speciation and formation of disinfection byproducts
(via interactions with halogen species). Organic matter is also abundant in the
atmosphere, where organic compounds comprise a large but variable fraction of
aerosol mass (e.g., up to 70% of fine-mode aerosol (1); and are also found in rain
and fog water (2, 3). An important component of atmospheric organic matter is the
poly-acidic, chromophoric fraction, termed HUmic-LIke Substances (HULIS) by
Havers et al. (4), since it has similar chemical and physical properties as terrestrial
and aquatic humic substances. HULIS is occasionally also referred to as NOM
although this is misleading since HULIS is mainly formed in the atmosphere
via oxidation of both anthropogenic and biogenic precursor compounds (5, 6);
therefore atmospheric organic matter has both natural and un-natural components,
an observation that inspired this chapter’s title.

The goals of this chapter are to provide an overview of HULIS-related
research leading up to (and described in) the comprehensive review by Graber
and Rudich (5) of the similarities and differences between terrestrial/aquatic
humic substances and HULIS, and to discuss new insights on the sources and
formation, as well as climatic, ecological, and epidemiological influences of
HULIS in atmospheric aerosol, and its atmospheric distribution based on more
recent observations. Although Graber and Rudich (5) included discussion of
rain-, cloud-, and fog-water HULIS in addition to aerosol-derived HULIS in their
review, our focus here is on HULIS in aerosol. It should be noted that many
aerosol studies relevant to HULIS do not explicitly refer to, nor focus on HULIS
per se, but instead have examined low volatility/high molecular weight organic
aerosol (LV/HMWOA (7);), which includes and has been used to describe HULIS
in a number of reviews (5–7), therefore insights gained from several of these
investigations are discussed in this chapter.
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Chemical and Physical Properties of HULIS Relative To
Humic Substances

Atmospheric HULIS are optically active, polyacidic, medium- to high
molecular weight (HMW) substances, which can modify aerosol properties
including light absorption characteristics and formation of cloud condensation
nuclei (CCN) or ice nuclei (IN); therefore HULIS can potentially impact cloud
formation and properties, atmospheric radiation dynamics, and, like humic
substances, possibly also play a role in complexation, transport, or processing of
pollutants (5, 8). Compared to humic substances, HULIS tend to be more acidic,
have lower average molecular weight distributions, less aromatic content and
more surface area as well as better droplet activation ability and higher surface
activity (5).

Several explanations for observed differences between HULIS and humic
substances include (a) the possibility that the higher acidic content of HULIS
impedes the formation of large “supramolecular associations” seen in humic
substances, (b) that large macromolecules do form but are degraded by UV
light and atmospheric oxidants, or (c) that investigators simply have not yet
resolved and identified individual compounds contributing to multicomponent
mixtures (5). Differences might also be attributed to contrasting formation
pathways, as humic substances are formed on long (years) timescales through
biologically-mediated reactions, while HULIS are formed over shorter (days)
timescales, mainly via oxidation of gas-phase organics emitted from biogenic
and/or anthropogenic sources and smoke from biomass burning, although other
minor sources of HULIS have also been identified, including aeolian dust and
degraded plant structural materials (2, 5, 9).

Some researchers, especially in early studies (e.g. (9, 10),) employed similar
techniques to isolate and quantify HULIS as have been used to study humic
substances, which are typically isolated and separated into their humic (base
soluble), fulvic (water soluble at any pH), and humin (insoluble) fractions first
using either non-ionic copolymer sorbents or anion exchange resins followed
by elution in a basic solution, and then further fractionated using either ion
exchange or macroporous non-ionic resins (11). Like humic substances, HULIS
are operationally defined according to the isolation technique used, therefore
variations in chemical and physical properties reported in the literature are partly
due to the operational nature of the term (12). Attempts to isolate HULIS in
aerosol samples have included some alkaline extractions followed by various
fractionation techniques. However most recent studies have focused on the
water soluble organic carbon (WSOC) fraction (e.g. (5), and many of the studies
discussed in this chapter). Therefore results presented from such studies will
mainly include fulvic acid-like materials, restricting conclusions regarding the
chemical nature of HULIS to only the investigated fractions. For example,
while aromatic carbon content is thought to be higher in terrestrial and aquatic
humic substances than most reported values for aerosol-derived HULIS (5),
as mentioned most of these studies have considered only the WSOC fraction.
When the base-soluble (humic acid-like) fraction of HULIS was extracted and
isolated from fresh urban aerosol samples by Subbalakshmi et al. (13), the
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aromatic carbon content (on the order of 45%) was comparable to values observed
in terrestrial and aquatic humic acids, which generally have higher aromatic
fractions than terrestrial and aquatic fulvic acids (5). In this chapter, we do not
attempt to exhaustively describe the various extraction and isolation techniques
applied to HULIS, but instead refer the reader to Graber and Rudich (5) who not
only cover this topic in detail but also discuss some of the limitations associated
with the different approaches.

When pondering the conclusions that can made about the characteristics
of HULIS based on the available literature, several additional caveats should
be considered. Aside from choice of extraction method, individual analytical
techniques have limitations in their abilities to detect some potentially important
constituents of HULIS. For example a lack of signal in the humic-like region of
a 3-D fluorescence spectrum for a given sample could indicate either the absence
of humics or extensive complexation with metal ions or other organic compounds
(which quench the fluorescence response and which would be expected to be
present in ambient aerosol). As another example, 1H-NMR (i.e., proton) spectra
do not provide information on the carbon structure of analytes, nor are acidic
hydrogen atoms detected in proton spectroscopy (5). The individual limitations of
the various techniques do not all overlap, therefore numerous methods should be
applied systematically to the analysis of atmospheric HULIS, and inter-compared
to the best extent possible. The time period over which a given study is performed
is also a consideration, as measurements conducted over limited time periods
can miss seasonal variation in HULIS composition due to changing sources.
In a study of rural aerosol samples, the aromatic carbon fraction was higher
in WSOC-derived HULIS collected in autumn compared to summer (14), a
phenomena which may be attributed to biomass-and/or wood-burning activities
during autumn months, as biomass burning aerosol-derived HULIS have been
observed to have significantly higher aromatic carbon fractions than urban
aerosol-derived HULIS (15).

There have been few attempts to intercompare the myriad techniques
that have been used to extract, isolate, fractionate, and analyze HULIS, and
existing humic substance standards, such as Suwanee River Fulvic Acid (SRFA),
Nordic Lake Fulvic Acid (NLFA) et al. appear to have substantially different
carbon distributions and other properties compared to both biomass burning
aerosol-derived HULIS and urban aerosol-derived HULIS (15). Although
reference dust samples such as those available from NIST do exist, there are
currently no HULIS standards available for systematic comparisons of the
many approaches applied thus far to the study of HMW organic materials in the
atmosphere. However Andracchio et al. (16), created surrogate aerosol standards
consisting of humic and fulvic acids along with low molecular weight (LMW)
organic acids and inorganic salts (both of which can be abundantly present
in ambient aerosol and which would also be expected to contribute to results
obtained in studies using bulk WSOC) for the purpose of evaluating a HULIS
fractionation method.

Although intercomparisons are lacking, scores of analytical techniques
have been used to study HULIS including both spectroscopic (e.g. UV-VIS
with or without size-exclusion chromatography, Fluorescence, IR, 1H- and
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13C-NMR spectroscopy) and non-spectroscopic analyses (pyrolysis GC/MS,
capillary electrophoresis, elemental analysis, etc. (5);). The application of various
analytical approaches has fortunately led to some convergence in terms of the
conceptualization of HULIS: Mukai and Ambe (10) proposed a chemical structure
for HULIS consisting of a poly-cyclic aromatic core with substituted aliphatic
chains bearing carboxyl, carbonyl, and hydroxyl moieties, which is still largely
accepted today (5) although recent evidence suggests that aliphatic structures
may constitute the hydrophobic core in some important HULIS components, such
as organosulfates (17), and oligoesters (18). The presence of amine, methoxyl,
and phenol groups has also been inferred in the hydrophobic acid fraction of
aerosol-derived WSOC (19).

Despite some consensus regarding the chemical structure of HULIS, the
question of its molecular weight distribution remains a contentious issue.
Numerous HULIS investigations have demonstrated through ultrafiltration
techniques that a large fraction of HULIS components have MW below 500
or 1000 Da, causing some to question whether HULIS actually consists of a
complex mixture of LMW compounds rather than macromolecular components
(5), although it should be noted that a similar debate continues regarding soil and
aquatic humic substances (20, 21). Up to Graber and Rudich’s 2006 review, a
number of studies had used mass spectrometry (MS) to estimate aerosol-derived
HULIS MW distributions (e.g., (22–25), etc.), and suggested that average
distributions range from 50-600 Da, substantially lower than what is typically
observed in terrestrial and aquatic humic substances though many of these studies
examined un-fractionated bulk samples expected to contain LMW constituents,
potentially leading to underestimates of HULIS MW distributions. In addition
to possible negative bias introduced with the use of un-fractionated samples,
there are also several caveats associated with mass spectrometric approaches that
could skew HULIS molecular weight estimates to the left, (as described below),
therefore the reported HULIS MW range of 50-600 Da should be considered a
lower limit. Since 2006, MS has been increasingly used to study aerosol HULIS
and/or LV/HMWOA, so a brief review of mass spectrometry as applicable to the
study of HULIS is presented below.

Mass Spectrometric Approaches for Analysis of
HULIS and LV/HMWOA

Mass spectrometry is an analytical technique in which analytes are ionized
and then accelerated through a low-pressure chamber with an oscillating magnetic
field that allows selected ion masses to pass through to a detector; the oscillating
field and detector can scan very quickly across a broad range of ion masses. The
intensity of the signal is expressed across a range of mass to charge (m/z) ratios.
Assuming that ions are singly-charged, m/z represents the molecular weight of the
ions. Traditional ‘hard’ ionization approaches such as electron impact or chemical
ionization cause compound fragmentation, which is desirable when analytes have
known fragmentation spectra (as these are used for compound identification) and
can be easily separated prior to analysis (for example through the use of liquid
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or gas chromatography), but is problematic when studying humics since these
substances are complex, difficult-to-separate mixtures of chemical components,
many with similar chemical properties and unknown chemical formulae (26).
One aerosol-relevant application of MS that typically uses hard ionization is
aerosol mass spectrometry (AMS), in which entire particles are vaporized and the
vapor subsequently ionized and detected (27). AMS can broadly describe aerosol
composition but the multitude of organic compounds comprising OA typically
undergo extensive fragmentation upon ionization with many overlapping ions,
thus identification at the compound level is not possible using this approach (28).

Several soft ionization techniques have been developed which are designed
to add a single electric charge to individual analytes without causing significant
fragmentation, although formation of multiply-charged ions and/or fragmentation
of ionized analyte compounds are both possible and can lead to underestimates
in MW and misidentification of individual components (5), however several
studies have demonstrated that upon ionization, most humic and fulvic acid
spectra consist of singly-charged ions (29–31). Electrospray ionization (ESI) is
one soft ionization approach that had already been used by numerous HULIS
investigators leading up to Graber and Rudich’s 2006 review. In addition to
the limitations (mentioned above) associated with soft ionization techniques in
general, ESI has several other drawbacks. Evidence of ESI-induced fragmentation
of humic components has been observed, as has ionization suppression caused
by the presence of inorganic ions in the sample and reduced efficiencies in both
ionization and detection of HMW compounds (5), making ESI undesirable for the
study of HMW aerosol components. Additionally, like some other soft-ionization
techniques including atmospheric pressure chemical ionization (APCI) and
atmospheric pressure photoionization (APPI), ESI requires the use of a liquid
solvent, and solvent-analyte reactions have been shown to significantly alter
aerosol extract composition (28). Matrix-assisted laser desorption ionization
(MALDI) eliminates the need to extract samples into solvent by allowing for
samples to be analyzed directly on their collection substrate, however MALDI
requires the use of a matrix to increase ionization efficiency, which creates
problems as peaks associated with the matrix dominate low MW regions (m/z
< 250; though this may be of less concern in the study of HMWOA species)
and significant variability in signal intensities have been observed with MALDI;
these relate to laser power, matrix to sample ratio, and sample preparation (27).
Like MALDI, ESI-derived results can also be heavily influenced by a number
of variables (e.g. pH, solution concentration and ionic strength, complexity,
detection mode, cone voltage etc. (5);) therefore ESI-and MALDI-based MS
results of HULIS analyses should be viewed cautiously.

Since approximately 2006, several soft ionization techniques have been
developed to overcome the problems associated with the use of solvents
and matrices; these are known as ambient surface ionization techniques and
require neither solvent extractions nor matrices, instead allowing for direct
analysis of a sample on its collection substrate without sample preparation
(28). Examples of ambient surface ionization techniques include desorption
electrospray ionization (DESI), direct analysis in real time (DART), desorption
atmospheric pressure chemical ionization (DAPCI), electrospray-assisted laser
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desorption and ionization (ELDI) and atmospheric solids analysis probe (ASAP),
however these techniques have not yet been extensively applied to the study of
atmospheric aerosols (27). When considering an ionization scheme for analysis
of HULIS/LV/HMWOA it is also important to consider that different methods
may preferentially ionize certain compound groups, for example ESI can be used
to ionize polar compounds, while APCI and APPI are better suited for less-polar
constituents (27).

By definition, soft ionization techniques provide only very simple spectra
(ideally each compound present would be detected as a single ion of some given
mass), thus offering limited information about analyte chemical structure. This
approach can be complimented with tandem mass spectrometry (MS/MS), in
which soft ionization is initially applied to both generate and detect parent ions
(individual compounds), which are then ionized and subsequently fragment
during sequential ionization and detection routines; thus providing information
about individual precursor and product ions and offering far more information
about the detected ions.

Figure 1. Portion of ESI-QTOF mass spectrum obtained from IHSS Nordic
Fulvic Acid for 5.5-6.0 minute analysis window. (courtesy of D. Mawhinney,

Southern Nevada Water Authority).

Historically, a major factor that has limited the ability of mass spectrometers
to distinguish individual compounds contained in mixtures has been instrument
resolution, in other words the ability to detect small mass differences between
compounds. High resolution mass spectrometry (HRMS) has become increasing
popular for the study of OA and describes a number of MS techniques that can
resolve mass differences below 0.001 m/z and which have broad m/z detection
ranges (analogous to MW ranges if one assumes ions are singly-charged),
thereby discerning thousands of components typical of aerosol samples. HRMS
combined with MS/MS is becoming increasingly popular for the study of organic
aerosol, and the reader is referred to Nizkorodov et al. (27) for a compendium of
HRMS studies of organic aerosol as well as relevant rain and fog water analyses,
however it should be noted that ESI-based techniques have dominated these
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investigations. Perhaps the HRMS technique best-suited to the analysis of HMW
compounds is hybrid quadrupole time-of-flight (QTOF) mass spectrometry, due to
its high sensitivity (27) and theoretically unlimited mass range. Figure 1 shows a
30-second subset of an ESI-QTOF mass spectrum obtained from an IHSS Nordic
Fulvic Acid standard (provided courtesy of D. Mawhinney, Southern Nevada
Water Authority). Other HRMS instruments include linear ion trap (LTQ) and
Fourier transform ion cyclotron resonance (FT-ICR MS), both of which have
already been applied in numerous studies of OA and its formation (27).

The application of HRMS approaches and many other analytical techniques
to the study of LV/HMWOA and HULIS in recent years have resulted in new
revelations regarding the composition, sources and formation of this fraction
of aerosol, its distribution in the atmosphere, and its ecological, climatic, and
epidemiological implications, all of which are discussed in the following sections.

New Insights into HULIS Composition, Sources, and Formation
Pathways

Since Graber and Rudich’s 2006 review, there has been an explosion in
studies of formation and composition of low volatility organic species in aerosol,
many of them using HRMS. Ambient aerosol investigations as well as laboratory
chamber experiments have illustrated that low volatility, HMW organic products
can form in heterogeneous chemical reactions involving lower-weight volatile
organic compound (VOC) precursors, both of anthropogenic (e.g. vehicle exhaust,
VOC from paint) and biogenic (e.g. isoprene) origin, mainly through oxidation
and subsequent oligomerization and oxidation reactions, although one important
revelation of recent research is the observation that in-particle, non-oxidative
reactions also contribute aerosol aging and composition (7). It is also now known
that irrespective of source, both primary (e.g., smoke from biomass burning or
fuel combustion) and secondary (e.g. VOC from vegetation or human emissions)
organic aerosol all tend to undergo chemical transformations in the atmosphere
on timescales of hours to days that result in a convergence towards low volatility,
highly oxygenated OA products bearing many similar structural elements (6, 7).

Atmospheric aging of particles (especially in the presence of reduced nitrogen
species) including anthropogenic and biogenic SOA has recently been shown to
substantially increase aerosol light absorbance coefficients and fluorescence (28,
32–35), which has obvious implications on aerosol radiative forcing and other
properties (see following sections). Laskin et al. (28) employed DESI-HRMS
to identify several important imine aging reactions that result in the formation
of chromophoric, highly-conjugated N-containing species from limonene-derived
SOA, including carbonyl-imine transformation, intramolecular cyclization, and
dimerization with other SOA carbonyl compounds.

Though it has long been postulated that oxidation of gaseous VOC precursors
could lead to secondary organic aerosol (SOA) formation (36), many recent
HRMS studies have elucidated the mechanisms by which HMW aerosol
components form. For example, laboratory chamber and flow tube reactor
studies of SOA formation from biogenic precursor compounds (which account
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for 20-90% of surface SOA (37);) such as isoprene (C5H8) and monoterpenes
(C10H16) have indicated that upon oxidation, these compounds form SOA through
oligomerization of reactive intermediates and/or stable monomer products
(especially small carbonyl molecules) as well as repeating self-reactions of
products such as alkoxy or peroxy radicals; polymerization of formaldehyde and
acetaldehyde building blocks has also been observed (38–40). Nguyen et al. (41)
studied SOA from high-NOx isoprene oxidation using nano-DESI-HRMS under
different humidities, and found that at high humidities, substantially fewer HMW
oligomers were produced compared to drier reaction conditions, while in a study
of SOA generated from α-pinene (a monoterpene) ozonolysis, Doezemaet al. (42)
observed fewer HMW oligomeric compounds in dry air compared to air at 50%
relative humidity.

Altieri et al. (18) applied ultra-high resolution FT-ICR mass spectrometry to
show that in-cloud processing of methylglyoxal in the presence of OH ultimately
resulted in the formation of organic acids as well as HMW oligoesters with similar
chemical properties as HULIS and aged atmospheric aerosols. Oligomers and
other first-generation reaction products form rapidly; subsequent aging processes
slowly change certain chemical characteristics such as O:C ratios which have
been reported to range from about 0.3-0.6 in biogenic VOC-derived SOA and to
increase over time (38–40). Similar behavior has also been observed in VOC of
anthropogenic origin (6, 43, 44).

Like SOA formed from biogenic and anthropogenic VOC, primary emissions
from diesel combustion as well as from biomass burning have also been observed
to evolve over time into low volatility, highly oxygenated OA products similar
to those observed in ambient aerosol (6), although the oligomeric HMW fraction
observed in ambient aerosol, which can comprise up to 20% of the total signal
when analyzed using HRAMS (6) is typically lower than suggested by laboratory-
based studies, in which HMW products can constitute the majority of SOA (40).
Chamber and flow tube experimental conditions are generally not representative
of realistic atmospheric conditions; i.e. levels of both oxidants (e.g. O3, OH) and
VOC precursors tend to be artificially high therefore results obtained from these
studies should viewed accordingly .

Organosulfates, organonitrates and nitrooxy organosulfates, which have been
observed to form in chamber studies of biogenic VOC oxidation in the presence
of sulfate seed aerosol and NOx (17), have also recently been reported in ambient
aerosol (45, 46) as well as rainwater (47) and can comprise a significant fraction of
HMW atmospheric organic matter, suggesting that both natural and anthropogenic
SOA precursors interact to form HMWOA. Using HRMS and tandemMS, Surratt
et al. (17) showed that organosulfates and nitrooxy organosulfates, formed mainly
from the oxidation of biogenic VOC in the presence of acids, can contribute up
to 30% of total organic mass in some locations and that both photo-oxidation
as well as nighttime (i.e. NO3-mediated) oxidation can lead to the formation of
these products. Mazzoleni et al. (48) made ~4000 molecular formula assignments
in a composite aerosol-derived WSOC sample collected from a remote alpine
high-elevation site using ultrahigh-resolution FT-ICR MS and observed S and
N in over half of the compounds. Biogenic VOC were concluded to have
acted as precursor compounds in a substantial fraction of the detected ions and
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non-oxidative accretion-type formation was implied for a significant fraction
of identified HMW components (48). Peng et al. (49) used radiocarbon and
δ13C information to determine that substances from biogenic sources comprised
44-62% of HULIS from TSP samples collected at urban, suburban, and forest
sites in Guangzhou, China.

Fulvic acids that were indistinguishable from aquatic fulvic acids were
reported for the first time in WSOC-derived aerosol by Reemtsma et al. (46),
therefore these compounds can either form through atmospheric processing or (as
inferred in earlier studies, e.g. (2, 9),) soil and/or aquatic sources also contribute
to HULIS observed in aerosol. There are a multitude of potential reaction
schemes that could lead to the formation of LV/HMWOA and HULIS, arising
from hundreds or thousands of potential precursor compounds, oxidative and
non-oxidative pathways, etc. (7); these are beyond the scope of this chapter. Kroll
and Seinfeld (7) present an excellent and detailed review of formation mechanisms
for LVOA/HMWOA, while in their review of HRMS techniques applied to the
study of OA, Nizkorodov et al. (27) summarize HRMS investigations of the
chemical characterization of ambient aerosol. Atkinson and Arey (50) present
a detailed description and numerous schemes of atmospheric VOC degradation
pathways, while Kroll and Seinfeld (7) focus on formation of low volatility SOA
species, including schemes for particle-phase accretion reactions, alkoxy radical
isomerization, and other processes involved in the formation of LV/HMWOA.
Proposed reaction schemes showing formation of organosulfate and nitrooxy
organosulfate compounds from the oxidation of biogenic VOCs are presented
in Surratt et al. (17), while Tobias and Ziemann (51) present schemes for
particle-phase peroxy-hemiacetal formation from dry-air alkene ozonolysis.
Garland et al. (52) depict aldol condensation and hemiacetal formation schemes
from acid-catalyzed reactions of hexanal on sulfuric acid particles; Szmigielski
et al. (53) present organic esterification pathways for high-NOx isoprene
photooxidation and Vione et al. (12) show HULIS formation schemes based on
irradiation of aromatics and subsequent phenoxy radical reactions.

The sources of HULIS/HWMOA are known to have strong seasonal
influences, and recent investigations (e.g. (19, 54–57),) have confirmed earlier
observations (e.g. (14, 25),) that the composition of LV/HMWOA/HULIS
varies seasonally, reflecting the relative importance of changing biogenic and
anthropogenic sources at different times of the year, with biomass-burning being
more important in colder months and SOA from VOC oxidation dominating in
warmer months. Aromatic and aliphatic content of HULIS also tends to differ
according to source (5, 14, 15, 19) as does WSOC hydrophobicity (56). Muller
et al. (58) found a relationship between the fluorescence behavior of rainwater
DOC and certain meteorological conditions and was also able to attribute some
of the detected fluorophores to different sources and source regions (e.g. local,
continental, etc.). Mladenov et al. (59) demonstrated that C and N stable
isotopes and parameters from UV-Vis and fluorescence spectroscopy are able
to discriminate between aerosols receiving substantial fossil fuel pollution and
those influenced by Saharan dust in an urban area. The humification index (HIX),
used predominantly to evaluate the degree of organic matter humification, was
significantly related to the asymmetry parameter and the radius of fine mode
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particles and may reflect aging of the Saharan dust-influenced aerosols (59). Duhl
et al. (60) observed strong seasonal patterns in HIX and WSOC concentrations
(Figure 2) from fine and coarse aerosol-derived bulk WSOC samples, including
both aqueous- and base-extracted fractions, while little seasonality was apparent
in fluorescence index (FI) values (not shown). Lee et al. (33) observed an
increase in HIX as a function of aerosol aging in chamber experiments in which
laboratory-generated SOA was aged with ammonia.

Figure 2. Time series of aerosol-derived bulk WSOC (“neutral”) and bulk
base-extracted OC (“base”) fluorescence (FI; left) and humification (HIX; right)
indices for coarse (top) and fine (bottom) aerosol samples collected at heights
of 2m and 250m at a tower site in Colorado, U.S.A. between December 2012

and July 2013 (60).

Zhang et al. (61) characterized the spatial and temporal patterns of
PM2.5 WSOC concentrations over the southeastern U.S. and observed that
WSOC (as well as sulfate) concentrations were mainly correlated with ambient
temperature year-round, therefore the authors concluded that photochemical
and meteorological influences dictate WSOC concentrations moreso than
biogenic release of VOC. This is notable since this region experiences substantial
biogenic VOC emissions during summer months, and although observed WSOC
concentrations were ~27% higher in locations with high predicted summertime
isoprene emissions, concentrations were still rather homogenous over the region
(61). Feczko et al. (62), isolated HULIS from both aqueous and alkaline
extractions of fine PM samples collected from six sites spanning from west to
east over Europe, and found that while relative amounts of water soluble and
base-soluble HULIS were similar across the sites, there were large site-specific
seasonal patterns in concentrations, for example total HULIS concentrations
were highest in the summer in the Azores and high mountains, but peaked during
winter at low elevation continental sites.
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Distribution of HULIS in Aerosol and in the Atmosphere

Up to Graber and Rudich’s 2006 review and more recently, most
investigations of aerosol-derived HULIS and/or bulk WSOC have focused on
fine-mode particles (particles with average aerodynamic diameters ≤ 2.5 µm
also known as PM2.5) or PM10 (particles with average aerodynamic diameters
≤ 10 µm) and have relied mainly on near-ground measurements. Fewer studies
have examined the distribution of these substances in the coarse aerosol fraction
(PM2.5-10) or at various vertical heights in the atmosphere. Huang et al. (63)
measured size distributions of WSOC, oxalate, and ionic species in a coastal city
in China and observed both WSOC and oxalate had dominant droplet modes
(with mass peaks observed at 1 μm), and minor condensation (0.4 μm mass peak)
and coarse (5.5 μm mass peak) modes. Biomass-burning and in-cloud processing
contributed the most to fine WSOC, while soil dust and aged sea salt particles
were the main components of coarse WSOC (63).

Lin et al. (64) measured the abundance and size distribution of aerosol-derived
HULIS from a rural location in South China during a period of crop residue
burning. PM2.5 samples of direct (fresh) biomass burning emissions were also
collected, and the investigators found HULIS to comprise ~60% of ambient
and 30% of fresh biomass-burning WSOC, with a dominant droplet mode mass
median aerodynamic diameter (MMAD) in the range of ~0,63-0.87 μm in which
81% of total HULIS mass was found. HULIS also had minor condensation (at
MMAD of 0.23-0.28 μm and with 12% of total HULIS mass) and coarse (MMAD:
4.0-5.7 μm; 7% of HULIS mass) modes. Size distribution results suggested
multiple formation pathways for HULIS including secondary (through formation
in cloud droplets or via heterogeneous or solid-phase reactions) processes and
primary (biomass burning, soil) sources.

Hiranuma et al. (65) characterized size-resolved PM emitted from a cattle
feedlot in the Southwest US and found that coarse-mode particles dominated
particle volume size distributions. PM10 concentrations up to 1200 μg m-3 were
observed; these were primarily made up of carbonaceous materials and evidence
suggested that a large fraction was contributed from soil-derived humic acids and
that many of the organics were present in internal mixtures with salts.

HULIS appears to be a ubiquitous component of aerosol world-wide and has
been observed to be present in concentrations of < 0.1 to > 13 μgm-3 (66). Krivácsy
et al. (67) detected HULIS in PM10 sampled at two urban marine sites in New
Zealand, in PM1.5 collected at a pristine oceanic site (Mace Head, Ireland), and in
both coarse and fine PM from a continental urban site (Budapest), and found that
at the site with both coarse and fine PM data (Budapest), HULIS concentrations in
the fine mode samples were at least ten times higher than in coarse PM.

Feczko et al. (62) observed an exponential decrease in HULIS concentrations
as a function of elevation in a study using fine PM samples from six European
sites. Duhl et al. (60) collected rural/urban background fine and coarse aerosol
samples over a 7 month period at heights of 2 m and 250 m above ground level
at a tower site in CO, U.S.A. Water- and base-soluble carbon characteristics as
well as concentrations of total organic carbon, elemental carbon, and aerosol
mass were compared using bulk WSOC and base-soluble OC extracts. No
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significant differences were observed between 2 m samples and 250 m samples
for any of the coarse-mode parameters evaluated, while near-ground fine samples
had significantly higher WSOC, EC, OC, and mass concentrations compared to
samples collected at 250 m.

As mentioned previously, seasonal changes were observed in HIX values
by Duhl et al. ((60); Figure 2) for all investigated aerosol fractions but not in FI
values. Strong correlations were found between fine and coarse-mode WSOC
and between WSOC and OC in both coarse and fine samples and in both neutral
and basic extracts. Correlations were also found between HIX and both WSOC
and OC in both size modes and pH values. Both fine and coarse neutral WSOC
samples had significantly higher FI values than base-extracted samples, while
fine-mode HIX values were significantly higher in the base-extracted samples
from December through mid-March only, with patterns changing thereafter
(Figure 2). Coarse versus fine FI and coarse versus fine HIX were well correlated
in base-extracted samples but not in neutral extracts (but were correlated with each
other in the fine samples). Base-extracted samples had significantly higher WSOC
concentrations compared to neutral extracts in both size modes: base-extracted
WSOC contributed ~6% more to total OC than neutral extracted WSOC in the
coarse mode, and ~24% more in fine-mode samples. These results suggest that
fine and coarse-mode soluble carbon are coupled or may have some common
sources, and confirm previous observations that WSOC is an important fraction
of total OC with seasonally varying source contributions and optical properties.
Figure 3 shows sample EEMs typical of the fine- and coarse-mode near-ground
and 250 m samples in winter and summer months along with (for comparison)
EEMs representing fractionated SRFA and DOC from the Poudre River in CO
(60).

Zhang et al. (61) found a good correlation between PM2.5 mass and WSOC
concentrations in the southeast U.S., but only when aerosol was not influenced by
biomass burning events. Duhl et al. (60) did not observe such a correlation in
fine-mode samples but did observe a weak relationship between coarse PM mass
and WSOC concentrations, though it should be noted that a number of forest fires
were active in the region during several portions of the sampling period.

Hygroscopic, Cloud Nucleating, and Light-Absorbing
Properties of HULIS

Investigations into the hygroscopic and cloud condensation nuclei (CCN)
activating properties of HULIS leading up to Graber and Rudich’s 2006 review
suggest that HULIS has similar or somewhat higher growth factors (68–70)
and activates at lower diameters (71) compared to aerosolized aquatic fulvic
and humic acids; growth rates may be synergistically enhanced in mixtures of
inorganic salts (which would be expected to be present in ambient aerosol) and
HULIS (72). Studies using surrogate HULIS (e.g. (69, 70, 73),) did not observe
synergistic growth enhancement but did observe deliquescence to occur at similar
RHs as those of pure inorganic substances with model HULIS being somewhat
less hygroscopic than inorganic salts.
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Figure 3. Representative EEMs obtained from WSOC extracts of coarse (rows
1, 2) and fine (rows 3, 4) aerosol samples collected near ground-level and at a
height of 250 m from a tower site in CO, U.S.A. in summer (left) and winter

(center). Shown for comparison are EEMs from SRFA (bottom, left) and Poudre
River (bottom, right) samples (60).

Dinar et al. (71) compared droplet activation and surface properties of
HULIS extracted from fresh and slightly aged biomass burning smoke and from
urban pollution to various molecular weight fractions of SRFA, and observed that
all HULIS samples activated at lower diameters and reduced surface tension more
than any of the SRFA fractions investigated (at comparable concentrations), with
the highest CCN activity observed in daytime biomass burning smoke samples.
Several other studies (71, 74, 75) have also demonstrated the surface activity
of HULIS, which can either enhance droplet activation and lower the critical
supersaturation point (by lowering surface tension) or delay droplet activation
(by forming surface organic films that impede the diffusion of water vapor into
the droplet (5);). Surface tension has been observed to decline as total organic
carbon content increases in both aerosol and fog water samples (74), and HULIS
are likely to be more surface-active than smaller, more polar aerosol constituents
(such as mono- and di-carboxylic acids) which have higher affinities for bulk
solution as compared to droplet surfaces (76). HULIS extracted from rural aerosol
in summer decreased the surface tension of water moreso than samples collected
in other seasons (as did the presence of inorganic salts) despite the fact that bulk
elemental composition was indistinguishable across the samples (75).

Gysel et al. (68) separated WSOC from rural fine aerosol into a less
hydrophilic fraction (which was a large component of the total WSOM) and an
inorganic salts + hydrophilic organic matter fraction, and found that the less
hydrophilic fraction had comparable deliquescence behavior as SOA from smog
chambers, but lower than that of highly soluble organic acids. Asa-Awuku et al.
(77) measured the CCN activity and surface activity of fractionated hydrophobic
and hydrophilic components of WSOC from fine biomass burning aerosol, and
found that the strongest surfactants were isolated in the more hydrophobic fraction
while surface tension depression was minor in hydrophilics. The presence of
inorganic salts in the hydrophobic fraction substantially lowered surface tension
and enhanced CCN activity, exceeding of that pure salts (77).

Clearly, HULIS can exert considerable influence on aerosol droplet activation
behavior, surface activity and hygroscopicity; these parameters modify cloud
properties and can affect aerosol chemistry. One of the biggest sources of
uncertainty in climate prediction is the direct effect of light absorbing organic
compounds, (e.g., HULIS) on aerosol scattering and absorption (78). Baduel et
al. (79) found that absorbance of UV and visible light increased along with pH,
aromaticity, TOC content and MW of HULIS derived from PM10 samples and
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observed that the relative contribution of HULIS to light absorption ranged from
7-50% at 300 nm, while Hoffer et al. (80) examined the optical properties of
PM2.5 from biomass burning and found that the relative contribution of HULIS
to light absorption across the entire solar spectrum to be 6.4-8.6%. Baduel et al.
(54) analyzed the WSOC fraction of PM10 at several sites in France in summer
and winter and found large differences in optical properties between the two
seasons implying different seasonal sources. Dinar et al. (78) examined the
refractive indices of HULIS from pollution, smoke, rural continental aerosol,
and fractionated fulvic acid. Complex refraction behavior was observed and
absorption increased in the direction of the UV-range as molecular weight and
aromaticity increased; HULIS from pollution and smoke absorbed more light than
rural aerosol HULIS and absorbed light in both the visible and UV regions (78).
When HULIS absorption is accounted for in sensitivity calculations of aerosol
radiative effects, single scattering albedo is significantly lowered and aerosol
radiative forcing efficiency is increased, implying more atmospheric absorption
and heating (78).

The effects of HULIS on aerosol-radiation interactions is poorly constrained
but may be heavily influenced by the ability of self-assembling organic aggregates
(pseudomicelles) to form in solution when solute concentrations exceed some
critical threshold (similar to what has been observed for humic substances in
solution (5);). As suggested by Tabazadeh (8), the presence of HULIS-derived
amphiphilic substances and the concomitant potential for HULIS to form
pseudomicelles or (depending on solution concentration) colloids in aerosol
droplets could have important consequences for atmospheric chemistry/cloud
properties via light-particle interactions as pseudomicelles increase droplet
turbidity. Tabazadeh (8) also surmised that micelle formation would limit the
ability of surface-active organics in aerosols to reduce the surface tension beyond
10 dyne/cm, and that these molecules enhance water uptake under dry conditions
and reduce water uptake under humid conditions, as well as affect pollutant
processing (see below). Despite the potential for aerosol effects on both radiative
forcing and atmospheric chemistry by HULIS-derived organic aggregates, no
studies that we are aware of have examined these effects in aerosol to date.

Ecological and Epidemiological Impacts of HULIS

Ecological influences of HULIS may be widespread across ecosystems, but
difficult to observe because of the overprinting effects of catchment-derived
terrestrial and microbial organic inputs (59). In remote and alpine (above treeline)
ecosystems, which are often limited in terms of catchment inputs of organic
matter, the influence of HULIS is more evident. In alpine lakes atmospheric inputs
of organic aerosols associated with Saharan dust have been found to influence
the pool of dissolved organic matter and biogeochemical processes in the water
column (81, 82). Mladenov et al. (83) uncovered new evidence that significant
latitudinal trends in dissolved organic matter quantity and quality were influenced
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by dust deposition, flux of incident UV, and bacterial processing. Therefore,
changes in land use and climate that result in increasing dust fluxes, UV, and air
temperature may act to shift optical quality of DOC in alpine lakes. Atmospheric
deposition also is an important input to barren soils in alpine catchments. In an
alpine watershed of the Rocky Mountains, Colorado, wet deposition (9.9 kg C
ha−1 yr−1) and dry deposition (6.9 kg C ha−1 yr−1) were a combined input of
approximately 17 kg C ha−1 yr−1, which could be as high as 24 kg C ha−1 yr−1
in high dust years (84).

It was postulated that, given the role of humic substances in complexation
of metals and organic pollutants, HULIS might perform similar functions in the
atmosphere (8), although up to the 2006 HULIS review by Graber and Rudich,
only scant, indirect evidence of HULIS colloidal properties such as complexation
with metals was available: extensive complexation was inferred for fog water by
Gelencser et al. (85) and for rainwater by Spokes et al. (86). The presence of
HULIS-derived pseudomicelles in aerosol could allow for the solubilization (and
subsequent protection against oxidation) of hydrophobic organic pollutants (8).
Although there are only a few recent reports available to date on this subject, it
appears that HULIS does indeed contain numerous chemical sites that can serve
as ligands where complexation with transition metals can and does occur, thus
potentially influencing atmospheric metal redox chemistry, aerosol solubility and
oxidative potential as well as human health effects from aerosol exposure (87, 88).
HULIS extracted fromwood burning and urban pollution enhanced aqueous phase
oxidation of model organic contaminants by promoting the dark Fenton reaction,
an important reaction for understanding in-cloud degradation of organic pollutants
and for understanding the oxidation state of Fe (89). Dark Fenton oxidation was
clearly enhanced in the presence of HULIS; HULIS and humic substances were
equally as effective at accelerating the rate of pyrene oxidation, andwhile the initial
rate of pyrene oxidation from daytime pollution aerosol was somewhat lower, the
extent of oxidationwas essentially the same (89). It was also noted that this process
could involve low valency transition metals (e.g., Cu, Co, Mn, etc.), and observed
that humic acids with copper ions produced more hydroxyl radical than with Fe
ions (89).

Lin and Yu (88) observed that WSOC-derived HULIS (from rural and
suburban aerosol) was the dominant redox active constituent of aerosol WSOC
and can mediate the generation of reactive oxygen species (ROS) which cause
oxidative stress and cell death in exposed cells. The ROS activity of the WSOC
HULIS was 2% of that of a reference quinone compound, but was higher than
the ROS activity of two different fulvic acid standards (88). Verma et al. (90)
quantified the relative contributions to total ROS activity of fine aerosol-derived
water soluble and insoluble compounds and their hydrophilic and hydrophobic
subfractions. Hydrophobic subfractions of both water soluble and insoluble
components made up a large portion of total PM oxidative potential, while
insoluble compounds were significantly more ROS active than water-soluble
materials. ROS activity was also correlated with soluble and insoluble organic
carbon contents of the soluble and insoluble fractions, respectively, and with
brown carbon (which is indicative of HULIS) in both fractions (90).
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Conclusions and Future Research Directions

In the last decade, much has been learned about the formation of atmospheric
HULIS/HMWOA while recent advancements in analytical capabilities offer
numerous as yet unexplored opportunities to further characterize these substances.
It’s nowwell-accepted that HULIS are formedmainly through secondary oxidation
of gaseous biogenic and anthropogenic precursors followed by oligomerization or
polymerization reactions and atmospheric aging but can also be directly emitted
e.g., from biomass burning smoke or airborne soil. There are large seasonal and
spatial variations in HULIS both in terms of concentration as well as chemical
and optical characteristics. The diverse sources and ever-changing nature of
HULIS make determinations of its radiative forcing, light scattering, and cloud
or ice nucleating effects difficult. Since essentially all of the radiative forcing
effects of HULIS would theoretically be heavily influenced by the potential for
pseudomicelle formation by HULIS in ambient aerosol solutions, future research
into the likelihood of this phenomenon under ambient atmospheric conditions
would be relevant.

Recent evidence shows that HULIS is present world-wide and in both fine and
coarse aerosol size fractions and can impact water optical qualities and nutrient
cycling in some nutrient-limited ecosystems, form complexes with metals or
organic pollutants, and generate reactive oxygen species, which can harm exposed
cells such as lung cells. Additional characterization of especially the hydrophobic
organic aerosol fraction and isolated HULIS with respect to sources and toxicity
is needed for a better understanding of the toxicological effects and magnitude of
potential impacts. Emphasis should be placed on understanding the redox effects
of these atmospheric components as well as on their relationships with metals.
There is a clear need for an improved understanding of the vertical distribution
of HULIS/LV/HMWOA as well as how this fraction of aerosol interacts with
UV light and affects cloud properties. Future investigations might also explore
whether HULIS has other ecological impacts and how these might change under
scenarios of shifting climate and air quality. These lingering questions heighten
uncertainties regarding aerosol climate forcing characteristics and effects on
ecosystems and health; the knowledge gap is particularly large for coarse-mode
PM. Future research might also benefit from application of recently-developed
surface ionization techniques coupled with tandem HRMS to the characterization
of HULIS and LV/HMWOA.
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Chapter 6

NOM as Natural Xenobiotics

Christian E. W. Steinberg*

Faculty of Mathematics and Natural Sciences I, Institute of Biology,
Laboratory of Freshwater & Stress Ecology, Humboldt-Universität zu

Berlin, Arboretum, Späthstr. 80/81, 12437 Berlin, Germany
*E-mail: christian_ew_steinberg@web.de.

In all ecosystems, natural organic matter (NOM) comprises the
major reservoir of organic carbon and contains a high proportion
of humic substances (HSs). HSs are natural xenobiotics
that exert indirect and direct chemical challenges to exposed
organisms. Xenobiotics are chemicals that are found in, but are
not produced by, an organism. Indirect xenobiotic interactions
comprise the release of reactive oxygen species (ROS) from
illuminated HSs in aquatic systems that in turn can place
oxidative stress on exposed organisms. This oxidative stress
can select robust over sensitive species and thereby structure
the community, as shown by freshwater bacteria exposed to
singlet oxygen. Furthermore, this oxidative stress can reduce
the activity of viruses and pathogens and can oxidize various
toxins released by cyanobacteria, and thereby reduce the
chemical challenge of exposed organisms. Within freshwater
phytoplankton, cyanobacteria appear to be more sensitive to
such chemical stress than eukaryotic phototrophs. Due to the
low persistence of polyphenols in eutrophic alkaline waters, it
is questionable whether these xenobiotic NOM compounds are
really effective.

Not all stress-responses of exposed organisms are adverse.
For instance, due to the coevolution of plants and soil organic
matter, HSs interact with higher plants by activating genes and
complex regulation, resulting in increased stress resistance. One
major phenotypic result of this interaction is the remodeling of
root morphology, leading to an increased absorptive surface of

© 2014 American Chemical Society
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the root, which mycorrhizal fungi can attack and colonize. Most
plants possess mycorrhiza that enable them to efficiently take up
nutrients.

Exposed animals also respond to NOMon the gene, protein,
and metabolic level. Low-molecular weight NOM can be
internalized and can provoke oxidative stress, because animals
attempt to rid themselves of natural xenobiotics. However, this
oxidative stress can lead to an increased lifespan, body size,
and offspring number, hence, stabilizing exposed populations.
Another NOM-mediated population-stabilizing mechanism
is the acquisition of multiple stress resistences where one
stressor prepares the organism for another to cope with adverse
effects. Evidence is accumulating that this applies to a variety
of natural and anthropogenic environmental stressors, such
as variations in osmotic conditions, acidity, or netting and
predation. Stress-tolerance can be passed to succeeding
generations by epigenetic mechanisms. Other apparently
population-stabilizing mechanisms are weak feminization by
NOM to reduce the maintenance costs for two separate parental
bodies in ecosystems running close to their carrying capacity.

Several Quantitative-Structure-Activity-Relationships
(QSAR) have shown that particularly phenolic, quinoid, and
stable organic radicals account for various effects in organisms
exposed to NOM, irrespective of its origin. The QSAR could
be confirmed in tests with the nematode Caenorhabditis
elegans by enriching a given HS-preparation artificially with
hydroxybenzenes.

Overall, it appears that NOM is a major driving force of
ecosystem functions, and we are only beginning to appreciate
its ecological significance.

Introduction

In all ecosystems on earth, natural organic matter (NOM) is the major
carbon reservoir, exceeding the total amount in living organisms. For instance,
in oligotrophic freshwater ecosystems, with a dissolved organic carbon (DOC)
concentration between 1 and 100 mg L-1 and maximim values of 150 to 300 mg
L-1 (1, 2), NOM exceeds the amount of organic carbon in all living organisms
by roughly one order of magnitude (3). NOM is a mixture of natural chemicals,
mainly humic substances (HSs). Furthermore, on a global scale with huge
geological formations, such as the bedrock shields in the Northern Hemisphere
or the nutrient-poor regions in the tropics, non-calcareous, HS-rich freshwater
type appears to predominate over calcareous, HS-poor ones (3). Practically
all freshwater systems contain some NOM of allochthonous and certainly of
autochthonous, origin (4).
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Many studies deal with the interaction of NOM or HSs with xenobiotic
chemicals and/or heavy metals and show a natural attenuation/quenching of
potentially adverse chemicals (4, 5). The opposite occurs with metals that
would not be bioavailable under prevailing toxic and circumneutral or slightly
alkaline conditions: these metals, particularly Fe, are rendered bioavailable (6,
7). Furthermore, HSs can adversely impact the underwater light climate (8–12),
reduce primary production (9) and subsequently the richness of herbivorous
zooplankton (13). These issues, however, are not the focus of this study, which
intead considers indirect and direct xenobiotic interactions with organisms. In
this chapter, xenobiotics are understood as natural or synthetic chemicals that are
found in or on an organism, but that are not normally produced by or expected
to be present within it.

It is a fact that HSs are chemicals themselves, namely natural xenobiotic
chemicals (14) and have the potential to indirectly and directly interact with
organisms. Even low HS concentrations, typical of so-called clear-water lakes,
interact with organisms (15). What kind of interactions are known so far and how
do these interactions translate into individual and population integrity? Do HSs
stabilize or destabilize populations? Does the HS-stress favor only euryoecious
species that can survive virtually anywhere? Or is the stress by these natural
xenobiotics a means to stabilize populations under fluctuating environmental
conditions?

This study focuses on:

• NOM as a modulator of redox regimes;
• NOM as a means against harmful phototrophs;
• NOM interactions with higher plants;
• NOM interactions with animals;
• Do NOM origin and quality matter?

This study will pay particular, but not exclusive, attention to freshwater
systems. However, we assume that many findings can be generalized and will
apply to organisms and populations from other habitats.

NOM as a Modulator of Redox Regimes

Due to hydrophobic domains in its components (16), NOM can directly
interact with bacteria and viruses, particularly with their membranes (17). The
major fraction of NOM, which are HSs, have been shown to protect fish against
bacterial pathogens by oral administration (Figure 1). However, it remains
unclear whether this antibacterial activity is combined with an effect on bacterial
membranes (18, 19) or with the acquisition of multiple stress resistance (20) (see
below).
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Figure 1. Survival of ayu fish (Plecoglossus altivelis) challenged with
Flavobacterium psychrophilum (cold-water disease) after treatment with 10%
(◊), 5% (▵), or 1% (○) HS extract. The extract was administered for 30 days
orally as a dry pellet (2% of total body weight per day) with or without (□)

extract. Survival rates of fish in the HS-treated groups were significantly greater
than in the control group. * = significant at p < 0.01 by the χ2 test. Reproduced

from ref. (18). Copyright 2009 Japanese Society of Veterinary Science.

It has long been understood from medical studies that HSs display antiviral
activity (21) against human pathogens, although the underlying mechanisms
remain unclear. Recently, Posselt (22) extended this knowledge to aquaculture by
studying the HS-mediated inactivation of koi herpes viruses. He reported that in
the presence of various HSs and increasing concentrations, decreased intensities
of infection, reduced virus DNA contents, and decreased virus counts occurred.
Antiviral activity was also found with viruses from lake samples that were treated
with fulvic acids (23). Because these experiments (22, 23) were carried out in
darkness, an indirect photolytic mechanism can be excluded and a direct antiviral
activity of HSs can not be ruled out. However, most interactions documented so
far appear to be indirect.

Since the pioneering work of Zepp, et al. (24) and Cooper and Zika (25), it
is known that illuminated HSs release a variety of reactive oxygen species and
thereby change ambient redox conditions. Thus, they have the ability to indirectly
structure the biocenoses as shown only in a few studies so far: for instance,
with various Daphnia (Cladocera) species (26) and with freshwater bacteria (27,
28). Some HSs exhibited a slight antibiotic activity (29). ROS might act as a
disinfectant towards pathogens as found by Liltved & Landfald (30) with the fish
pathogenic bacteria Aeromonas salmonicida and Vibrio anguillarum. In contrast
to Liltved & Landfald (30), Schreckenbach et al. (31) did not observe any growth
inhibition of the fish-pathogenic bacteria Aeromonas hydrophila, Pseudomonas
fluorescens, and P. putida in the presence of a synthetic HS preparation. It can
be assumed that various laboratories applied HSs with different abilities to affect
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bacterial growth. To obtain a detailed insight into a potential mode of action,
a broader data base is required, with the aim to find a QSAR that statistically
identifies the effective structures in the applied HSs.

Recently, singlet oxygen released from the illuminated NOM of a small
humic lake (32) was identified as a neglected but important ecological driving
force (27). The authors showed that bacterioplankton phylotypes favoured under
moderate 1O2 exposure, belonged to β-proteobacteria of the beta II cluster (e.g.,
Polynucleobacter necessarius) and to the beta I cluster related to Limnohabitans
as well as to α-proteobacteria affiliated to Novosphingobium acidiphilum. In
contrast, Actinobacteria of the freshwater acI-B cluster were sensitive even to
moderate 1O2 exposure. A subsequent study confirmed that UV in the presence
of NOM selected for specific members of α-proteobacteria, β-proteobacteria, and
Bacteriodetes (28).

It is highly probable that an oxidative stress mechanism in HS-containing
water bodies controls the composition and abundance of viruses. This has recently
been confirmed in a study that investigated the inactivation of two human viruses
and two bacteriophages by sunlight in an array of coastal waters (33). When
exposed to full-spectrum sunlight, the presence of photosensitizers increased the
observed inactivation rates of three out of four viruses tested.

These findings provide evidence that the exogenous sunlight inactivation
mechanism, involving damage by exogenously produced ROS, play a large
role for the three viruses. Sunlight transforms the singlet groundstate of NOM
(1NOM) to its excited triplet state (3NOM*) that releases ROS. Inactivation of
the fourth virus was observed to be regulated by endogenous mechanisms. These
inactivation pathways are presented schematically in Figure 2.

Figure 2. Scheme of direct and indirect sunlight inactivation of human viruses
and bacteriophages in coastal waters containing natural photosensitizers.

Reproduced from ref. (33). Copyright 2013 ACS.
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The ROS released from illuminated HSs not only attack viruses and
organisms, but also oxidize any chemical compound that they encounter. By
this means, HSs initiate indirect photolysis of the compound. In eutrophicated
water bodies with blooms of harmful phototrophs, several of the encountered
compounds are so-called allelochemicals–chemicals via which organisms of
one species adversely affect the growth, health, behavior, or population biology
of individuals of another species (34). In other words, allelochemicals are
strong weapons against competitors, predators and non-target organisms. In
aquatic systems, toxins are released from cyanobacteria (e.g., microcystins,
cylindrospermopsin, anatoxin, saxitoxin), marine dinoflagellates (e.g., saxotoxin,
brevetoxin), marine red algae and diatoms (domoic acid). Whereas a few toxins
are directly photolyzable, most require the presence of photosensitizers, such
as HSs. Microcystin-LR (35), brevetoxin (36), or cylindrospermopsin (37) are
allelochemicals. The degradation of cylindrospermopsin (CYN), an alkaloid
guanidinium sulfated toxin, has recently been studied in detail and the ROS
involved were identified (37) (Figure 3). Direct photolysis did not take place, but
only HS-mediated indirect photolysis.

Figure 3. Cartoon of the photosensitized degradation of cylindrospermopsin.
Excited NOM transfers its energy to oxygen that releases ROS. From ROS,

hydroxyl radicals (HO•) appear to be most effective. Reproduced from ref. (37).
Copyright 2012 ACS.

Product analyses indicated that the major products from the reaction of
hydroxyl radicals with CYN involve attack of the hydroxyl radical (HO•) at
the uracil ring and hydrogen abstraction from the hydroxy-methine bridge.
The role of hydroxyl radical-initiated pathways in the NOM-photosensitized
transformation of CYN accounted for approximately ~70% of CYN destruction
in surface waters under solar irradiation in the presence of NOM. Singlet oxygen
did not play a significant role in the NOM-sensitized transformation of CYN.
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Overall, the role of illuminated NOM (HSs) appears to be two-fold. Firstly,
ROS released from solar radiation can attack organisms directly, thereby
separating robust species from sensitive speces. Secondly, photo-products
such as HO• can protect organisms by initiating indirect photolysis of harmful
allelochemicals, such as cyanotoxins.

If NOM in general, and HSs in particular, are internalized, even the
internal redox homeostasis of organisms will be drastically altered, because
these substances are natural xenobiotics (14) and the organisms attempt to rid
themselves of these metabolically. For instance, Sun, et al. (38) reported that a
low concentration of a commercial humic acid (HA) preparation was effective
in slightly reducing the cell yield of the cyanobacterium Anabaena circinalis.
In a subsequent paper, the authors elucidated the underlying mechanism and
reported that light was an important factor for the cell lysis (Figure 4), whereas
intracellular H2O2might be the chemical factor for this process (39). Furthermore,
the results indicated that HA or its possible photodegradation product(s) can
induce damage to the intracellular antioxidant system, which leads to abnormally
high concentrations of intracellular H2O2, eventually resulting in cell death. The
sensitivity of cyanobacteria to HSs might also explain patterns in the field. Thus,
eutrophic humic-rich and slightly acidic lakes do not support the cyanobacterial
blooms characteristic of eutrophic but humic-poor lakes (40), but humic-rich and
alkaline lakes do (41). How this apparent contradiction can be resolved will be
discussed in the following paragraphs.

Figure 4. The effect of humic acid (HA) and light on the growth of Anabaena
circinalis. All cultures were cultivated for 24 h from the same initial chlorophyll-a
concentration under conditions of illumination (open columns) or darkness

(closed columns). Values are means ± SD of triplicate samples. Reproduced from
ref. (39). Copyright 2006 Springer.
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The Effect of NOM against Harmful Phototrophs

Massive algal growth in eutrophicated lakes can lead to toxic cyanobacterial
blooms and cause risk to wildlife and humans. To reduce these symptoms of
eutrophication, several allelochemical strategies have been developed, based on
the understanding that many plant secondary metabolites that later form parts of
the NOM are effective against competitors (34). To keep treatment expenses low,
agricultural byproducts have often been applied, especially barley (42) and rice
straw (43).

For many years, polyphenols have been considered as the principal candidate
allelochemicals to control cyanobacterial blooms. These chemicals are also
thought to stabilize the clear, macrophyte-dominated state of shallow lakes (44).
However, these studies on allelopathic action against algal blooms raise one key
unanswered question that continues to be disregarded, namely, the persistence of
the chemicals if applied under field conditions: What is the environmental fate of
the polyphenols released into eutrophic water columns? Are they bioavailable for
the phototrophs under discussion?

In eutrophic lakes, the ambient pH strongly modulates the persistence of
polyphenolic allelochemicals. Most mechanistic studies have been carried out in
the laboratory, often at a pH adjusted to circumneutral values, and extrapolated
to field conditions where senders and receivers of allelochemicals are separated
by considerable distances and where a moderately alkaline pH prevails. None of
the published studies has shown that polyphenols were internalized and adversely
affected the phototrophs in the field. In the “omics” age, this can easily be achieved
by analyzing the transcribed products of genes that respond to polyphenols (45).
Instead, many believe that laboratory findings apply even under field conditions
(44). However, upscaling from laboratory trials to field applications is more
than a simple magnification of scales; environmental mechanisms also apply.
In particular, phototrophs are adversely affected by polyphenols only under
circumneutral and slightly acidic pH values (46). However, if the ambient pH rises
above 8.3, as is usual in eutrophicated freshwaters where pH-values even above
10.0 are common (47), polyphenol bioavailability and corresponding toxicity is
significantly reduced by polymerization – an issue that has been well understood
for a long time from studies on the stability of green tea polyphenols (48). In
Figure 5, the efficacy of hydroquinone, a polyphenol released by macrophytes
(49), is shown to depend on the pH during pre-exposure. Although the toxicity
increases with exposure time at pH 7.0, the opposite occurs after pre-exposure at
pH 11.0, when hydroquinone loses its toxicity within a few hours.

Recent studies have consistently shown that the long-held assumption has
to be reconsidered and that other allelochemicals than polyphenols emerge as
candidates and should be checked for stability under eutrophic lake conditions.
Among these candidates, particularly alkaloids such as gramine (50) appear to be
very promising algicidal compounds (51).

In contrast to unicellular, planktonic phototrophs discussed so far, terrestrial
plants can uptake humic material and respond to it even on the transtriptional level.
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Figure 5. Growth inhibition of the cyanobacterium Synechocystis sp., using
EC90 values, with hydroquinone pre-exposed at pH 7 (left) or pH 11 (right) for
increasing periods of time. Non-hatched columns: white = Control; light gray =
0 h; gray = 4 h; dark gray = 8 h; hatched columns: light gray = 24 h; gray = 48

h; dark gray 96 h. Reproduced from ref. (46). Copyright 2013 Springer.

NOM Interactions with Higher Plants
For thousands of years, the positive effect of humic material on plant growth

has been accepted by the observation that dark-colored soils are more productive
than light-colored ones (6). Some reasons for this phenomenon are enhanced root
growth and the development of secondary roots (52) (Figure 6), a subsequent
increased uptake of macronutrients, and an enhanced bioavailability of trace
elements, particularly iron (7). The modulated root morphology was at least partly
due the down-regulation of two genes that encode negative regulators of root-hair
cell fate (53). The presence of HSs caused a subsequent ordered remodeling
of root morphology, and led to an increased absorptive surface of the root (54).
Furthermore, the enlarged root surface offers an enlarged space for mycorrhizal
fungi to attack and colonize. However, mycorrhizal fungi themselves can be
stimulated by HSs to colonize roots and produce extraradical mycelia (29).

It has been hypothesized that HSs might exert positive effects on plant growth
and yield through an auxin-like activity (52, 56). Other authors have argued that
the enhanced growth is attributable solely to the improved bioavailability of iron
and other trace metals (7), since they could not find auxins, cytokinins, abscisic
acid, or the transcription of auxin-responsive genes (53) in exposed Arabidopsis
thaliana plants. Only recently, this controversy has been solved by ‘omics’ studies.
For instance, Trevisan et al. (57) demonstrated by real-time quantitative RT-PCR,
that the early auxin-responsive IAA19 gene ofA. thalianawas up-regulated after 30
min of treatment of Arabidopsiswith either HSs or 34 nM auxin, and subsequently
displayed a decline in transcription after 2 h of treatment with IAA, whereas a

123

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 J

un
e 

19
, 2

01
4 

| d
oi

: 1
0.

10
21

/b
k-

20
14

-1
16

0.
ch

00
6

In Advances in the Physicochemical Characterization of Dissolved Organic Matter: Impact on Natural and Engineered Systems; Rosario-Ortiz, F.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2014. 



steady increase was detected in the presence of HSs and to a lesser extent, in
control plants (Figure 7). The transcription of IAA19 was rapidly and transiently
up-regulated by auxin; however, the lack of down-regulation of IAA19 after 2 h
by HSs might favour the hypothesis that additional factors other than IAA in HSs
exist (57). The IAA5 transcript was not induced by either IAA or HSs (Figure 7).

Figure 6. Scanning electron micrographs of seedling surface roots of wheat
grown in HS-containing medium (5 mg L-1 C) (a) and HS-free medium (b).

Reproduced from ref. (55). Copyright 1996 Springer.

Figure 7. Expression of IAA5 (A) and IAA19 (B) in Arabidopsis upon exposure to
HSs measured by real-time PCR using the 18S gene as a reference. Seedlings
were grown for 4 days on MS plates and then treated with water (CTR), HS (1 mg
C L-1) or IAA (34 nM) for 30 min or 2 h. Analyses were carried out in triplicate
for each cDNA obtained from two independent RNA extractions. Specific
transcript levels are expressed as arbitrary units (AU) of mean normalized

expression. Bars represent SE. Reproduced from ref. (57). Copyright 2010 Wiley.
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Carletti et al. (58) investigated the changes in expression patterns of
root proteins in Zea mays seedlings using a proteomic approach and found 42
differentially expressed proteins, the majority of which were down-regulated
by HS-treatment. The proteins identified included malate dehydrogenase,
ATPases, cytoskeleton proteins, and different enzymes belonging to the
glycolytic/gluconeogenic pathways and sucrose metabolism. These differentially
regulated proteins were confirmed in A. thaliana by a transcriptomic study (59),
which identified 133 genes putatively involved in the plant–HS interaction.
Sequence analysis and Gene Ontology classification indicated that a large number
of genes involved in developmental and metabolic processes, as well as in
transcriptional regulation or RNA metabolism were identified as being regulated
by HS. This study demonstrated that HSs exert their effects on plant physiology
via complex transcriptional networks. From the overall transcriptomic results, we
hypothesize that HSs exert their function via a multifaceted mechanism of action,
partially connected to their well-demonstrated auxinic activity, but also involving
IAA-independent signaling pathways. Overall, HSs functioned as nutrients and
interfered with stress response signaling, resulting in increased stress resistance.

Figure 8. Time-course of the transcriptional expression of plasma membrane
H+-ATPase genes (CsHa1 and CsHa2), the Fe(III) chelate-reductase (CsFRO1),
and the Fe(II) root transporter (CsIRT1) in apical roots of cucumber plants

subjected to Fe deficiency. The values are means of three replicates. The mRNA
levels are normalized with respect to the internal control alpha-tubulin; *
significant at p < 0.05. Reproduced from ref. (60). Copyright 2009 Elsevier

Masson.
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To demonstrate that HSs not only increase the bioavailability of metals,
particularly Fe, Aguirre et al. (60) investigated the effect of HSs that were free
of measurable concentrations of the major plant hormones, on the transcriptional
regulation of iron assimilation in cucumber plants. The mRNA transcripts of
CsFRO1, which encodes Fe(III) chelate-reductase; CsHa1 and CsHa2 encoding
plasma membrane H+-ATPases; and CsIRT1 encoding a Fe(II) high-affinity
transporter, were quantified by real-time RT-PCR. The results indicated that
HSs-treatments of roots affected the transcriptional regulation of the studied
genes, but this effect was transient and differed (up- or down-regulation),
depending on the specific gene studied. Thus, higher doses of HSs caused a
transient increase in the expression of the CsHa2 isoform for 24 and 48 h, whereas
expression of the CsHa1 isoform was unaffected or downregulated (Figure 8).
These effects were accompanied by an increase in plasma membrane H+-ATPase
activity. These results emphasize the close relationships between the effects of
HSs on plant development and iron nutrition.

NOM Interaction with Animals

High amounts of natural xenobiotic chemicals, particularly HSs, are contained
within NOM. Using 14C-labelled HSs, it was shown that HSs, or at least their low-
molecular weight fraction (approximately 0.5 kDa) (61, 62), can be internalized
(14) by aquatic organisms. This can occur by uptake via membranes or epithelia
and, in the case of animals, via food with adsorbed HSs. This is open to future
studies, to identify which pathways prevail in animals.

Only very few organisms use internalized HSs as antioxidants, such as the
freshwater macroalga Chara hispida, which is characteristic of humic habitats
(63). The compost and soil-dwelling C. elegans is also able to utilize the
antioxidant property of HSs under certain conditions, if exposed to relatively
high, but still soil-relevant HS-concentrations (64).

Most organisms and almost all animals, attempt to rid themselves of HSs
immediately after uptake, and the “first line of defense” (65) is the ABC-exporter
system. However, this defense system might be blocked by dissolved HSs (66)
and organisms then have to metabolize the internalized HSs (67–69). Once
HSs are internalized, their metabolism begins by the activation of oxygen,
releasing several ROS as products and can lead to oxidative stress, including lipid
peroxidation, the induction of stress proteins and biotransformation enzymes (70).
To overcome this stress, considerable amounts of energy have to be provided (71)
and are reallocated from growth, reproduction, or body maintenance. Strikingly,
however, the model invertebrate, Caenorhabditis elegans, prefers humic-rich
and stressful environments, over humic-free environments (64) and benefits
from an extended lifespan and increased offspring as long as the chemical stress
remains mild (equivalent to 0.2 mM humic DOC). This indicates that not all
stress is actually stressful – in contrast, it appears that mild (chemical) stress
in the environment, below the mutation threshold, is essential for many subtle
manifestations of population structures and biodiversity and might indeed have
played a key role in evolution in adverse environments. It appears that due to
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the long-term co-evolution of organisms and HSs, organisms have developed
various means to reverse the original adverse stress into a positive outcome.
Instead, this stress can improve the Darwinian fitness of an organism and is an
essential prerequisite for existence in fluctuating environments. Major underlying
mechanisms comprise the following physiological and molecular biological
effects of HSs and of their major building blocks, natural polyphenols:

(1) Health-promoting activity: The improved health of aquaculture
and ornamental fish in humic-rich waters is well known. Recently,
Chakrabarti et al. (72) reported the increased transcription of a major
tumor-suppressor gene from the p53 family in Caenorhabditis elegans
exposed to HSs from two Brazilian coastal lagoons (Figure 9). Although
C. elegans does not develop tumors, due to its cell constancy as an adult,
it is now well understood that these genes and proteins additionally
have multiple positive and stabilizing functions for health. For many
species, one potential result of exposure to HSs is a prolonged lifespan,
as reported for C. elegans (64), the cladocerans Daphnia magna (73),
Moina macrocopa (74, 75) (but not its sister species M. micrura), and
the threespine stickleback, Gasterosteus aculeatus (76). It was shown
for the humic-tolerant charophyte, Chara hispida, that HSs delay the
aging of its photosynthetic apparatus (63).

(2) Female-bias in the sex ratio: Feminizing activity by both the estrogenic
and the anti-androgenic pathway appears to be an intrinsic activity of
HSs and humic-like substances (77, 78). Exposure to these natural
xenobiotics decreases the m/f ratio and reduces the maintenance costs
for two separate parental bodies in ecosystems that function close to
their carrying capacity, such as brown water bodies. Using this strategy,
the available biochemical energy of the ecosystem is reallocated to a
reproductive trait. Feminization mediated by HSs has been reported in
several lower vertebrates, such as the swordtail, Xiphophorus helleri
(79), the molly, Poecilia vivipara (80), and the claw frog, Xenopus laevis
(77). Hormone-like activities of natural xenobiotics, such as HSs or
polyphenol-containing litter leachates are not restricted to vertebrates
only; exposure of the hermaphrodite nematode, C. elegans to various
humic preparations significantly induced the transcription of at least two
vitellogenin genes, as exemplified by vit-6, which encodes a precursor
of the yolk protein (Figure 10).

(3) Hormetic modulation of life trait variables: Hormesis refers to a biphasic
dose–response to an environmental agent characterized by low dose
stimulation or a beneficial effect and a high-dose inhibitory or toxic
effect. From the ecological perspective, hormesis is a mild stress that
improves Darwinian fitness, rather than only a single life-trait variable.
Specifically, the mitohormesis hypothesis states that a certain increase
in reactive oxygen production leads to lifespan extension and for the
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puddle cladoceran Moina macrocopa, also to an increased number
of offspring (75). This study analyzed the temperature-dependence
of the water-soluble antioxidant capacity of the puddle cladoceran
Moina macrocopa and evaluated its life trait variables with increasing
temperature and increasing HS concentrations as stressors. Temperatures
below or above the apparent optimum (20 °C), reduced the antioxidative
capacity. The addition of HSs increased body length, but decreased
mean lifespan at 15 and 20 °C. There was no clear HS-effect on offspring
numbers at 15, 20, or 30 °C. At 25 °C with increasing HS-concentration,
lifespan was extended and offspring numbers increased enormously,
reaching 250% of the control values. Overall, mitohormesis with all
major life trait variables being positively affected, is a newly discovered
pathway that might stabilize populations in fluctuating environments.

(4) Multiple stress resistance or cross-tolerance: Exposure to HSs induces a
general multiple stress tolerance in animals. Examples include tolerance
against predation (netting) stress on fish (79) or osmotic stress on
M. macrocopa alone (74) (Figure 11) or combined with fluctuating
temperature. It is very likely, but not yet proven, that the protection
of fish against pathogenic bacteria (18, 19) is also based on such a
mechanism, because the authors did not find any direct antibiotic activity
of the HSs applied.
Cross experiments, e.g. initial exposure to a specific stressor, such as sea
salt, and subsequent exposure to HSs did not show any multiple stress
resistance in M. macrocopa.
In addition to these examples, evidence is accumulating that HS-exposure
also increases the fitness of shrimps (Figure 12), copepods, mayflies, and
fishes to survive in natural and man-made acidic waterways (81, 82).
For instance, Hargeby and Petersen (82) reported that during 21 days of
exposure of Gammarus pulex to acidity, with or without HS:

• the proton toxicity at pH 6 in the absence of HS led to 92%
mortality. If HSs were added at a concentration of 7 and 20 mg
L-1, the mortality rates fell to 80% and 64% respectively (Figure
12);

• animals surviving at pH 6 exhibited a reduced growth rate, a
lower nutrient use and a higher body water content than at pH
7.3 (control);

• the presence of HS significantly improved the survival rate in
acidic conditions.

In a recent study, Holland et al. (83) confirmed the classical finding by
Hargeby and Petersen (82) by exploring the ability of HSs in the form
of Aldrich humic acid (AHA) to increase survivorship of the freshwater
shrimp (Caridina sp. D) at low pH in artificial soft (representative of
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naturally acidic environments) and hard waters (artificial and natural Dee
River water). Freshwater shrimps were exposed to pH treatments ranging
from pH 7 to pH 3.5, with or without 10 or 20 mg L-1 HSs treatments. In
low pH water, shrimp mortality was higher in artificial hard water (LC50
at pH 4.95) and natural hard water (LC50 at pH 4.74), compared with soft
water (LC50 at pH 4.27). The HSs substantially decreased the threshold
at which pH caused 50% mortality to the freshwater shrimp, with this
threshold shifting from 4.95 to 4.47 in artificial hard water, from 4.74 to
4.50 in natural hard water and from 4.27 to 4.18 in soft water (Figure 13).

(5) Transgenerational heritage of stress resistance: One of the most
promising strategies to stabilise long-term populations in fluctuating
environments is the transfer of acquired stress-tolerance to succeeding
generations. Recent findings concerning salt-tolerance in Moina
macrocopa show that stress-tolerance after HS-exposure is transmitted
to filial generations (Figure 14). Strong indications suggest that this
inheritance is based on epigenetics (most often gene silencing), since
HS-exposure leads to DNA methylation (Figure 15). This example
illustrates that environmental factors can lead to epigenetically mediated
increased genomic flexibility even in successive, untreated generations,
and thereby increase the potential for adaptation without changes in the
DNA itself.

Figure 9. Relative expression of the cep-1 gene in Caenorhabditis elegans,
exposed to 5, 25, or 50 mg L-1 DOC of natal humic substances from two Brazilian
coastal lagoons (Lagoa Atoleiro, Lagoa Comprida). * indicates an increase in
transcription >1.7-fold compared to the control and after normalization with the
reference gene act-1. Reproduced in modified form from ref. (72). Courtesy of

Northeastern University, Boston, MA.
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Figure 10. Relative expression of the vit-6 gene in Caenorhabditis elegans
exposed to 2.08 mM DOC of each humic substance from two lakes in the vicinity
of Berlin; one soil isolate (HuminFeed®) and one synthetic humic substance
(HS1500®). NOM = Natural Organic Matter isolated by reverse osmosis
from lakes. Transcript increases >1.7-fold compared to the control and after
normalization with the act-1gene, are considered significant. Reproduced from

ref. (80).

Figure 11. Multiple stress tolerance to survive fluctuating osmotic conditions in a
Brazilian coastal lagoon. The lagoon is separated from the Atlantic Ocean only
by a small sandbar and saline water often intrudes into the lagoon. Lifespan
modulation in Moina macrocopa occurs by intermittent exposure to salt (5.5 g
L-1) alone or salt + humic substances (HSs, 0.83 mM DOC) from an adjacent

lagoon in the national park. Reproduced from ref. (80).
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Figure 12. Multiple stress tolerance to survive acidic conditions: Survival
of Gammarus pulex during 21 days’ exposure to pH 6.0 and 7.3, and HS

concentrations of 7 and 20 mg L-1 DOC. The arrow marks the adverse effect of
an elevated HS concentration. Reproduced from ref. (82). Copyright 1988 Wiley.

Figure 13. Multiple stress tolerance to survive acidic conditions: Survival of
Caridina sp. D in acidified Dee River water. Top: 0 mg L-1 Aldrich Humic Acid,
AHA, middle: 10 mg L-1 AHA, bottom: 20 mg L-1 AHA. ● = pH 3.5; ○ = pH 4.0;
▾ = pH 4.5; ▵ = pH 5.0; ▪ = Control. Each point is the neam of six replicates
from two trials ± SE. Reproduced from ref. (83). Courtesy of Northeastern

University, Boston, MA.
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Figure 14. Daphnia magna mothers (P0) transmit stress resistance to
filial generations. Exposure for all generations was identical to 20 mg L−1

HuminFeed® (8.6 mg L-1 DOC). The exposed daughters from exposed mothers
(F1) do not produce ephippia, whereas exposed granddaughters from exposed
daughters (F2) start to produce ephippia again, in significantly lower numbers
than their grandmothers. * = significantly different from P0 at p < 0.05.

Reproduced from ref. (84). Copyright 2011 Elsevier.

Figure 15. Increased cytosine-methylation in clones of two cladoceran species
(Daphnia magna, Moina macrocopa) exposed to humic substances. *p < 0.05.

Reproduced from ref. (84). Copyright 2011 Elsevier.

Do NOM Origin and Quality Matter?
Both the origin and particularly the quality of NOM are extremely important.

The measurement of DOC is an analytical one for the quantity of dissolved
organic carbon, but does not contain any quality features. Hence, identical DOC
quantities might reflect differing and even contrasting qualities. The governing
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role of NOM origin can be observed in Figure 16, where the number of offspring
of C. elegans is plotted as a function of the DOC concentration from various
sources and preparation methods. Waste-water fulvic acids (FA), soil leachate
FA, humic lake FA, and marsh ulatra-flitrate increase nematode reproduction,
whereas groundwater FA and industrial waste-water FA do not significantly
modulate reproduction (85). It is clear that the origin of a NOM isolate controls
its composition; however, so far it remains unclear which structural moieties
provoke which effects.

Figure 16. The origin of NOM is important: Number of offspring per worm
(mean ± SD) of C. elegans after 72 h exposure to DOM from different sources
and various concentrations: waste-water fulvic acid (FA), soil-leachate FA,
raised-bog FA, raised-bog ultra-filtrate (UF), industrial waste-water FA,

ground-water FA, marsh UF. Data are means ± standard deviation. Significant
increases in offspring numbers are indicated by grey arrows; significant

decreases by black arrows. Reproduced from ref. (85). Copyright 2001 Wiley.
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The answer to this question was addressed by another survey that tested
20 chemically and physically well-characterized HS preparations of different
qualities with respect to a reduction in the vegetative growth of the water mold,
Saprolegnia parasitica (86). The results suggested that fungal growth was most
efficiently reduced by HSs with a high aromaticity and was encouraged by NOMs
with a high carbohydrate content (Figure 17).

Figure 17. The quality of NOM matters: Correlations of the 24 h and 48 h EC50
values of Saprolegnia parasitica growth modulation with structural features.
Specific UV absorption (sUVa) and peak molar mass (Mp) were derived from
HPSEC and point to aromatic humic compounds with a higher molar mass;
COOH and CH2 are relative measures of these functional groups derived from
FTIR spectra; C and H were derived from elemental analysis and spin at pH
6.5 denotes the spin concentrations of stable organic radicals in HSs measured
by EPR spectroscopy. HMW = high molar mass. Negative r-values signify
a reduction in vegetative growth; a positive r-value means growth support
as exemplified by two HSs of contrasting effects. Reproduced from ref. (87).

Courtesy of Northeastern University, Boston, MA.

This dualism continues to apply to the extension of the lifespan of C. elegans
(Figure 18), however, in an inverse relationship. Here, the carbohydrate-rich
NOM from the Schwarzer See did not affect the lifespan, whereas the preparation
with a high aromaticity (HuminFeed®) extended the lifespan at low-to-medium
concentrations.

When aquatic macrophytes, such as coontail (Ceratophyllum demersum)
and Java moss (Vesicularia dubyana) were exposed to NOMs, a reduction
in photosynthetic oxygen release occurred (88, 89), and a QSAR could be
established. Particularly stable radicals that are indicative of quinone structures,
statistically account for approximately 80% of the reduction in oxygen release
(Figure 19). HSs might directly quench electrons or bind to the bio-quinones
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in PSII and thereby block electron transfer. The development of an internal
oxidative stress might also be a mode of action, which in primary producers, leads
to a reduction in photosynthetic activity to avoid excess ROS production (90).

Figure 18. The quality of NOM matters: The survival rate and lifespan of
C. elegans exposed to Schwarzer See NOM and HuminFeed® at increasing
concentrations (mg L-1 DOC). Controls were without any NOM/HS addition.
With Schwarzer See NOM, no exposure was significantly different from the
controls. With HuminFeed®, the differences between control and 2.5, 5 and
20 mg L-1 exposures were significant at the p < 0.005 level (log-rank test, n =
94–120). There were no significant differences between the control and the 25
mg L-1 DOC exposure. Reproduced from ref. (87). Courtesy of Northeastern

University, Boston, MA.

Figure 19. The quality of NOM matters: Spin density of HS and NOM as
a predictor for the reduction in photosynthetic oxygen release in Java moss

(Vesicularia dubyana). 1: control; 2: Suwannee River NOM, 3: Suwannee River
FA, 4: Suwannee River HA, 5: synthetic HS1500, 6: Hellerudmyra NOM, 7:
Svartberget NOM, 8: Valkea-Kotinen NOM, 9: Hietajärvi NOM, 10: Birkenes
NOM. Reproduced from ref. (89). Courtesy of the Akademie gemeinnütziger

Wissenschaften Erfurt, Germany.
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To date, all structure–activity relationships indicate that particularly
structures with high spin densities or with high hydroxybenzone moieties
were effective in macrophytes and the nematode C. elegans. To test this
experimentally, Menzel et al. (64) enriched HSs with hydroxybenzene moieties.
Based on the leonardite preparation HuminFeed® (HF), Menzel et al. (64)
followed a polycondensation reaction in which this natural HS preparation
and a dihydroxybenzene (hydroquinone or benzoquinone) served as reaction
partners. Several analytical methods showed the formation of the corresponding
copolymers. The chemical modification boosted the antioxidant properties of HF
both in vitro and in vivo. HSs enriched with hydroxybenzene moieties caused a
significant increase in the tolerance to thermal stress in C. elegans and extended
its lifespan. Exposed nematodes showed a delayed linear growth and onset of
reproduction and a stronger pumping activity of the pharynx. Thus, treated
nematodes behaved younger than they really were. In this respect, the modified
HF replicated the biological impact of various plant polyphenol monomers. In
fact, there was a strong transcriptional overlap in worms exposed to modified HF
and plant polyphenols, thereby supporting the hydroxybenzene moieties of HSs
as major effective structures for the physiological effects observed in C. elegans.
With some plausibility, this statement can be extended to the other NOM and HS
effects on organisms described above.

Conclusion

This study has shown that NOM is a major driving force in ecosystems.
NOM and its major fraction, HSs, are natural xenobiotic chemicals that indirectly
or directly interact with organisms. Polyphenols, quinones, or stable radicals
appear to be the most effective NOM components, whereas polysaccharides
appear to provoke opposite effects. Indirect interactions comprise changes in
the external redox regime by released ROS upon illumination, with subsequent
oxidative stress; however, if allelochemicals are the subject of attack by ROS, the
allelochemical stress of exposed organisms is reduced. Direct interactions start
with membranes, which is covered only by a few studies and deserves intensive
future study.

The low-molecular weight HS fraction of NOM, with a molecular weight
of approximately 0.5 kDa (61, 62), is taken up via epithelia/membranes or via
food ingestion. To date, only very few organisms are known that make use of
the antioxidative properties of the HSs; however, there is no reason to believe
that other unidentified organisms could not also benefit from the antioxidative
properties of HSs. For instance, organisms that inhabit humic-rich environments
have co-evolved with these natural xenobiotics and have turned the original stress
into a benefit. On a more comprehensive basis, this strategy could be identified
with terrestrial plants, compost nematodes, or fishes and aquatic invertebrates. In
conclusion, exposed organisms develop multiple stress resistances that might be
epigenetically transmitted to succeeding generations, thereby enabling organisms
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to maintain stable populations under fluctuacting environmental conditions.
In this respect, further strategies include increased lifespan, body growth and
especially, an increase in offspring numbers or feminization of young males.
The latter strategy makes optimal use of the available biochemical energy in an
ecosystem that approaches its carrying capacity. Finally, we are hopeful that the
scientific community will continue to make fascinating discoveries, although the
recognition of the importance of the ecological significance of NOM as a natural
xenobiotic is in its infancy.
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Chapter 7

NMR Studies of Phosphorus Speciation and
Carbon Humification in Wetland Soils

Aopeau Imvittaya, Rasha Hamdan, and William Cooper*

Department of Chemistry and Biochemistry, Florida State University,
Tallahassee, Florida 32306-4390
*E-mail: cooper@chem.fsu.edu.

Excessive phosphorus in surface waters can lead to significant
changes in ecosystem characteristics. The Florida Everglades
is a classic example of a phosphorus-impacted system. The
“natural” state of the Everglades is highly oligotrophic,
with dissolved total phosphorus levels less than 20 ppb in
unimpacted areas in the south. However, in the northern
Everglades, wetlands receive runoff rich in phosphorus and the
normally open sawgrass plains have been converted into dense
mono-species stands of cattail. In response, Water Conservation
Areas (WCAs) have been established as buffer zones to
protect pristine areas and prevent systemic eutrophication.
Macrophytes, periphyton, and microbes in these wetlands take
up part of the excess, labile inorganic phosphorus from the
water column and convert it into organic forms. As these
organisms decay, phosphorus is incorporated into the soil,
essentially sequestering it as a part of the soil organic matter
matrix. However, this sequestered phosphorus is subject to
re-release back into the water column upon changes in nutrient
status, hydrological regime or soil redox conditions. In this
study we have used 31P and 13C NMR spectroscopy to estimate
the extent of phosphorus sequestration in wetland soils. These
estimates are based on previous studies using hydrofluoric acid
treatments. Results from those studies suggest that phosphorus
storage is linked to soil organic matter humification. Organic
matter in soils in Everglades Water Conservation Area 2 are
immature and poorly humified and thus phosphorus storage
there may be at risk if hydrology or soil redox state changes.

© 2014 American Chemical Society
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Introduction

Phosphorus in wetland soils exists in both organic and inorganic forms.
Inorganic phosphorus originates mainly from anthropogenic contamination,
including fertilizers. Macrophytes, periphyton, and microbes in wetlands take
up part of the labile inorganic phosphorus from the water column and convert it
into organic compounds in their tissue. As these organisms decay, phosphorus is
incorporated into the soil in the form of organic phosphorus. One major question
in understanding phosphorus cycling in wetlands is the extent to which this natural
organic matter in sediments might protect soil phosphorus from re-suspension
back into the water column (1).

Soil organic phosphorus typically consists of three chemically distinct
groups. Phosphate monoesters are thought to be the most abundant class in
wetlands (2–4), although there is some evidence that diesters may hydrolyze
in the alkaline solutions used in P-extraction resulting in an overestimation of
monoester content (5). Phosphate monoesters originate from phosphate esters
of sugar-like molecules and they occur mainly as inositol phosphates, with
myo-inositol hexakisphosphate (phytic acid) the most prominent form in upland
soils but not so in wetlands (4). The second group consists of phosphate diesters
such as DNA and RNA. This group has been associated with sorption to silicate
clays and humic acids. Phospholipids, a major component of cell membranes,
form the final group.

Under the anaerobic conditions typically found in wetland soils,
decomposition rates are slow and accumulation of moderately reactive
phosphorous compounds occurs along with other refractory fractions. Thus,
phosphorus will accumulate along with soil organic matter (SOM) from partially
decomposed plant remains, providing long-term storage of phosphorus with a
turnover time of ~ 100 years, in contrast to herbaceous plants where turnover
times are on the order ~ two years (6). However, phosphorus sequestration
is tightly linked to nutrient stoichiometry, and any shift in nutrient status or
hydrological regime may affect the stability of the sequestered phosphorus (7).

Organic phosphorus from microbial and plant tissues requires enzymatic
hydrolysis to liberate inorganic phosphate that then becomes bioavailable.
When phosphorus is in excess, synthesis of the enzyme phosphatase by soil
microorganisms will be suppressed and organic phosphorus will accumulate (8, 9).
But the form of organic phosphorus produced under high pollutant loading might
be readily degradable if bioavailable phosphorus inputs are reduced. Indeed, it
has been reported that plants and microorganisms favor organic phosphorus under
phosphorus limited conditions (10).

At the same time, phosphorus retention is tightly linked to soil physio-
chemical properties, mainly the oxidation-reduction status of the soil and the
binding sites available for phosphorus adsorption (3). At the soil-water interface
and under oxidation conditions, phosphates bind to ferric iron (Fe3+) and
precipitate into the soil (11). An aerobic to anaerobic shift may cause reduction
of iron to ferrous form (Fe2+), releasing previously bounded phosphorus (12). In
highly acidic soils, aluminum is the main metal binding site for phosphorus, and
the stability of the complex depends on the pH of the soil rather than the redox
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state, while in more alkaline soils, phosphate is generally associated with calcium
and magnesium carbonates (13).

Apart from metal complexes, significant amounts of organic phosphorus
have been found to be associated with organic carbon compounds. Thus, the
biodegradability of organic phosphorus is tightly linked to the stability of soil
organic matter, and the nature of the soil organic material originating from plant
and microbial remains plays a major role in determining the long term stability
of phosphorus (14). Binding of organic phosphorus to relatively labile soil
organic matter exposes it to degradation by microorganisms or solubilization due
to changes in pH or redox state. Conversely, the accumulation of phosphorus
associated with stable organic matter can be a major sink for phosphorus retention
in wetlands (15).

The “natural” state of the Florida Everglades is highly oligotrophic, with
dissolved total phosphorus levels less than 20 ppb in unimpacted areas in
the south and an ecology dominated by broad, low-density sawgrass plains.
However, in the northern Everglades, wetlands receive runoff rich in phosphorus,
calcium and other essential nutrients. Water Conservation Areas (WCAs) have
been established as buffer zones to protect pristine areas and prevent systemic
eutrophication. For example, Water Conservation Area 2A (WCA 2A) has
converted 44,800 hectares from a soft to hard water ecosystem, with a P gradient
that extends 7 km into the interior of the marsh. P-enriched areas in WCA 2A are
dominated by dense mono-species stands of cattail (Typha spp.), while the areas
in between P-enriched and unenriched conditions have both cattail and sawgrass
(Cladium jamaicense Crantz).

In this chapter we report on experiments designed to identify forms of
phosphorus in soils from a treatment wetland in the Florida Everglades and
link speciation and stability with soil organic matter composition and diagentic
state using NMR spectroscopy. Phosphorus speciation was determined by
solution 31P NMR after first extraction of P from the solid soil phase, while
soil organic matter composition was determined by solid state 13C NMR using
cross polarization, magic angle spinning, high power decoupling and sideband
suppression. Phosphorus stability was estimated based on a previous study that
used a combination solution 31P and solid state 13C NMR spectroscopy before
and after hydrofluoric acid treatment (1). Hydrofluoric acid pretreatment removes
much of the soil inorganic matrix in soils, concentrating soil carbon, which is
largely resistant to the acid (16). Our hypothesis was that phosphorus associated
with metals (e.g. Fe) or in organic forms sorbed to anionic sorption sites (17) will
be removed during HF treatment and thus represent phosphorus fractions that
would be affected by environmental changes that disrupt these associations (e.g.
changes in pH and redox conditions, flooding and/or re-wetting) (18). Conversely,
phosphorus that persists following HF pretreatment must be part of the stable soil
organic matter and therefore represents a pool of sequestered phosphorus that will
be resistant to remobilization as long as the soil organic matter remains stable
(19).

The principal assumptions and results from our original HF treatment study
are summarized here in order to provide background on this approach. We then
applied these same NMR techniques to define P speciation and SOM composition
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along a hydraulic gradient in WCA 2A but without HF treatments which are
laborious, time-consuming and not suitable for routine laboratory analyses. Our
goal was to predict phosphorus stability in organic-rich Everglades soils based on
our hypothesis that phosphorus sequestration is linked to organic matter stability,
as well as to provide experimental evidence for future studies that address the
validity of that hypothesis.

Methods and Sampling Sites
Phosphorus Extraction

Wetland soil samples were first freeze-dried (lyophilized), ground, and frozen.
Phosphorus was extracted from each freeze-dried soil by a 2-step extraction using
ethylenediaminetetraacetate (EDTA) and NaOH solutions. The first step involves
a release of phosphorus from paramagnetic ions that can interfere with NMR
spectral acquisition. Two grams of freeze-dried soil was mixed with 20 mL of
0.1 M EDTA, and then the soil mixture shaken for 30 minutes. The mixture was
centrifuged for 15 mins and the supernatant discarded. Alkaline extraction was
accomplished by adding 20 mL of 0.5 M NaOH to the precipitate, and the mixture
was then shaken at room temperature for 16 hours. The supernatant (phosphorus
extract) was then freeze-dried. The freeze-dried soil extracts were ground in a
mortar and pestle to optimize their subsequent dissolution.

Elemental Analysis

Total phosphorus (TP) in soils was determined using a semi-automated
molybdate colorimetry method according to EPA method 365.1. Total carbon
(TC) was determined using a Thermo Finnigan Elemental Analyzer (Flash EA
1112).

31P NMR Spectroscopy

A phosphorus extract solution for 31P NMR analysis was prepared by
dissolving 150-200 mg of P extract in 2 ml of a mixture of D2O and 1 M NaOH.
The base was used to increase the pH of the reconstituted extract to greater
than 13. The mixture was vortexed for 2 minutes and then filtered through a
0.45-µm polyethersulfone (PES) membrane syringe filter. The filtered P extract
solution was transferred to a 5-mm NMR tube. Spectra were acquired on a 600
MHz Bruker high resolution NMR spectrometer operating at 242.9 MHz for P.
Acquisition parameters included a 90° pulse, 7.5-s pulse delay, 0.5-s acquisition
time (AQ), and 100-ppm spectral width. The number of scans was 1,024
accumulated over approximately 11-12 hours. Proton decoupling was applied.

Chemical shifts (δ) in 31P NMR spectra were referenced to an external
standard of 85% H3PO4 set to δ = 0 ppm. For quantitative analysis, methylene
diphosphonic acid (MDPA), δ ~ 20 ppm, was used as an internal standard.
Peak assignments of P compounds include inorganic orthophosphate (5 to 9
ppm), orthophosphate monoesters (3 to 8 ppm), orthophosphate diesters (-1 to 5
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ppm), pyrophosphate (-5 to -2 ppm), and polyphosphate (-21 to -16 ppm). For
quantitation, spectral integration was performed over the chemical shift window
corresponding to these peak assignments. A typical 31P spectrum illustrating
these assigned chemical shifts is included in Figure 1.

Figure 1. Typical 31P NMR spectrum of NaOH extract from wetland soil.

13C NMR Spectroscopy

Carbon composition of wetland soils was characterized using a 500
MHz Varian Unity-Inova spectrometer operating at 125 MHz for carbon.
Approximately 500 mg of the freeze-dried soil sample was packed in a 7-mm
solid state rotor and spun at of 14 kHz. Acquisition parameters included a 90°
pulse, 3-s pulse delay, 750-µs cross polarization (CP) contact time, and 250-ppm
spectral window. Spinning sidebands were eliminated using the total suppression
of sidebands (TOSS) sequence. Between 32,000 and 45,000 scans were acquired.
Chemical shifts (δ) in 13C NMR spectra were referenced to an external standard
of glycine at δ = 41.5 ppm. Relative abundances of different carbon functional
groups were determined by integrating the signal intensities over the defined
chemical shift windows in the 13C NMR spectra. These windows included 0-50
(alkyl C), 50-60 (N-alkyl C), 60-110 (O-alkyl C), 110-150 (aromatic C) and
160-220 ppm (carbonyl C).

Sampling Sites

Studies of phosphorus stability before and after HF treatment used soils
collected from wetland sites chosen to represent a range of soil carbon sources and
site nutrient status (1). These included a boreal Sphagnum dominated peatland
(Alaska), a tropical Raphia taedigera palm swamp and tropical ombrotrophic peat
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dome (Panama) (20), and subtropical ephemeral wetlands within an agricultural
landscape (Florida) (2). All sites were highly organic peatlands except the Florida
marsh, which has a relatively high mineral content consisting of uncoated Quartz
grains (21).

Everglades soils were obtained from Water Conservation Area 2A. WCA 2A
receives water rich in P and Ca via structures at the northern end of the marsh,
which moves slowly southward via sheet flow. Phosphorus-enriched runoff also
enters through a structure on the western boundary. Water leaves WCA 2A
through a series of culverts along the southern boundary (5). P-enriched areas are
dominated by dense mono-specific stands of cattail (Typha spp.), while the areas
in between P-enriched and unenriched conditions have both cattail and sawgrass
(Cladium jamaicense Crantz). All of the samples used in this study were obtained
from the cattail-dominated, P-enriched sites, except for EG-7 which is a mix
of cattail and sawgrass. The characteristics of these samples are summarized
in Table I. While these sites represent a gradient in hydraulic residence time,
because of multiple inputs they do not reflect a gradient in phosphorus surface
water concentrations.

Table I. Sample Descriptions, Everglades Water Conservation Area 2

Sample ID Sampling
Depth (cm)

% C Total P
(mg P/kg dried
soil)

Extractable P
(mg P/kg dried
soil)

EG1 2-10 51.0 1230 890

EG2 2-10 39.7 1430 670

EG3 2-10 46.1 2120 401

EG4 0-2 47.4 1580 1194

EG5 2-10 47.4 1810 587

EG6 10-30 44.6 1050 317

EG7 0-2 41.5 1090 544

Results
Phosphorus Stability as a Function of Soil Organic Matter Composition

Figure 2 summarizes the results of initial experiments to determine the effects
of the acid treatments on phosphorus speciation in organic-rich soils. This study
used soils from the four variable wetland sites (1). Phosphorus species identified
include organic phosphonates (P-phonate), inorganic orthophosphate (O-P),
orthophosphate monoesters (O-mono), orthophosphate diesters (O-diester), and
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pyrophosphate (Pyro). Inorganic pyrophosphate was completely removed by
the acid pretreatment, clearly indicating associations with anionic sorption sites
or presence in live microbial cells. The most surprising aspect of our data
is the amount of orthophosphate retained in the carbon matrix in these soils,
decreasing by between 45 and 83%, indicating that relatively large amounts were
physically/chemically stabilized through associations with soil organic matter.
This differs markedly from a study of low organic matter pasture soils, in which
HF treatment removed >98% of the inorganic orthophosphate (22). However, our
results are consistent with a previous report of orthophosphate associated with
organic matter in NaOH extracts of high organic matter wetland soils from the
Florida Everglades (4).

After HF treatment the amounts of organic phosphate monoesters (O-mono)
decreased only slightly in the Raphia swamp and Florida marsh soils. In contrast,
significant decreases in these monoesters were observed in the sawgrass bog
and Sphagnum bog soils. A significant decrease in organic phosphonates was
observed in the Sawgrass bog as well. The stability of the organic phosphorus
within the humic–phosphorus complex apparently depends mainly on the stability
and degree of diagenesis of the organic matter in the accreted soil. Figure 3
includes the abundances of different carbon groups before and after acid treatment
for the four soils. The tropical Raphia swamp and subtropical marsh soils in
which the organic phosphorus is largely unaffected by the HF treatment are both
dominated by alkyl functional groups that represent about 50% of the total soil
organic carbon before the HF treatment, whereas O-alkyl groups represented
only ~30% of soil carbon. The alkyl to O-alkyl ratio for these two soils was > 1
(Raphia swamp =1.6, Florida marsh =1.4), which indicates a preferential loss of
carbohydrates and humification of the organic matter (23, 24). In contrast, the
soils in which organic phosphorus was significantly reduced by HF treatment,
tropical sawgrass bog and boreal Sphagnum bog, contained organic matter
dominated by O-alkyl groups (~54% of the total 13C NMR signal for the tropical
bog soil and ~64% of the signal for the boreal bog soil). Relatively minor
contributions from alkyl groups to the total organic carbon fraction were noted for
these soils. For tropical sawgrass bog and boreal Sphagnum bog soils the alkyl
to O-alkyl ratio was 0.5 and 0.4, respectively, reflecting weakly decomposed and
less stable organic matter.

These results from solution 31P and solid 13C NMR revealed different
behavior for soils sharing similar physical properties. Relatively little phosphorus
was removed after HF treatment in soils dominated by alkyl groups compared
to soils dominated by O-alkyl groups. These differences support the hypothesis
that phosphorus will form associations with humified organic matter consisting
primarily of alkyl and aromatic functional groups. Conversely, in soils dominated
by O-alkyl groups (likely carbohydrates), phosphorus appears to be susceptible
to leaching based on our hypothesis that HF treatment disrupts P-binding to
free metal or mineral surfaces. Our data are consistent with those results and
suggest that sequestration of phosphorus in wetlands may be tightly linked to
soil carbon humification, the process that converts labile biopolymers into stable
geopolymers. Once sequestered in this way, release of phosphorus into overlying
water would be minimized as long as the soil organic matter was stabilized.
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Figure 2. Distributions of phosphorus species (expressed as mg P/Kg dry
soil) before and after HF treatment in soils from (a) tropical Raphia swamp
(b) tropical sawgrass bog (c) subtropical marsh and (d) boreal Sphagnum bog
sites. All values are expressed relative to the initial amount of soil in the extract.

Reproduced from reference (1). Copyright 2012 ACS.
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Figure 3. Distribution of major organic carbon species (expressed as mg C/g
dry soil) before and after HF treatment in soils from (a) tropical Raphia swamp
(b) tropical sawgrass bog (c) subtropical marsh and (d) boreal Sphagnum bog
sites. Carbon concentrations are normalized for actual amount of soil and do
not take into account enrichment due to removal of inorganic material after HF

treatment. Reproduced from reference (1). Copyright 2012 ACS.
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Phosphorus Speciation along a Gradient in WCA 2A
31P and 13C NMR were then used to characterize P-speciation and carbon

functional group distributions in soils from Water Conservation Area 2A. The
goal was to correlate these data with results of the acid stability study and predict
the stability and potential re-suspension of phosphorus into WCA 2A surface
waters. Figure 4 includes a representative 31P NMR spectrum of phosphorus
extracted from WCA 2A soils. Inorganic orthophosphate (9 ppm) and phosphate
monoesters (7-8 ppm) are the dominant species in all samples. Phosphate diesters
(0-2 ppm) are also present at much lower levels. Unfortunately, individual
phosphate monoesters such as inositol phosphates or phosphate diesters such as
phospholipids and nucleic acids cannot be clearly differentiated by 31P NMR.

Figure 4. 31P NMR spectrum of NaOH extract from WCA 2A sample EG4.
The peak at ~ 20 ppm is methylene diphosphonic acid (MDPA) that is used as

an internal standard.

Figure 5 includes quantitative distributions of these three forms of phosphate
for theWCA 2A soils. While these sampling sites represent a hydrologic gradient,
multiple inputs of surface runoff into WCA 2A yield phosphorus surface water
concentrations that do not reflect this hydraulic gradient. This variability in surface
P concentrations is reflected in variable soil P levels. However, in all of these
soils, O-monoesters are the dominate P species, even in EG7 which is a mixed
cattail/sawgrass site.

13C NMR spectra of these Everglades soils reveal soil organic matter that
is relatively “immature”, with alkyl (0 - 50 ppm) to O-alkyl ([50 - 60] + [60 -
110] ppm) ratios significantly less than one (Figures 6 and 7). Soil organic matter
maturity can be quantified with a Humification Index (HI) calculated from the
ratio of alkyl to O-alkyl carbon (23). HI values greater than 1 indicate preferential
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loss of carbohydrates and “humified” organic matter (23, 25, 26). However, soils
in WCA 2A appear only weakly decomposed. Our previous studies using HF
pretreatments suggest that phosphorus associated with such immature organic
matter (i.e. HI < 0.5) appears to be less stable and may well be prone to
release back into the water column after drying - re-wetting cycles in the Water
Conservation Areas. We therefore suggest that the excess dissolved phosphorus
that is being biologically removed by marsh plants may not be truly sequestered
until soil organic carbon becomes more humified in deeper soil horizons.

Figure 5. Summary of phosphorus speciation in WCA 2A soils determined by
31P NMR.

Figure 6. 13C NMR spectrum of soil from WCA 2A site EG4.
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Figure 7. Summary of carbon speciation in WCA 2A soils determined by 13C
NMR.

Conclusions
The combination of 31P and 13C NMR spectroscopy was used to evaluate

phosphorus speciation in wetland soils before and after HF treatment. Results
identify inorganic and organic forms of phosphorus that are stabilized as a part
of the organic matter matrix in soils that are highly humified (e.g. humification
index HI > 1). In less mature soils where humification is much less extensive
(HI ≤ ~ 0.5), phosphorus appears to be susceptible to leaching into the overlying
water column if soil wetting and/or redox conditions change. Application of
the humification index threshold for predicting phosphorus leaching potentials
to soils from Water Conservation Area 2A in the Florida Everglades suggests
that phosphorus incorporated into WCA 2A soils may not be unequivocally
sequestered and that future management plans should include consideration of
this high phosphorus leaching potential.
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Chapter 8

Relation between Optical Properties and
Formation of Reactive Intermediates from
Different Size Fractions of Organic Matter

Simón Mostafa,* Julie A. Korak, Kyle Shimabuku,
Caitlin M. Glover, and Fernando L. Rosario-Ortiz

Department of Civil, Environmental and Architectural Engineering,
428 UCB, University of Colorado, Boulder, Colorado 80309, U.S.A.

*E-mail: simonmostafa@gmail.com.

The photophysics and photochemistry of aquatic organic
matter (OM) are of interest due to their role in defining
the reactivity of this material in the environment. Studies
have demonstrated that molecular size and composition are
important determinants of the photochemical behavior of OM,
including the formation of reactive intermediates (RIs). The
present study expands on previous works by evaluating both
photophysical and photochemical processes of OM of distinct
origins and molecular sizes through the analysis of absorbance
and fluorescence along with the formation of various RIs of
interest (3OM, HO•, 1O2). In general, larger size fractions
displayed higher absorptivity that extends further into the visible
region. On the other hand, smaller components displayed
higher quantum yields for fluorescence and all RIs measured.
In accordance with hypotheses previously formulated, possible
explanations for the observed results are proposed based on the
increased prevalence of non-radiative energy decay processes
in larger OM molecules.

© 2014 American Chemical Society
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Introduction
Organic matter (OM) of various origins is present in all water bodies and

plays an important role in a number of natural processes, affecting the fate and
transport of water constituents (1–3), light absorption and the depth of the photic
zone (4, 5) as well as the photochemical production of reactive intermediates
(RIs) (6–9), including excited states, hydroxyl radicals (HO•) and singlet oxygen
(1O2). RIs are known to react at relatively high rates with various organic
contaminants as well as microbes (3, 10–17). Following light-induced excitation,
the excited state of an OM chromophore may return to its ground state via
a radiative transition, i.e. luminescence, or undergo non-radiative processes
(internal conversion, IC or intersystem crossing, ISC). ISC leads to the formation
of a triplet excited state (3OM), which can be followed by phosphorescence or
1O2 formation. These processes are illustrated in Scheme 1.

Scheme 1. Conceptual illustration of photoinduced processes within organic
matter. Light excitation and various possible decay processes are shown, including
vibrational relaxation (VR), intersystem crossing (ISC), radiationless decay via
internal conversion (IC), luminescence (hvf, hvp), energy and charge transfer from
donor (D) to acceptor (A) species, as well as formation of reactive intermediates.
The relative position of the various energy levels is meant for illustration purposes
only and does not represent energy values of specific excited state molecules.

The photochemistry and photophysics of OM are of interest to environmental
scientists and engineers; yet, due to its molecular complexity, it is difficult to
isolate and study individual compounds and their behavior. Instead, measuring
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bulk characteristics and relevant processes offers an insight into the overall
properties of the material. The relative efficiency at which each of these processes
occurs is measured by its quantum yield (Φ), which is defined as the number of
occurrences of a given process per photon absorbed (18).

Previous works have explored how photophysical behavior of OM is affected
by its molecular size. In this regard, differences in absorbance spectra have
been reported (and partially attributed to molecular size) and characterized
by increased tailing into longer wavelength regions for larger molecules (19).
Quantification of this optical phenomenon has been achieved by measuring the
E4:E6 ratio (19–21), E2:E3 ratio (21–24), and spectral slope (S) (24–28). Early
on, these observations were associated with intramolecular interactions and the
formation of donor-acceptor complexes (19, 29). Such models have since been
expanded, elucidating the types of species involved in the charge transfer (CT)
donor-acceptor pairs (30–32). Consistent with the increase in CT processes
expected from increased molecular size, decreases in the apparent fluorescence
efficiency have been correlated to increasing OM size (29, 31, 33–37). Size
effects have also been linked to the formation efficiencies of various RIs in the
presence of OM. For example, previous studies by our group have shown that
across size fractions of wastewater-derived OM (WWOM), fluorescence quantum
yields correlate to those of HO• radicals (38) while E2:E3 ratios are positively
correlated to singlet oxygen quantum yields (28). Similar correlations to singlet
oxygen formation have been reported for fluorescence of various humic and fulvic
acids (39) as well as for absorbance spectral characteristics (22–24). Furthermore,
the formation of triplet states have also been reported to increase with decreasing
size of OM (35, 40).

In this contribution, we expand on the work of our group and others by
assessing the formation rates of various RIs and conducting detailed optical
measurements simultaneously on various OM size fractions. Evaluating the
behavior of OM samples with very different compositions (Suwannee River
natural organic matter and WWOM) that still display similar trends as a function
of size provides a more complete picture of the photophysics of these molecules
and of the underlying mechanisms. These results are combined with previously
proposed mechanisms to put forward an explanation of OM photophysical
and photochemical behaviors based on relevant intramolecular processes. It
is proposed here that increasing molecular size of OM leads to an increase
in the prevalence of non-radiative decay relative to other processes, such as
luminescence and the formation RIs.

Materials and Methods
Sample Collection and Preparation

Two different sets of samples were used for this study representing OM
of different origins, namely Suwannee River natural organic matter (SRNOM)
and treated wastewater effluent (BWW). SRNOM isolate was obtained from
the International Humic Substances Society (catalog number 1R101N). After
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dissolving the SRNOM, the stock solution was diluted to a final concentration of
8.8 mgC/L in a phosphate buffer solution (10 mM, pH 7.2). Wastewater effluent
was obtained from the Boulder Wastewater Treatment Facility after undergoing
complete treatment (no chemical disinfection, e.g. chlorination, was performed).
Within 8 hours of collection, samples were filtered through 0.7 μm glass fiber
filters that were muffled at 550 °C for 3 hours and rinsed. Filtered samples were
kept refrigerated at a temperature of 4 °C in the dark until further use.

Each source water was fractionated using ultrafiltration membranes into
three size fractions: less than 1 kDa, 1-10 kDa, and greater than 10 kDa. To
achieve this, the OM with MW < 1 kDa was separated in a Millipore tangential
flow ultrafiltration system with an Amicon regenerated cellulose cartridge with
a nominal molecular weight cut-off (NMWCO) of 1 kDa. The retentate was
further fractionated in a solvent-resistant stir cell (Model XFUF 07601, Millipore,
MA, USA) using a regenerated cellulose membrane with a NMWCO of 10
kDa (Millipore), resulting in a fraction with MW > 10 kDa (retentate) and an
intermediate fraction with 1 kDa < MW < 10 kDa (permeate). Initially, retentate
solutions were diluted by three times the initial volume with the phosphate buffer
solution and then filtered so that the initial volume remained in the retentate. In
an attempt to remove OM from the retentate that was less than the NMWCO, the
retentate from each fractionation step was rinsed by diluting in 10 mM phosphate
buffer and filtering again. The rinsing steps were repeated until there was a less
than 5% change in the permeate absorbance at 254 nm (~ 4-5 rinses), but likely
did not remove all the DOM that could potentially pass through the membrane.
Concentrations of Cl- and Br- in the WW samples were measured by ICP-MS.
All WW samples were adjusted to the same concentration of these ions (72.5
mg/L for Cl- and 0.3 mg/L for Br-) by addition of NaCl and KBr to allow for an
accurate inter-comparison of fractions considering the impact of halides on the
formation of RIs (41).

Characterization and Optical Measurements

Dissolved organic carbon (DOC)measurements were conducted using a TOC-
VCSH (Shimadzu Corp., Japan) analyzer while nitrite (NO2-) and nitrate (NO3-)
were measured using FIA-IC (Lachat QuikChem 8500 Flow Injection Analyzer).

Size exclusion chromatography (SEC) was performed using an Agilent 1200
series high performance liquid chromatograph with a Waters Protein-PakTM 125
7.8 x 300 mm column (Milfrod, MA). The detector was an Agilent diode array that
monitored UV absorbance at a wavelength of 254 nm. The mobile phase buffer
consisted of 0.0024 M NaH2PO4, 0.0016 M Na2HPO4, and 0.025 M NaSO4, and
the flow rate was 0.7 ml/min.

For the optical measurements, the concentrated fractions were diluted with
10 mM phosphate buffer to an absorbance less than 0.05 at 350 nm. UV-Vis
absorption was measured in triplicate from 200 to 600 nm in 1 nm increments
in a 1 cm pathlength quartz cuvette (Cary 100, Agilent Technologies CA). The
E2:E3 value denotes the ratio of absorbance at 254 nm and 365 nm. Absorption
coefficient, a(λ), was calculated according to equation 1, where A is the absorbance
at wavelength λ in nanometers, and L is the path length in centimeters. The spectral
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slope (S) was determined by fitting the non-linear regression to the absorption
coefficients from 300 to 600 nm following equation 2, where λr is the reference
wavelength (350 nm) (27, 42).

Fluorescence excitation-emission matrices (EEMs) were measured in
triplicate for each sample (Fluoromax-4, John Yvon Horiba, NJ). Excitation
wavelengths ranged from 240 to 450 nm in 5 nm increments, and the emission
wavelengths ranged from 300 to 560 nm in 2 nm increments. Both the excitation
and emission bandpasses were set to 4 nm, and the integration time was 0.25
s. Fluorescence intensities were measured in ratio mode (signal divided by
reference). Lamp scans, cuvette contamination checks and Raman scans were
performed daily to verify calibration. Fluorescence data were corrected for inner
filter effects, normalized to the area under Raman peak for 18 MΩ lab-grade water
at 370 nm excitation and blank subtracted, according to published methods (43).

The fluorescence quantum yields were determined for each sample relative
to a 1 mg/L quinine sulfate standard in 0.1N H2SO4 following previously
published methods except that the quinine sulfate absorbance and fluorescence
were measured at the same excitation wavelength as the DOM sample (44–46).
Quantum yields were calculated as a function of excitation wavelength from 290
to 380 nm. The calculation assumes a quinine sulfate quantum yield of 0.51, and
the uncertainty reported is based on the error propagation of both fluorescence
and absorption measurements between triplicates. The fluorescence index (FI) is
reported for each fraction as a measure of compositional differences. FI is defined
as the ratio of emission intensities at 470 and 520 nm at an excitation wavelength
of 370 nm (47, 48).

Reactive Species Measurements

Furfuryl alcohol (FFA), benzene, and 2,4,6-trimethylphenol (TMP) were used
as probes for reactive intermediates 1O2, HO•, and 3OM, respectively (28, 49).
FFA was added to the samples at an initial concentration of 22.5 μM along with
methanol (0.1 M) in order to quench HO•, which may be formed during light
exposure. For the HO• experiments, benzene (99.8%Alpha Aesar, MA, USA) was
added at a concentration of 3 mM, causing it to be the main HO• scavenger in the
system (49) and leading to the formation of phenol. Bovine liver catalase (Sigma-
Aldrich, MO, USA) was added at a concentration of 20 unit/mL to prevent the
formation of hydrogen peroxide, thus preventing HO• formation via photo-Fenton
processes. TMP was used as a probe to assess the formation of OM excited triplet
states (35, 50–52), by measuring its degradation from an initial concentration of
3.67 μmol/L.
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All samples were placed in 2-mL clear glass vials and kept in a water bath at 20
°C during exposure to simulated sunlight. A solar simulator (Model Sol1A, Oriel
Instruments, Stratford, CT) was used for the exposure experiments, equipped with
a 1000 W Xe lamp and 1.5 air mass filter. Probe concentrations were monitored
after light exposure using liquid chromatography (Agilent, 1200 LC). Quantum
yields for 1O2 (ΦSO), HO• (ΦHO), and TMP degradation (ΦTMP, indicative 3OM
formation) were calculated based on the ratio of the reactive species formed (1O2,
HO•) or TMP degraded, divided by the total number of photons absorbed per unit
time over the wavelength range of the polychromatic light source used in this study
(λ = 290-400 nm). The contribution of nitrate to the formation of HO•was factored
out for the calculation of ΦHO. Details of the methodology used can be found in
previous publications (28, 49), except for TMP degradation experiments. In this
case, analysis was similar to that of FFA degradation, where pseudo-first order
kinetics are assumed and the degradation rate, kTMP, represents the slope of the
linear regression curve of ln[TMP]/[TMP]0 versus irradiation time.

Figure 1. Size exclusion chromatograms with UV254 detection for SRNOM and
BWW size fractions.
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Results and Discussion

Water Quality and Molecular Size

The results of thewater quality analyses, including pH andDOC concentration
are shown in Tables 1 and 2 for SRNOM and BWW, respectively, along with
optical parameters including spectral slope, E2:E3 ratio, and specific absorbance
at 254 and 350 nm. Figure 1 displays the results of the SEC measurements
normalized to the total area. The weighted average of the elution time (tSEC) of the
chromophoric dissolved OM, as calculated from the SEC measurements, is shown
in Tables 1 and 2 with increasing times corresponding to decreasing OM size.
While each fraction has a different tSEC,, there is overlap between the specta due
to the heterogeneity of DOM. Ultrafiltration membranes are typically designed
to retain 90% of a protein solution near the reported NMWCO. Considering that
DOM is chemically different from the proteins used by the manufacturer for size
calibration, it is expected that a portion of DOM greater than the NMWCO will
still pass through the filters. As a result, some of the OM molecules will reside
outside of the stated NMWCOs following ultrafiltration (53).

Figure 2. Specific absorption spectra for each size fraction. Absorption
coefficients calculated using equation 1 are normalized to the sample DOC

concentration.
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Optical Properties

Absorbance spectra for all the samples studied are presented in Figure 2
and display typical featureless curves of decreasing absorbance with increasing
wavelength.

Table 1. SRNOM Samples Characteristics and Quantum Efficiencies of
Various Processes. The Standard Deviation between Analytical Triplicates

Is Listed in Parentheses

Sample SRNOM

Fraction Bulk > 10 kDa 1-10 kDa < 1 kDa

pH 7.2 7.2 7.2 7.2

DOC
(mg C/L)a 4.9 1.9 3.5 3.0

SUVA254 (L/mg
C-m) 3.16 5.65 4.60 2.40

SUVA350 (L/mg
C-m) 0.99 2.17 1.44 0.56

S 0.014 0.012 0.014 0.017

E2:E3 4.11 3.25 4.18 5.83

FI 1.29 1.06 1.19 1.47

tSEC (min) 14.8 12.4 14.0 16.1

ΦFL

0.007
(0.00017)

0.001
(0.00004)

0.005
(0.00014)

0.023
(0.00063)

ΦSO (%) 1.85 (0.15) 0.44 (0.05) 1.44 (0.11) 4.39 (0.33)

ΦHO (%)
0.0041
(0.0020)

0.0035
(0.0013)

0.0028
(0.0008)

0.0068
(0.0015)

ΦTMP (%)
0.0131
(0.0009)

0.0049
(0.0003)

0.0062
(0.0005)

0.0284
(0.0029)

a The DOC values for the size fractions do not add up to the bulk concentration since volume
of each fraction was different.

For both OM sources, smaller molecular size fractions had higher spectral
slope values (0.024 and 0.017 for the <1 kDa fraction of BWW and SRNOM,
respectively) compared to the bulk, unfractionated samples (~ 0.014 for both),
as shown in the tables below. Furthermore, specific absorbance at 254 and 350
nm generally increased with increasing size, in agreement with previous reports
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(53, 54), except for the specific absorbance at 254 nm being higher for the
smallest than for the mid fraction in BWW. These results could be explained in
part by differences in composition across the various fractions, with increasing
concentration of phenolic groups in the larger size fractions as has been reported,
for example, in the case of Laurentian fulvic acid (29).

Table 2. BWW Samples Characteristics and Quantum Efficiencies of
Various Processes. The Standard Deviation between Analytical Triplicates

Is Listed in Parentheses

Sample BWW

Fraction Bulk > 10 kDa 1-10 kDa < 1 kDa

pH 7.4 7.3 7.2 7.7

DOC
(mg C/L)a 5.0 10.0 11.7 1.5

SUVA254 (L/mg
C-m) 2.43 2.59 2.01 2.48

SUVA350 (L/mg
C-m) 0.70 0.99 0.69 0.50

S 0.014 0.010 0.012 0.024

E2:E3 4.62 3.19 3.70 7.80

FI 2.05 1.51 1.54 2.14

tSEC (min) 16.0 13.9 15.2 17.8

ΦFL

0.027
(0.00102)

0.004
(0.00015)

0.008
(0.00037)

0.048
(0.00190)

ΦSO (%) 3.29 (0.63) 1.15 (0.07) 1.91 (0.16) 6.18 (0.64)

ΦHO (%)
0.0032
(0.0005)

0.0018
(0.0003)

0.0016
(0.0001)

0.0497
(0.0111)

ΦTMP (%)
0.0435
(0.0034)

0.0014
(0.0001)

0.0027
(0.0002)

0.1327
(0.0130)

a The DOC values for the size fractions do not add up to the bulk concentration since volume
of each fraction was different.

The fluorescence EEMs for all samples are shown in Figures 3 and 4. Since the
DOC concentration of each fraction was different, the intensities were normalized
per unit carbon to be able to directly compare them. On a per unit carbon basis, the
smallest molecular size fraction has the highest intensities compared to the large
size fractions. For SRNOM, the bulk sample intensities fall closest to the the 1-10
kDa fraction whereas the bulk BWW sample intensity falls between those of the
<1 kDa and 1-10 kDa fractions.
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Figure 3. Fluorescence EEMs for SRNOM and each size fraction. Each EEM is
the average EEM from three replicates. The intensities have been normalized to

the DOC concentration.

The fluorescence quantum yields (Φf) as a function of excitation wavelength
are presented in Figures 5a and 5b and show that for both OM sources the Φf
increases with decreasing molecular size. The bulk quantum yield is influenced by
the relative contribution of each size fraction. Lowmolecular weight species make
the greatest relative contribution towards the overall fluorescence of unfractionated
BWW and the Φf of this unfractionated sample falls in between that of the <1 kDa
and 1-10 kDa fractions. Unfractionated SRNOM Φf, however, is closer to that
of the mid-size fraction. The maximum Φf occurred at an excitation of 350 nm
for all samples except for the <1 kDa BWW (360 nm). The position of max Φf
with respect to excitation energy appears to be independent of size, as suggested
elsewhere (31).

The correlation between excitation wavelength (λex) and peak emission
wavelength (λem) has been suggested as evidence for CT interactions as the
source of fluorescence in the visible range (30, 31) and is depicted in Figures
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5c and 5d. Such interpretation is derived from the assumption that a red shift in
the peak emission with increasing excitation wavelength indicates that the set
of fluorophores emitting upon excitation with longer wavelengths represents a
subgroup of those excited at shorter wavelengths. This behavior is in contrast
to regions where λem is independent of λex and is attributed to individual
fluorophores that behave independently from other processes, i.e., emission from
local excited states (30, 31). All fractions exhibit a region where excitation and
emission wavelengths are correlated. The larger molecular weight fractions (>10
kDa and 1-10 kDa) both show a region where λem is independent of λex, which
occurs at λex<350 nm. Both <1 kDa fractions show a continued correlation
at λex<350 nm. The bulk waters display characteristics of both size fraction
behaviors. Past work suggests that the region where λem is independent of λex
occurs at excitation wavelengths less than that of the maximum Φf (30, 31). These
samples suggest that this trend is violated in the low molecular weight fractions,
which may be an indication of different fluorescence mechanisms.

Figure 4. Fluorescence EEMs for BWW and each size fraction. Each EEM is
the average EEM from three replicates. Note the different scales used for the

various samples.
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Figure 5. Fluorescence quantum yields as a function of excitation wavelength
is presented for each size fraction in a) SRNOM and b) BWW. Peak emission
wavelength as a function of excitation wavelength is depicted for each size

fraction for c) SRNOM and d) BWW.

The wastewater samples exhibit a behavior not reported elsewhere. The
BWW <1 kDa fraction has a small shoulder at λex of 310-320 nm (Figure 5d),
which may be due to local state emissions from the blue-shifted fluorescence
commonly attributed to the Peak M region (55). A fluorescence plateau in the
Peak M region is apparent in Figure 4. Finally, both the unfractionated and <1
kDa BWW fraction exhibit a region where emission wavelength is independent
of λex between 400 and 420 nm, suggesting the presence of low molecular weight
species emitting from local states that dominate the fluorescence relative to charge
transfer interactions.

Formation of Reactive Intermediates

Figure 6 shows the Φ for the reactive intermediates measured (HO•, 1O2) and
TMP degradation (3OM) as well as the maximum fluorescence quantum yield. In
this figure, quantum yields for each photochemical process have been normalized
to the quantum yield measured in the corresponding bulk water for comparison on
the same numeric scale (all Φ values are shown in Tables 1 and 2).
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Figure 6. Quantum yields for the formation of reactive intermediates (1O2,
HO•), TMP degradation (3OM), and maximum fluorescence for the different size
fractions normalized to the values of the unfractionated samples of SRNOM
and BWW. Quantum yields for bulk samples are assigned a value of 1 for each

specific species and the relative values for the fractions are displayed.

Clear trends emerge for both sets of samples (SRNOM, BWW) where
quantum yields increase with decreasing size. In all cases, the <1 kDa fraction
shows the highest value and the >10 kDa the lowest. These trends for HO• and 1O2
have previously been reported for similar samples (28, 38) and the same behavior
is shown here for the 3OM, consistent with results reported for fulvic acid (40)
and humic acid triplet states (35). These results, together with fluorescence,
suggest that the lower MW fractions are more reactive in terms of fluorescence
relaxation and photochemical production of RIs.

171

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 J

un
e 

19
, 2

01
4 

| d
oi

: 1
0.

10
21

/b
k-

20
14

-1
16

0.
ch

00
8

In Advances in the Physicochemical Characterization of Dissolved Organic Matter: Impact on Natural and Engineered Systems; Rosario-Ortiz, F.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2014. 



Relation between Measured Properties

Since the various parameters discussed above increase with decreasing size,
it is not surprising that monotonic positive relations emerge when comparing
the formation efficiency of the various reactive species and optical properties.
Such trends are shown in Figures 7 and 8, where the efficiency of the various
photochemical processes positively correlates to S and fluorescence index (FI)
values, respectively (similar trends were found for E2:E3, not shown).

Figure 7. Quantum yields of the various processes measured as a function of
sample spectral slope. Values for the unfractionated samples and three size

fractions for both SRNOM and BWW are displayed.
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Figure 8. Quantum yields as a function of fluorescence index. Values for the
unfractionated samples and three size fractions for both SRNOM and BWW

are displayed.

While the trends observed across sample sets may vary, the emergence of
such clear trends within each set of size fractions suggests that similar underlying
mechanisms are involved. Furthermore, Figure 9 shows the efficiency of the
various processes as a function of average elution time for the SECmeasurements.
A clear positive relationship is observed where increasing elution time (indicating
lower average sizes) corresponds to higher quantum efficiencies. It should be
noted that both sets of samples show very similar changes as a function of elution
time, despite their distinct composition, indicating that size plays a major role in
the fate of light-induced processes.
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Figure 9. Quantum yields as a function of SEC retention time weighted average.
Values for the unfractionated samples and three size fractions for both SRNOM

and BWW are displayed.

Interpretation of Observed Results

Various conceptual interpretations could satisfactorily explain the results
presented here. First, differences in the photophysics of large and small size
fractions could be attributed simply to differences in composition among
the different fractions. In this case, it could be argued that chromophoric
species displaying high absorbance but relatively low fluorescence yields are
preferentially found in the larger size fractions with the opposite trend expected in
the lower fractions. While this phenomenon could have an impact, it is unlikely
to be the only factor at play, considering how consistent the correlations between
size and photochemical activity appear to be, even when considering OM samples
of very different origins.
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Another possible explanation derives from the fact that DOM has exhibited
correlations between molecular weight fractions and aromaticity, which may be
an indication of greater degrees of conjugation in the higher molecular weight
fraction (56). Such increased conjugation would lead to the formation of singlet
excited states that possess lower energies as compared to those present in smaller
molecules. Such lower energy states are more prone to non-radiative decay (30)
and are also expected to have shorter lifetimes (31). Furthermore, the 3OM formed
are likely to have lower energies as well since they are formed via ISC from singlets
of relatively low energy. Thus, they will display shorter lifetimes than those of
smaller molecules, which decreases the probability of reacting with species of
interest before decaying to the ground state. This would lead to the lower formation
rates of 1O2 and lower TMP degradation rates observed.

Another factor contributing to the observed results is that increasing size
may lead to an increased number of donor-acceptor pairs, leading to enhanced CT
processes (see Scheme 1). Such transfers would be reflected in longer absorbance
spectrum tailing and associated decreased S values, as observed here, indicating
that spectral characteristics could serve as indicators of increased prevalence
of such processes. It should be noted, however, that CT processes are likely
still present in lower MW fractions as suggested by the fluorescence data. Such
processes may compete with both fluorescence and ISC, in accordance with
the model developed by Sharpless (22, 23) for explaining the observed relation
between E2:E3 ratio and 1O2 quantum yields. This model is further supported by a
decrease in fluorescence quantum yields for larger size fractions, while the impact
on the relative prevalence of ISC is reflected by a decrease in the formation of not
only 1O2 but also triplets (i.e. lower TMP decay rates). Similarly, HO• formation
decreases with increasing size due to an increase in radiationless decay and CT
processes, since this leads to lower probability of excited species (whether in the
singlet or triplet state) forming HO• radicals before decaying to the ground state.

It is likely that a combination of these factors affect the OM photophysics to
different degrees. The conceptual explanations presented allow for a new way
of understanding the intramolecular photophysics of OM where fluorescence
and ISC are not competing processes to the extent that one would significantly
inhibit the other. Instead, they may both be similarly affected by the increase
in radiationless decay (i.e. IC processes) or other processes (e.g. CT) observed
to increase with increasing size and that inhibit the occurrence of measurable
(and generally more environmentally relevant) photophysical and photochemical
processes. While precise quantification of the phenomena discussed above
remains elusive, the qualitative descriptions presented provide a satisfactory
explanation to the general trends observed here and elsewhere.
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Chapter 9

Using Polyethylene Glycols To Understand
the Temperature Dependence of the Dissolved

Organic Matter-HO• Reaction

Garrett McKay and Stephen P. Mezyk*

Department of Chemistry and Biochemistry, California State University at
Long Beach, 1250 Bellflower Boulevard, Long Beach, California, 90840

*E-mail: Stephen.Mezyk@csulb.edu.

The temperature-dependent bimolecular rate constants for
the reaction of the hydroxyl radical (HO•) with a series of
polyethylene glycol (PEG) polymers (kPEG-HO•) have been
measured in order to better understand the reaction of this radical
with naturally occurring dissolved organic matter (DOM). Rate
constants were measured using electron pulse radiolysis and
thiocyanate competition kinetics. Values for kPEG-HO• were
effectively diffusion controlled (~109 M-1s-1), approximately an
order of magnitude faster than rate constants for the reaction
of HO• with DOM (~108 M-1 s-1). Temperature dependent
kPEG-HO•measurements show that the reaction is Arrhenius, with
activation energies of ~ 15 kJ mol-1 for the 100 and 1000 Da
PEGs, as expected for diffusion-controlled reactions. However,
the 5000, 9000, and 15,000 Da PEGs exhibited activation
energies greater than 20 kJ mol-1, suggesting that additional
reaction mechanisms, potentially polymer linearization, are
also occurring .

© 2014 American Chemical Society
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Introduction

The hydroxyl radical (HO•) is an important oxidant in both engineered and
natural aquatic systems. In natural systems, the reaction of photolytically produced
HO• with organic compounds is a significant pathway for pollutant degradation
(1–4). HO• also plays a role in the oxidative transformation of naturally occurring
dissolved organic matter (DOM). Additionally, HO• is used as the main reactive
species in advanced oxidation processes’ (AOPs) treatment of drinking and waste
water (5–7). At large-scale, AOPs typically generate HO• radicals using mixtures
of O3/UV, O3/H2O2, or H2O2/UV. The produced HO• radical reacts quickly (k >
108 M-1s-1) with organic pollutants (8), to ultimately result in biologically inactive
products (9).

The presence of HO• scavengers in the water matrix impacts both the
efficiency of AOPs and the steady state concentration of photolytically produced
HO• in natural systems. These scavengers include nitrite (NO2-), carbonates
(HCO3-/CO32-), ammonia (NH3), and DOM. While rate constants for the reaction
of HO• with inorganic species are well-established (8), the values for the
DOM-HO• reaction (kDOM-HO•) are not as well characterized due to the complexity
and heterogeneous nature of DOM. Despite this, many rate constants have been
reported for the reaction between DOM and HO•, with values ranging from
kDOM-HO• ~ 1 – 12 x 108 MC-1s-1 depending on the type of DOM, notably whether
it is natural organic matter (NOM) or effluent organic matter (EfOM) (10–13).
Previous work has shown that the magnitude of kDOM-HO• can be correlated with
the sample’s physicochemical properties (12, 14) and apparent molecular weight
(15). It is also known that the temperature-dependence of kDOM-HO• exhibits
Arrhenius-type behavior, likely due to the diffusion-controlled nature of the
reaction (16).

Nuclear Magnetic Resonance (NMR) characterization of the mixture
of chemical compounds that constitutes DOM has been reported by several
workers (17, 18). In freshwater DOM, for example, major components found
included multiple carboxyl-rich alicyclic molecules, heteropoly-saccharides
(17), and polymeric material derived mainly from microorganisms including
peptidoglycans, lipoproteins, large polymeric carbohydrates and other
proteinaceous material (18). Earlier studies had also suggested that humic
substances were comprised of randomly coiled macromolecules with
mass-weighted average molecular masses of 20-50 kDa and radii of gyration
(distance from the coil center that has the highest probability of finding a monomer
unit) of 4-10 nm (19). HO• can undergo a number of different reactions with
these types of organic/polymer molecules, including addition to carbon and/or
nitrogen double bonds, hydrogen-atom abstraction reactions from carbon (CHx)
and nitrogen (NHy) moieties, and addition to aromatic ring compounds (20).

Thus utilizing the HO• oxidation of different molecular weight polymers as
model systems could provide insight into the important mechanisms occurring
for DOM. Work by Bartoszek et al. (21) has shown that the rate constant for
the reaction of HO• with Poly(N-Vinylpyrrolidone) (PVP), a coiled polymer in
aqueous solution, depends both on its concentration and molecular weight. Both
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of these observations were explained by the diffusion-controlled nature of this
reaction. At lower polymer concentrations, HO• radicals diffuse longer distances
before contacting a polymer unit, thus reacting slower on a diffusion-controlled
basis than at higher concentrations of PVP where the polymer coils start to
interpenetrate each other. The molecular weight effect was explained by the
direct relationship between PVP molecular weight and average radius of gyration,
with lower molecular weight PVP samples found to have a lower average radius
of gyration. Therefore, on a per monomer unit basis, HO• radicals should react
faster with lower molecular weight PVP molecules as they have less distance to
travel before contacting a polymer unit.

Though DOM is not strictly a polymer, it is described as a supramolecular
assembly of lower molecular weight organic molecules (22). Moreover, the
dependence of the reaction of HO• radicals with size-fractionated EfOM (15)
shows a similar trend to HO• radical’s reaction with PVP. Unlike PVP though,
EfOM is thought to exist more as an aggregate, where with increasing molecular
weight, some oxidation sites would become inaccessible. While DOM does not
have a defined molecular weight, total organic carbon (TOC) is used to express
DOM concentration in terms of moles of carbon per liter. Recently, there has been
a report that the reactivity between HO• radicals and EfOM is inversely correlated
to TOC (14). This is thought to be due to a decrease in EfOM molecular weight
with lower TOC values as a result of increased microbial degradation of EfOM.

The goal of this study was to gain a deeper understanding of the reaction of
HO• radicals with DOM using standard polyethylene glycol (PEG) polymers of
different molecular weights as a model system. To do this, absolute rate constants
for the reaction between HO• radical and these polymers were measured as a
function of temperature in aqueous solution. Though PEGs are not a complete
representation of DOM structure and chemical composition, the distinct molecular
weight ranges is expected to mimic what is produced by size-fractionation of
organic matter in water. Our previous research has shown a direct relationship
between EfOM’s apparent molecular weight and its activation energy for reaction
with HO• radicals (16). Furthermore, PEGs have been specifically identified
in wastewaters (Thurman and Ferrer personal communication), which is not
surprising based on their ubiquitous usage. By investigating the temperature
dependence of kPEG-HO• for these polymers with known, more well-defined,
(relative to DOM) molecular weights, further insight can be gained into whether
the molecular weight of the macromolecule is the cause of this increase in
activation energy.

Experimental

Standard PEG samples of known molecular weight (100 – 15,000 Da) were
obtained from PolySciences Inc. (Warrington, PA) and had dispersities (Mw/Mn)
< 1.1. All solutions were prepared by dissolving the PEGs in Millipore Milli-Q
water (> 18.2 MΩ x cm). PEG solutions were prepared at 10 mg L-1 in order to
stay below the critical hydrodynamic concentration, the point at which polymer
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coils start to interpenetrate one another. These concentrations were not measured
for our PEGs, but are based on the values reported by Bartoszek et al. (21) for
PVP, which is also an uncharged polymer.

The linear accelerator electron pulse radiolysis facility at the University
of Notre Dame Radiation Laboratory was used for the quantification of the
reaction rate constants. This irradiation and transient absorption detection system
has been previously described in detail (23). Briefly, the PEG solutions were
pre-saturated with N2O gas to isolate HO• upon radiolysis. [PEG] refers to
the PEG concentration in moles of monomer units per liter, and kPEG-HO• is
calculated on the basis of monomer units. Standard dosimetry was performed
using N2O-saturated, 1.00 × 10-2 M KSCN solutions at λ = 475 nm, (Gε = 5.2
× 10-4m2 J-1) with average doses of 2-5 Gy per 3-4 ns pulse resulting in initial
HO• concentrations of 1-3 μM. During kinetic measurements, solutions were
continuously sparged with the minimum amount of N2O necessary to prevent air
ingress, and experiments were carried out at four or five controlled temperatures
for each sample in at least triplicate. The quoted errors for the reaction rate
constants are a combination of the measurement precision and concentration
errors.

Results and Discussion

PEG-HO• Kinetics

The radiolysis of pure water or low concentration solutions produces a suite
of radicals and other species according to the stoichiometry (8):

where the bracketed numbers are G-values (yields in µmol J-1) for each species
produced. The N2O pre-saturation of all solutions was performed in order to
quantitatively convert the e-aq and H• radicals to HO• (8):

Due to the lack any absorbing species following the PEG-HO• reaction, rate
constants in this study were measured using thiocyanate competition kinetics,
which has previously been used to measure HO• reactions with polymers (21).
The overall HO• loss rate was due to competing reactions:
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The temperature-dependence of kSCN- has been previously established (8).
Integrating these equations gives the competition kinetics expression:

where Abso(SCN)2-• is the limiting (SCN)2-• absorbance in the absence of any
competitor (such as PEG), and Abs(SCN)2-• is the corresponding decreased
absorbance in its presence. Plotting 1/Abs(SCN)2-• against 1/[SCN-] yields a
straight line, the slope being equal to kPEG-HO• [PEG]/(kSCN- x Abso(SCN)2-•), and the
y-intercept is equal to 1/Abso(SCN)2-•. Division of the slope by the intercept yields
the ratio kPEG-HO•[PEG]/kSCN-.

Figure 1. Typical kinetic data for PEG-HO• experiments. (a) Decay of the
(SCN)2•- transient for N2O-saturated 5000 Da PEG at 29.2 °C. Symbols represent
40.0 (▿), 81.7 (▵), 133 (O), and 275 μM (□) added SCN-. Mixed order decays
were fitted to each trace in order to obtain initial absorbance intensities,

corresponding to Abs(SCN)2-•. (b) Transformed competition-kinetics plot for this
sample based on extrapolated initial intensities obtained from (a). Error bars
correspond to one standard deviation from repeat value intensities. Solid line is a
weighted linear fit, with a slope of (2.30 ± .01) x 10-3 and an intercept of 51.6 ±

0.2, corresponding to kPEG-HO•[PEG] = (6.01 ± 0.04) x 105 s-1.
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Table 1. Temperature-Dependent kPEG-HO• Values Measured in This Study

Sample Temp (°C) KPeg-Ho• X 10-9 (M-1S-1)

100 Da 10.0 3.35 ± 0.48

21.0 4.52 ± 0.24

30.0 5.30 ± 0.20

38.8 6.42 ± 0.14

1000 Da 9.8 1.26 ± 0.06

10.0 1.38 ± 0.41

14.5 1.42 ± 0.05

1000 Da 21.2 1.87 ± 0.01

22.5 1.56 ± 0.02

34.2 2.32 ± 0.26

39.9 2.59 ± 0.09

5000 Da 10.8 1.20 ± 0.04

20.5 1.79 ± 0.07

29.2 2.42 ± 0.19

34.2 2.47 ± 0.26

9000 Da 11.7 1.08 ± 0.10

19.0 1.21 ± 0.11

24.5 1.44 ± 0.08

29.3 1.65 ± 0.09

38.5 2.19 ± 0.16

15,000 Da 9.5 0.64 ± 0.08

18.8 1.21 ± 0.02

24.6 1.45 ± 0.03

29.2 2.31 ± 0.12

35.5 3.19 ± 0.28

Additional division by the PEG concentration and multiplying the
temperature-dependent kSCN- value produces the bimolecular rate constant,
kPEG-HO•. Typical raw kinetic data for 5000 Da PEG obtained in this study and
the corresponding transformed analysis plot are shown in Figure 1a and 1b,
respectively.

Temperature-dependent rate constants were measured for the reaction
between HO• and a series of varying molecular weight PEGs by this approach.
These rate constants at all temperatures are given in Table 1 in terms of the
concentration of monomer units, which is typical for polymers.
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Representative Arrhenius data for the 100 and 15,000 Da PEG is shown in
Figure 2 and in general the reaction exhibited good linearity. Most kPEG-HO• values
measured were greater than 109 M-1s-1 in terms of monomer concentration at
room temperature, indicating that this reaction is effectively diffusion-controlled.
Although apparent activation energies for the reaction of HO• with most of the
PEGs were below or ~20 kJ mol-1, the highest value of 44.68 ± 3.21 kJ mol-1 for
the 15,000 Da sample is not characteristic of a diffusion-controlled reaction.

Comparison of PEG and DOM Kinetics – Molecular Weight

The observed inverse correlation of kPEG-HO• to PEGmolecular weight (Figure
3) has been reported for HO• radical reactions with other polymers (21, 24) and
is also consistent with the reactivity of size-fractionated DOM (15). However,
this reactivity correlation is absent for non-size-fractionated DOM samples (12,
13). This difference may be due to the significant apparent molecular weight
differences that result from size-fractionation, which in turn may have a more
pronounced effect on kDOM-HO•. Conversely, bulk DOM is more consistent in
apparent molecular weight across different samples, resulting in no effect on HO•

reactivity. Furthermore, comparing multiple DOM samples in order to correlate
molecular weight and kDOM-HO• is complicated by other competing factors in these
samples, such as geographical source and chemical composition.

Figure 2. Arrhenius plots for the HO• radical reaction with 100 Da (left) and
15,000 Da PEG (right). Activation energies and Arrhenius pre-factors based on
a linear fit of the data are shown in Table 2. Courtesy of Garrett McKay, M.S.

Thesis, 2013.
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Table 2. Summary of Arrhenius Parameters Established in This Study

Sample Ea (kJ mol-1) ln(A)

100 Da 15.61 ± 2.27 28.6 ± 0.9

1000 Da 16.78 ± 1.91 28.1 ± 0.8

5000 Da 23.41 ± 3.05 30.9 ± 1.2

9000 Da 19.86 ± 1.71 29.1 ± 0.7

15,000 Da 44.68 ± 3.21 39.3 ± 1.3

Figure 3. Plot of kPEG-HO• versus PEG molecular weight at room (18.8 - 21.5 °C)
and cold temperatures (9.5–10.8 °C).

Bartoszek et al. (21) have suggested that the magnitude of the rate constant for
the reaction between HO• and PVP is controlled by the average radius of gyration,
which is a function of sample molecular weight. The radius of gyration increases
with increasing polymer molecular weight, which results in a lower reactivity on a
per monomer basis due to the radical having to diffuse a longer distance to contact
a polymer unit. Based on our results for the PEGs, it is likely that a similar
mechanism is responsible for the inverse correlation of kPEG-HO• with molecular
weight. While DOM is not strictly a polymer, it is possible that there is a similar
effect occurring in its reaction with HO•.
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Comparison of PEG and DOM Kinetics – Temperature Dependence

Arrhenius parameters for the reaction between HO• and the PEGs measured
in this study are shown in Table 2. Activation energies ranged from 15.61-44.68
kJ mol-1 and there is a general increase from the 100 to 15,000 Da PEG. This
higher-than-expected activation energy for the 15,000 Da sample can be attributed
to two effects: 1) an intrinsic increase in kPEG-HO• with increasing temperature
(i.e. normal Arrhenius behavior) and 2) uncoiling or linearization with increasing
temperature. Linearization would increase the polymer’s chain length, and
therefore its reactivity to HO•.

We have previously shown that the reaction between HO• and DOM is also
Arrhenius, with activation energies ranging from 10-30 kJmol-1 (16). These values
are similar to the lower molecular weight PEGs, but much lower than the 15,000
Da sample. Interestingly, the DOM sample that had the largest activation energy
in the previous study (Elliot Soil Humic Acid (ESHA) – 30.7 kJ mol-1) also had
the largest average molecular weight (3100 Da) as determined by size exclusion
chromatography, while Suwanee River Fulvic Acid and Pony Lake Fulvic Acid
both had values of ~ 15 kJ mol-1 (with average molecular weights of 2800 and
2400 Da, respectively).

For ESHA, a similar linearization of coil-like moieties could be occurring
with increasing temperature, explaining its high apparent activation energy.
Further kinetic experiments over a larger temperature range could show whether
the change in kDOM-HO•with temperature is due only to Arrhenius behavior, or also
includes linearization. If the measured apparent activation energy is significantly
different depending on the temperature range, e.g. over 30-60 °C versus 10-50
°C, then it is likely that there is some non-Arrhenius-based reason for the rate of
change of kOM- HO•.

Conclusions
Temperature dependent rate constants for the reaction between HO• and

varying molecular weight PEGs have been measured in order to model the
reactivity of this radical with DOM. Rate constants for the PEG-HO• reaction
were generally faster than the DOM-HO• reaction (109 vs. 108 M-1s-1). The
value of kPEG-HO• increased with decreasing PEG molecular weight, similar to
measurements on size-fractionated DOM samples previously. This is believed
to arise from the large molecular weight differences between PEG samples.
In addition, the activation energy for the PEG-HO• reaction increased with
increasing molecular weight, which is attributed to increased linearization of the
polymer at higher temperatures. These results yield insight into what mechanisms
may be occurring in the reaction between HO• and DOM.
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Chapter 10

The Use of Perylene as a Probe To Determine
the Ability of Dissolved Organic Matter in
the Aquatic Environment To Associate with

Hydrophobic Organic Pollutants

M.-H. (Chris) Hsu and I. H. (Mel) Suffet*

Environmental Science and Engineering Program,
University of California at Los Angeles, School of Arts and Sciences,

Room 61-295, CHS, Charles E. Young Drive South,
Los Angeles, California 90095, U.S.A.

*E-mail: msuffet@ucla.edu.

Hydrophobic organic pollutants (HOPs), with a log KOW
(octanol/water partition coefficient) of >5, have the ability
to sorb to dissolved organic matter (DOM). This process can
enhance the solubility as well as decreased uptake to biota
(i.e. less bioavailablility) of HOPs. It has been shown that
log KDOM (HOP/DOM partition coefficient) for a particular
HOP will vary in different natural waters with different DOM
present. Thus, an HOP probe could be used to characterize the
differences between aquatic DOM in different natural waters.
Perylene appears to be an excellent probe to use as an HOP to
characterize the differences between aquatic DOM in different
natural waters. The objective of this paper was to consider
adding another method to the categorize DOM reactivity related
to an environmental concern by measuring sorption to the
exemplary HOP probe perylene. This method could be used
to determine the potential free hazardous HOP that would be
present in any natural water.

As an application of this method, the sorption of Perylene
to stormwater DOM was assessed. Stormwater runoff samples
showed 58 % and 28 % free perylene for one Fall and one
Spring stormwater runoff sample, respectively. This indicates

© 2014 American Chemical Society
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that the relationship between DOM and HOPs in equilibrium
with DOM-HOPs might need definition on a temporal basis and
even different flow regimes to understand the bioavailability of
HOPs in stormwater.

Introduction

Dissolved organic matter (DOM) is a mixture of hundreds of anionic
molecules of <1 to >15 kilodaltons that are composed of aromatic and aliphatic
organic compounds found in natural waters (1–3). DOM can be classified into
two main groups: humic and non humic substances. The humic fraction includes
humic and fulvic acids whereas the non humic fraction includes amino acids,
proteins, sugars, and polysaccharides (2–4). DOM is functionally defined as
< 0.45 μm in size (5). In this chapter, we used a non-organic glass membrane
filter of < 0.7 μm to define DOM. DOM is measured as dissolved organic carbon
(DOC) in mgC/L.

Hydrophobic organic pollutants (HOPs) are compounds with log KOW
(octanol/water partition coefficient) of >5. HOPs, such as chlorinated pesticides,
polychlorinated biphenyls, pyretheroids and polyaromatic hydrocarbons (PAHs),
generally pose the largest toxicity risk to aquatic organisms in the environment.
The important impact of DOM association (sorption) to HOPs is observed by
the additional transport in the aqueous soluble phase (i.e. more solubility) and
decreased uptake to biota (i.e. less bioavailablility) of the HOPs (6). This indicates
the need to characterize the ability of DOM from different aqueous environments
to understand the potential impact of HOPs on the aquatic environment.

DOM can bind with HOPs in the aquatic environment and affect their
bioavailability and ultimately lower their toxicity. In other words, when DOM
associates with HOPs (bound form; DOM-HOPs), HOPs are not able to pass
though biological membanes (i.e. not bioavailable). The free HOPs are toxic to
biota (7, 8). The free and bound portions of HOPs in the water can be described
by the partition coefficient, KDOM between the DOM AND HOPs (7). Equation
1 describes the binding behavior between DOM and HOPs via KDOM. A PAH is
used as an example.

The percentage of bound PAH can be further determined by equation 2
knowing the concentration of DOM in the water (7):
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Knowing this information can guide water agencies to control water quality
and minimize the effects of HOPs.

The pollution levels and the form of HOPs, and how DOM characteristics
affect the fate and transport of HOPs in the environment has not been clarified.
The free soluble form of an HOP is hazardous because it is bioavailable. However,
the bound form is not, but it increases the solubility of HOPs, from sediments
and enables the mobility of the HOPs in aquatic environments. Subsequently, the
bound HOPs then at a location downstream equilibrate and become partially free,
soluble and available for biological uptake. Thus, in the aquatic environment,
knowing true free concentration of HOPs is necessary to effectively determine the
bioavailable quantity of HOPs at any location. Then the issue becomes what kind
of DOM characteristics affect binding and the bioavailability of HOPs.

Table 1 presents different methods used to characterize DOM for different
objectives. The objective of determining the ability of DOM’s “Reactivity Related
to an Environmental Concern”, such as formation potential of trihalomethanes and
nitrosoamines is directed to under-standing actual environmental concerns (9–12).

The objective of this paper is to consider adding another method to categorize
DOM reactivity related to an environmental concern by measuring sorption to an
exemplary HOP probe. This method could be used to determine the potential free
hazardous HOP that would be present in any natural water (6, 7).

It has been shown that log KDOM for a particular HOP will vary in different
natural waters with different DOM present (13). Thus, an HOP probe could be
used to characterize the differences between aquatic DOMs in different natural
waters.

The HOP probe should have the following characteristics:

1. A log KDOM. of >5
2. A chemical of high purity that is readily available
3. A chemical with minimal toxicity
4. A chemical able to use the quick and precise method of fluorescent

quenching to determine the log KDOM.

The chemical perylene was chosen as the HOP indicator based upon these
criteria.

As an application of this method, the sorption of Perylene to stormwater DOM
was assesses to observe if there were temporal differences in Fall and Spring.
UV254, UF, and the polarity rapid assessment method (PRAM), for aromaticity,
molecular structures size, and polarity, respectively were measured to define basic
DOM characteristics.
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Table 1. Summary of Many Characterization Methods for NOM [Based
upon Reference (4)]

Character Examples

Elemental Analysis Total or Dissolved
a) Organic Carbon
b) Organic Nitrogen

Size a) Filtration – Simple and Ultrafiltration (UF)
b) Size Exclusion Chromatography

Polarity a) XAD-ractionation
b) Polarity Rapid Assessment Method (PRAM)

Functional Groups a) Titration
b) Infared Spectroscopy
c) NMR Specroscopy
d) Oxidation-Reduction (Chemolysis, Pyrolysis)
e) Mass Spectroscopy

Aromaticity a) UV(254)
b) Specific UV Absorbance

Kind of NOM
(e.g. Humic, Fulvic etc.)

a) Solubility in Acid and Base
b) Flourescence Spectroscopy

Reactivity Related to an
Environmental Concern

a) Trihalomethane Formation Potential (9–11)
b) Nitrosoamine Formation
c) Biological Organic Carbon (4)
d) Sorption To Hydrophobic Organic Pollutants
(HOPs)

Experimental
Sample Collection

Samples of stormwater runoff were collected from the storm drains within
the City of Anaheim tributary to Anaheim Bay and Huntington Harbour. Two
stormwater runoff samples, one in the Spring and one in the Fall were collected in
the beginning of rain events during the first hour of discharge that are required in
NPDES permits in California (14) to catch the “first flush” of pollutants. The first
flush of runoff has been found to deliver most of the contaminants to the storm
drains (15).

Sample Preparation

Water samples were filtered through 0.7 μm glass fiber membranes (Whatman
Corp, Sanford, ME) prior to any analysis to remove filterable organic matter and
microorganisms that may consume DOM. Before using, membranes were baked
for 24 hours at 100 °C to reduce leaching of organics during filtration. This step
is to ensure that the study is only measuring the dissolved form of natural organic
matter.
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Water Quality

Water quality measurements were completed according to standard methods
of water and wastewater (5). Parameters include dissolved organic carbon
(DOC, Method 5310B), ultraviolet absorbance at 254nm (UV254, Method 5910),
pH (Method 4500), conductivity (Method 2510), and specific UV absorbance
(SUVA) which is the ratio of UV absorption to DOC concentration. DOM is
measured as DOC in mgC/L.

Ultrafiltration To Measure Size Fraction of DOM

DOM was size fractionated by UF through Millipore YM (regenerated
cellulose, negatively charged) 1000 (1k), 10,000 (10k) molecular weight cut off
(MWCO), and PB (polyethersulfone, negatively charged) 5,000 (5k) MWCO
membranes (Millipore Corp., Billerica, MA) that are recommended for the
size characterization of DOM (16). To reduce leaching of DOC from the UF
membranes, they were soaked three times in deionized (DI) water (30 min
per time), from a (Milli-Q Plus water system, (Millipore Corp., Bedford, MA)
and then in 5% NaCl solution over night. UF was performed in Millipore
solvent-resistant stirred cells (XFUF 076 01). The final step was to rinse the
membranes with 100 ml Deionized water (DI) water just before filtration. Two
hundred ml of sample solution was added to the cell and 100 ml was filtered
through under 55 psi nitrogen gas pressure. Each membrane was discarded after
one use. Fractions were analyzed by a Shimadzu total organic carbon (TOC)
5050 Analyzer and a Shimadzu UV-1700 Pharmaspec UV-Vis spectrophotometer
(Shimadzu Corp. Columbia, MD). All samples were completed in duplicate.

Polarity Rapid Assessment Method (PRAM)

DOM polarity is identified by the polar rapid assessment method under
ambient water quality conditions without any pretreatment (17). Analysis takes
into account the effect of pH and ionic strength on the structure of DOM under
ambient conditions. Solid phase extraction (SPE) cartridges are cleaned by
passingMilli-Q water to remove UV absorbing impurities. Parallel SPE cartridges
with different sorbent polarities are used to adsorb DOM. The SPE cartridges
include C18 (non-polar, hydrophobic), Diol (polar, hydrophilic), and NH2 (weak
anion exchanger with a, negative charge). The retention coefficient is defined as
1- (Cmax/Co) in percentages describing the specific polarity characteristics (polar,
non-polar, and negative charges) retained on the cartridges, where Cmax is the
maximum UV absorbance at 254 nm of the samples after breakthrough and Co
is the UV absorbance at 254 nm of the absorbing impurities. The samples are
analyzed in triplicate.
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Fluorescence Quenching

The sorption coefficient, KDOM was determined by fluorescence quenching
(FQ) by the method of Schlautman and Morgan (18). Perylene was diluted in
methanol to 4 mg/L and stored in an amber bottle at 4 °C. The stock solution
was diluted to 0.3 μg/L perylene and added to DOM diluted samples to a final
concentration of three-fourths of the reported solubility 0.4 μg/L in water. To
control for the loss of perylene from the cuvette system, 12 measurements were
made at defined time points (2 min intervals) to allow for extrapolation to initial
conditions. Experiments were performed in a dimmed environment to prevent the
photodegradation of perylene. A previous evaluation of the flourescence method
showed that the Log KDOM was equivalent to values obtained from the solid phase
extraction method (19). Thus, this indicates that the partitioning of PAHs between
water and DOM was fast compared to the adsorption of PAHs to the cuvette wall.
Sorption behavior can be modeled by:

where PAHd is the dissolved portion of the total PAH concentration, PAH-wall
is the portion adsorbed on the wall, and kw and k-w are first-order forward and
backward rate constants for wall adsorption. Fluorescence intensity can be
obtained by:

where F0’ is the free PAH intensity at time zero. Nonlinear curve-fitting program
(SigmaPlot) was used to get F0’, kw, and k-w. KDOM values were determined by the
Stern-Volmer equation which can be described as

where F0’ and F are the fluorescence intensities in the absence and presence
of DOM. [DOM] is the concentration of DOM measured as mgC/L. MilliQ
water adjusted with 0.02 molar phosphate buffer adjusted to the pH and general
conductivity of the stormwater was the comparison case when no quencher was
present. The percentage of bound PAHwas determined by equation 2 as described
previously (13).

All measurements of fluorescence intensities were obtained by a fluorescence
spectrophotometer (Varian, R3896) at an excitation-emission wavelength pair of
434 and 467 nm. Absorbance values at 434 and 467 nm were corrected for inner
filtering effects (IFEs). UV Absorbance at 254 nm were usually below 1.2 L/
mg-1cm-1 (Shimadzu UV-1700, Pharmaspec Columbia MD). The experimental
procedure and precision were presented by Hsu and Suffet (19).
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Results and Discussion
Water Quality Data

The water quality data for this study are listed in Table 2. The DOC
concentration of stormwater runoff samples were 11.5 mgC/L (Fall) and 6.6
mgC/L (Spring) which were consistently higher than studies of raw and drinking
water samples (1.9-3.2 mgC/L (19),) (1.3-7.0 mgC/L (20),). UV254 varied from
0.193 to 0.330 cm-1. SUVA was consistent at 2.9 L mg-1cm-1. pH ranged from 7.4
to 7.6 which were within the National Pollutant Discharge Elimination System
(NPDES) permit limit (6.5-8.5). In stormwater runoff samples, conductivity
fluctuated from 276 to 427 μs/cm. The intensity of rain events and dilution could
cause this variability.

PRAM Analysis

PRAM results of stormwater runoff were shown in Figure 1. Non-polar
fractions (C18) of stormwater runoff were 26% and 33% for Fall and Spring,
respectively. In comparison, previous studies of raw and drinking water showed
the non-polar fraction can range from 2 to 25% (19, 20).

Figure 1. Polarity rapid assessment method analysis of stormwater runoff
samples. (The values represent average of 3 analyses.)

Polar fractions isolated by the gycol SPE of stormwater runoff were 10%
and 12% for Fall and Spring, respectively. In comparison, previous studies of
raw and drinking water samples, polar fractions can range from 2 to 20% (19,
20). Negative charge portions of stormwater runoff measure by a weak anion
exchanger were 72% and 57% for Fall and Spring, respectively. In comparison,
raw and drinking water as well as other natural waters for the negative charges
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DOMwere reported at (39%-96% (19) and 28%-80% (20)). The results of PRAM
analysis showed that season variations resulted in different polarity distribution.
Specifically, the negative charge portions of DOM in stormwater runoff measure
by a weak anion exchanger were significantly different 72% and 57% for Fall and
Spring, respectively.

Table 2. Water Quality Parameters for Stormwater Runoff Samples

Sampling
Date

Season DOC UV254 SUVA pH Conductivity

11/21/2011

P: 0.44 in
Fall 11.5 0.3297 2.9 7.4 276

04/11/2012

P: 0.22 in
Spring 6.6 0.1934 2.9 7.6 427

Units: DOC (mg L-1); UV254 (cm-1); SUVA (L mg-1cm-1); Conductivity (us cm-1). P:
precipitation. Rain fall intensity were 0.44 inches and 0.22 inches for Fall and Spring,
respectively.

Size Characterization by Ultrafiltration

Figure 2 presents the UF results of stormwater runoff in Fall and Spring
by DOC by (a) mgC/L and by (b) UV254 absorbance. Figure 2(a) shows Fall
stormwater had higher >10k and <1k fractions than Spring stormwater. There
were no 10k-5k and 5k-1k fractions in Fall stormwater. Spring stormwater had
a 10k-5k fraction.

Figure 2(b) shows that Fall stormwater runoff had higher <1k fraction than
Spring stormwater runoff samples which was consistent as Figure 2(a). It appears
that UF analysis measured by UV254 is more sensitive than measured by DOC
since there were measurements of 5k-1k fraction in Spring stormwater and 10k-5k
fraction in Fall which were not shown in Figure 2(a). Spring stormwater runoff
also had relative higher UV254 absorbance in the molecular weight fractions (> 5
kDa) than Fall stormwater runoff. For > 10k fraction, Spring stormwater runoff
has higher distribution than Fall stormwater which was not consistent as Figure
2(a). Thus, the DOM distribution was different for DOC that measures all the
organic carbon in a sample and UV254 analysis that measures the aromatic and
double bond character of the DOC.

The results of UF analysis showed that size distributions of DOM were
dependent on temporal variations. The variability in these samples could be
ascribed to the changes in different environments such as weather resulting in
different sources of DOM. The analysis of UF for DOM size distribution requires
to monitor both DOC and UV254 to continue build data to understand the size
distribution for different physical meanings and samples.
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Figure 2. Ultrafiltration (UF) analysis of stormwater runoff samples: (a) DOC
in mg C/L and (b) UV254. (The values represent average, n=2.)

In total, the NOM in the Spring and Fall stormwater runoff showed differences
in DOC, UV, UF and PRAMmethods. Thus, one would expect a difference in the
perylene log K, i.e. the log KDOM for the Spring and Fall storm water runoff.

A comparison of log KDOM values for perylene by fluorescence quenching
and the PRAM showed no significant difference for log KDOM from 4-6 at the 95%
confidence intereval (21). The Fluorescence quenching life time of perylene is
only 5.5 nanoseconds (22), which would prevent errors due to other quenchers as
oxygen to inflate the log KDOM. Thus, perlyene appears to be an excellent probe
for assessing interations between DOM and an HOP. The log KDOM represents the
ability of DOM to bind with Perylene. Equation 2 was used to calculate the free
concentration of perylene as the probe method (7). The higher the KDOM values of
stormwater runoff samples represent the PAHs in the water that are potentially less
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hazardous because more PAHs are bound to DOM. The probe perylene can be used
to predict the free concentration of a related cancer causing PAH, as the human
carcinogen, benzo(a)pyrene by using perylene as an indicator. This is done by
transferring the % free portions of perylene into % free portions of BaP according
to the proportion of the hydrophobicity using relative Log Kow’ (7).

Table 3 shows that within Anaheim area, stormwater runoff contained
free fraction distribution of Perylene from 28% to 58% for Fall and Spring,
respectively. Birch et al. (23) also found that free fraction 27% - 36% in
stormwater runoff in terms of fluoranthene (Log Kow = 5.22) which was
comparable to our results. Spring stormwater runoff had the higher Log KDOM
and thus had the lower free Perylene (28%) and free BaP (34%) distribution. It
shows that Spring stormwater runoff had more ability to bind with HOPs and thus
had a higher ability to decrease hazardous potential. Only 28% HOPs in terms
of perylene is bioavailable. Fall stormwater had more free perylene (58%) and
BaP distribution (60%). The difference of hazardous potential of free perylene
and BaP during runoff in Fall and Spring is probably due to different DOM
components present in the runoff.

Table 3. Free Fraction of Perylene Determined by Fluorescence Quenching
and Calculated Fraction of Benzo(a)pyrene (BaP) of Stormwater Runoff

Samples

Sampling
Date

Season DOC UV254 SUVA Log
KDOM

Free
Perylene

Free
BaP

11/21/2011
(P: 0.44 in)

Fall 11.5 0.3297 2.9 4.8 58 60

04/11/2012
(P: 0.22 in)

Spring 6.6 0.1934 2.9 5.6 28 34

Units: DOC (mg L-1); UV254 (cm-1); SUVA (L mg-1 cm-1); Free Perylene and Free BaP
(%). P: precipitation. Rain fall intensity were 0.44 inches and 0.22 inches for Fall and
Spring, respectively.

Table 3 shows that although fall stormwater runoff had a higher DOC, it did
not represent the higher KDOM values (Log KDOM = 4.8) indicating the poorer
binding ability of DOM. In contrast, Fall stormwater runoff had the higher binding
ability (Log KDOM = 5.6) but with the lower DOC concentration. This indicates
the binding ability of DOM (Log KDOM) is not mainly dominated by the total
amount of DOM in the water, but affected much more by different characteristics
of DOM. Spring stormwater also had higher non-polar fraction (Figure 1), and
higher molecular weight distribution (Figure 2b). These factors might also lead to
Spring stormwater runoff had higher Log KDOM values.

The fluorescent procedure developed in this chapter can identify the
bioavailability of HOPs in the dissolved phase of urban runoff in a short time
(within 30 mins). Thus, the method could be used to define the hazardous potential
of free Perylene and BaP during runoff and possibly be used for site-specific
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partition coefficient under ambient background conditions such as pH and organic
carbon as metal pollution is defined by California “State Implementation Plan”
(24). Also, understand the fate and transport of HOPs in urban runoff can
help optimize the Toxicity Identification Evaluation (TIE) process required in
the NPDES permit by relating the toxic free PAHs from the non-toxic bound
DOM-PAH complex and develop better best management practices (BMPs) to
treat HOPs in urban runoff as done for metals (14).

Conclusions

The objective of this paper was to consider adding another method to
categorize “DOMReactivity Related to an Environmental Concern” by measuring
sorption to an HOPs and determing the free hazardous HOP. It has been shown
that log KDOM for a particular HOP will vary in different natural waters with
different DOM constituents present (13). Perylene appears to be an excellent
probe for an HOP. The log KDOM represents the ability of DOM to bind with
Perylene. An HOP probe could be used to characterize the differences between
different aquatic DOMs in different natural waters.

HOPs exist in the aquatic environment coming from diverse sources like
pavements, atmospheric deposition, and anthropogenic spilling, and can cause
hazards to biota. Researches have estimated that urban runoff results in 14-36%
of the total PAHs loading into aquatic ecosystems (25). The procedure developed
in this chapter can identify the bioavailability of HOPs in the dissolved phase
of urban runoff in a short time (within 30 mins) by the fluorescent method.
The method could be use for site-specific partition coefficient under ambient
background conditions such as pH and organic carbon as metal pollution is
defined by California “State Implementation Plan” (24).

This study found that DOM in Spring stormwater runoff has better ability to
bind with HOPs resulting in just 34% free portion of HOP versus 60% free portion
of HOP in Fall runoff. It is obvious that DOM characteritics were different due to
temporal variations and thus lead to different potential hazards caused by HOPs.
More monitoring needs to be completed in different locations, runoff types (e.g.
stormwater runoff and dry weather flow), and different seasons to potentially build
correlations between DOM characteristics and KDOM values.

Also, understand the fate and transport of HOPs in urban runoff can help
optimize the Toxicity Identification Evaluation (TIE) process required in the
NPDES permit by relating the toxic free PAHs from the non-toxic bound
DOM-PAH complex and develop better best management practices (BMPs) to
treat HOPs in urban runoff as done for metals on a site specific basis (24).
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Chapter 11

Characterization of the Molecular Weight and
Reactivity of Natural Organic Matter

in Surface Waters

Ina Kristiana,* Jace Tan, Suzanne McDonald, Cynthia A. Joll, and
Anna Heitz

Curtin Water Quality Research Centre Department of Chemistry,
Curtin University Perth, Western Australia

*E-mail: I.Kristiana@curtin.edu.au.

Natural organicmatter (NOM) can impact on all aspects of water
treatments processes. Understanding the physical and chemical
characteristics of NOM is essential to improving drinking
water treatment processes. The size of NOM has important
implications for drinking water treatment and the formation
of DBPs, where the high molecular weight, hydrophobic
components of NOM have been found to be effectively
removed by conventional drinking water treatment processes,
while the lower molecular weight and certain hydrophilic
components of NOM are more difficult to remove using these
processes. In our study, we collected raw (untreated) waters
from three different drinking water reservoirs, characterised
the molecular weight (MW) distribution of the NOM in these
waters using analytical scale high performance size exclusion
chromatography (HPSEC), and isolated apparent MW (AMW)
fractions of the NOM using preparative scale HPSEC. We also
investigated the reactivity of the AMW fractions of NOM in
terms of disinfection by-products (DBP) formation potential
from chlorination and chloramination. We focused on the
formation potential of halogen-specific adsorbable organic
halogen (AOX) and nitrogen-containing DBPs (N-DBPs),
since brominated and iodinated DBPs and N-DBPs have been
reported to be significantly more cytotoxic, genotoxic, and
carcinogenic than the regulated DBPs. Our study found that the
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AMW fractions of NOM with higher SUVA254 values generally
produced higher concentrations of halogenated DBPs, measured
as halogen-specific AOX. Halogenated N-DBPs formed only a
small fraction of AOX in both chlorination and chloramination,
with higher relative contributions from halogenated N-DBPs
in chloraminated samples. The propensity of the formation
of N-DBPs, especially N-nitrosamines and haloacetamides,
was higher in chloramination. Since these DBPs are more
toxic than the regulated DBPs, further evaluation of the health
risk trade-offs when selecting chlorine or chloramine as a
disinfectant is essential. The size of NOM had little influence on
the formation of halogenated N-DBPs, but the low to medium
AMW fractions of NOM tended to form higher concentrations
of N-nitrosamines. Chlorine tended to be incorporated into
the higher AMW fractions of NOM, while bromine and
iodine seemed to be preferentially incorporated into the lower
AMW fractions of NOM. Since conventional water treatment
processes are ineffective for the removal of the low to medium
MW fractions of NOM, improved water treatment processes
may be needed to minimise the formation of brominated and
iodinated DBPs, as well as N-nitrosamines, especially for
source waters that contain significant amounts of organic matter
of low to medium MW.

Introduction

Organic matter is present in aquatic systems, including drinking water
sources, and may originate from allochthonous and autochthonous sources. These
organic materials are commonly referred to as natural organic matter (NOM).
NOM is a complex, heterogeneous mixture of biogenic materials with a variety of
molecular weights and chemical functional groups. The quality of a source water
is closely linked to the nature and characteristics of NOM, and NOM can impact
on all elements of water treatment processes. Many water treatment technologies
are essentially focused on the removal of NOM and therefore the requirements
for water treatment chemicals are closely related to the characteristics and
concentrations of NOM in the source water. Typically, higher concentrations
of NOM lead to increased requirements for water treatment chemicals such as
coagulant and disinfectant, which in turn can lead to increased sludge formation
and disinfection by-product (DBP) formation.

Considering the implications of NOM in the production of safe drinkingwater,
understanding the physical and chemical characteristics of NOM is an important
factor in improving drinking water treatment processes. Simple characterisation
of NOM can be carried out using measurement of DOC concentration and UV
absorbance at 254 nm (UV254). Together, they provide an index of the extent
of aromatic and other conjugated functional groups within the NOM structure.
This index is termed ‘specific UV254 absorbance’ (SUVA254) and is derived by the
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following equation: UV254 (m-1) / DOC (mg L-1) x 100 (1). More sophisticated
methods are required to probe the characteristics of NOM molecules and their
structures, both at bulk (e.g. size and functionality of NOM) and molecular (e.g.
chemical composition of NOM) levels.

NOM characterisation studies have revealed useful information for designing
NOM removal strategies in drinking water treatment. For example, it has
been found that high molecular weight, hydrophobic components of NOM are
effectively removed by conventional drinking water treatment processes (i.e.
coagulation and filtration), while lower molecular weight and certain hydrophilic
components of NOM are more difficult to remove using these processes (2–4).
The hydrophilic fraction of NOM has also been implicated as containing the
most precursors of nitrogenous DBPs (5, 6). Particular size fractions of NOM
have been reported to have higher DBP formation potentials for the regulated
DBPs, the trihalomethanes (THMs) and haloacetic acids (HAAs), than other
fractions. For example, Hua and Reckhow (7) reported that NOM with molecular
weight between 0.5 and 3 kDa produced the highest yield of THMs, while the
low molecular weight NOM fractions (< 0.5 kDa) contained more abundant
dichloroacetic acid precursors than the other molecular weight fractions studied.

There have been many reports of studies investigating the characteristics
and reactivity of hydrophobic and hydrophilic fractions of NOM, however, the
characteristics and reactivity of molecular weight (MW) fractions of NOM have
been less extensively investigated. As demonstrated by the above examples, the
molecular size distribution of NOM can have important implications for drinking
water treatment and the formation of DBPs. Size exclusion chromatography
(SEC) is commonly used to determine the MW distribution of NOM. It is a
separationmethod based on the hydrodynamic molecular size of the material being
analyzed (8). In the chromatography column, small molecules can access more
of the internal pore volume than larger molecules, thus, ideally, larger molecules
are excluded from the pores and elute first, followed by smaller components (8).
SEC can be done at an analytical or preparative scale. Preparative SEC allows
the isolation of organic rich apparent MW fractions of NOM through repeated
injections of the water sample onto a preparative scale column, followed by
collection of each fraction (9). Preparative scale sample volumes and column sizes
are typically much larger than those used for analytical scale SEC, but comparable
separation of components can be achieved, allowing direct comparison between
the analytical scale results and fractions obtained using the preparative system.

In this study, we collected raw (untreated) waters from three different
drinking water reservoirs, characterised the MW distribution of the NOM in
these surface waters using analytical scale high performance size exclusion
chromatography (HPSEC), and isolated apparent MW (AMW) fractions of the
NOM using preparative scale HPSEC. We then investigated the reactivity of the
AMW fractions of NOM in terms of DBP formation potential from chlorination
and chloramination. Considering that the focus of investigations on the formation
of DBPs in drinking water has shifted from the regulated DBPs (i.e. THMs and
HAAs) to other emerging DBPs that are suspected to be more relevant from
a human health perspective (e.g. nitrogen-containing DBPs, iodinated DBPs)
(10, 11), we examined the formation of halogen-specific adsorbable organic
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halogen (AOX) (i.e. AOCl, AOBr, and AOI), as bulk measures of the overall
formation of halogenated DBPs, and nitrogen-containing DBPs (N-DBPs), as
representatives of DBPs that are significantly more cytotoxic and genotoxic than
the regulated DBPs. This study allowed an examination of the trends in the
formation of halogenated DBPs and N-DBPs with respect to the size fractions of
NOM, to provide insights into the reactivity of the complex mixture of organic
compounds contained in NOM. It is the first comprehensive study of the formation
of halogen-specific AOX and 27 species of N-DBPs from chlorination and
chloramination of MW fractions of NOM from diverse surface waters, collected
using preparative scale HPSEC.

Materials and Methods
Chemicals and Standards

All chemicals, standards, and organic solvents used in this study were of
analytical grade purity (AR grade ≥ 99% pure) or better (e.g. HPLC grade), and
were used without further purification. Commercially available haloacetonitriles
(HANs) standards were of analytical grade purity, and were used without
further purification. Monochloroacetonitrile (MCAN), monobromoacetonitrile
(MBAN), dichloroacetonitrile (DCAN), dibromoacetonitrile (DBAN), and
trichloroacetonitrile (TCAN) were obtained from Sigma Aldrich as neat standards.
Bromochloroacetonitrile (BCAN) was obtained from AccuStandard® as a
solution in acetone (5 mg mL-1). Trichloronitromethane (TCNM) standard
was obtained from AccuStandard®. Other halonitromethanes (HNMs)
standards were each obtained as single neat compound from Orchid Cellmark.
Chloroacetamide (MCAM) standard was obtained from ChemService, while
dibromoacetamide (DBAM) standard was obtained from Orchid Cellmark. Other
haloacetamides (HAMs) standards were each obtained as single neat compound
from Sigma Aldrich. 1,2-Dibromopropane-d6 used as surrogate standard in
the analysis of HANs, HNMs, and HAMs was obtained from CDN Isotopes.
1,1,2,2-Tetrachloroethane-d2 used as internal standard in the analysis of HANs,
HNMs, and HAMs was obtained from Sigma Aldrich. Native N-nitrosamines
standards were obtained as a mixture (EPA 8270 Nitrosamine Mix) from Supelco.
Deuterated N-nitrosamines standards used as internal and surrogate standards for
quantification purposes were obtained from CDN Isotopes. The resins used in
the solid phase extraction of nitrosamines, LiChrolut® EN and Carboxen™ 572,
were purchased from Merck and Supelco, respectively. HPLC-grade solvents
were obtained from Mallinckrodt, while inorganic salts were purchased from
Sigma-Aldrich. Sodium hypochlorite solution (12.5% w/v) was obtained from
APS Ajax.

Sample Collection and Preparation

Three surface waters from three different climatic regions in Western
Australia were selected for this study (North West, Great Southern, and South
West regions). These surface waters represent key drinking water sources for
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the respective regions. Raw (untreated) water samples were collected from
these locations: North West reservoir (Reservoir NW), Great Southern reservoir
(Reservoir GS), and South West reservoir (Reservoir SW). At each location, 1000
L of water was collected and filtered through a 0.45 µm membrane, and then
subjected to reverse osmosis (RO) to concentrate the organic matter in the sample
to a final volume of approximately 1 L.

Fractionation of the NOM Concentrate

The NOM concentrate (~ 1 L) obtained for each sample was desalted
using dialysis bags (Spectra/Por® Biotech cellulose ester dialysis membranes;
MWCO 100 Da) to remove the concentrated inorganic salts. A portion of
the desalted NOM concentrate was subjected to preparative scale HPSEC,
following the method described by Peuravuori and Pihlaja (9). The high pressure
liquid chromatography (HPLC) system was an Agilent 1100 equipped with a
dual-loop autosampler, a diode array detector collecting data at 254 nm, and an
automated fraction collector. The eluent comprised a 20 mM phosphate buffer
with a flow rate of 4 mL min-1 and the injection volume was 2 mL. Separation
of NOM was achieved using a BioSep-SEC-S 3000 column (300 x 21.2 mm
i.d., Phenomenex), equipped with a BioSep SEC-S 3000 guard column (75 x
21.2 mm i.d., Phenomenex). The system was calibrated using PSS standards
(MW 208 – 81800 Da; Polymer Scientific Services, USA).Each apparent MW
fraction corresponds to a molecular weight range as represented by a specific
peak in the HPSEC chromatogram of the desalted NOM concentrate. Since the
diode array detector was set to 254 nm (the commonly used wavelength for the
characterisation of NOM), ‘NOM’ in this manuscript refers to UV254-absorbing
NOM.

Analytical Scale HPSEC

Analytical scale HPSEC analysis of the samples used an HPLC system
(Agilent 1100) equipped with a dual-loop autosampler and a diode array detector
collecting data at 254 nm. The eluent was comprised of a 20 mM phosphate
buffer with a flow rate of 1 mL min-1 and the injection volume was 100 µL.
Separation of NOM was achieved using a TSKgel™ G3000SWxl column (300 x
7.8 mm i.d., TOSOH Bioscience, Supelco) preceded by a TSKgel™ SWxl guard
column (40 x 6.0 mm i.d., TOSOH Bioscience, Supelco). The analytical scale
column has a similar phase to that of the preparative scale HPSEC column. The
system was also calibrated using PSS standards (MW 208 – 81800 Da; Polymer
Scientific Services, USA).

Water Quality Analysis

The raw water samples were analyzed for dissolved organic carbon (DOC)
concentration, UV254 absorbance, bromide and iodide ions concentrations, and
total organic nitrogen content. The MW fractions of NOM were analyzed
for DOC concentration and UV254 absorbance. The DOC concentration of
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the samples was determined by the UV/persulfate oxidation method, using a
Shimadzu TOC Analyser TOC-VWS, according to the Standard Method 5310C
(12). The UV254 absorbance of the samples was determined using a HP 8452A
Diode Array Spectrophotometer with a 5 cm quartz cell. The bromide and iodide
ions concentrations were determined by ion chromatography according to the
Standard Method 4110B (12), while the total nitrogen content was determined by
flow injection analysis following persulphate digestion according to the Standard
Method 4500N-C (12).

Disinfection Experiments

The MW fractions of NOM (each diluted to an identical DOC concentration
of 2 mg L-1) were each subjected to chlorination (8 mg L-1 Cl2) or chloramination
(4 mg L-1NH2Cl as Cl2) in the presence of bromide ion (0.5 mg L-1) and iodide ion
(60 μg L-1). Chlorine and chloramine doses were selected to provide disinfectant
residuals greater than 0.5 mg L-1 and 1 mg L-1 in chlorination and chloramination,
respectively, at the end of the experimental period. The samples were buffered
to pH 7 in chlorination experiments and to pH 8 in chloramination experiments,
using phosphate buffer. All experiments were carried out at 20 °C, for 72 hours.
At the end of the experimental period, the disinfectant residual in each sample was
quenched with excess ascorbic acid or sodium sulphite, and the sample was then
analyzed for halogen-specific AOX and N-DBPs.

Analysis of Halogen-Specific AOX

Samples to be analyzed for halogen-specific AOX were acidified to pH 2
using concentrated nitric acid and passed through two activated carbon columns
for adsorption of the organic halogens using a Mitsubishi TX-3AA adsorption
module. The adsorbed sample was combusted in the presence of oxygen for 10
min at 1000 °C using a Mitsubishi AQF-100 Automated Quick Furnace system,
and the produced hydrogen halide gas was collected in Milli-Q water in the
Mitsubishi GA-100 absorption unit. The aqueous sample was then transferred
online and analyzed for chloride, bromide, and iodide using a Dionex ICS-3000
dual-channel ion chromatograph system. The concentrations of the measured
chloride, bromide, and iodide correspond to the concentrations of adsorbable
organic chloride (AOCl), bromide (AOBr), and iodide (AOI), respectively.

Analysis of N-DBPs

A list of all the species of N-DBPs analyzed in this study is given in Table 1.
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Table 1. List of N-DBPs Species Analysed

N-DBPs

Haloacetonitriles (HANs)

Chloroacetonitrile (MCAN)

Bromoacetonitrile (MBAN)

Dichloroacetonitrile (DCAN)

Trichloroacetonitrile (TCAN)

Bromochloroacetonitrile (BCAN)

Dibromoacetonitrile (DBAN)

Halonitromethanes (HNMs)

Dichloronitromethane (DCNM)

Bromochloronitromethane (BCNM)

Bromodichloronitromethane (BDCNM)

Dibromochloronitromethane (DBCNM)

Trichloronitromethane (TCNM)

Tribromonitromethane (TBNM)

Haloacetamides (HAMs)

Chloroacetamide (MCAM)

Bromoacetamide (MBAM)

Dichloroacetamide (DCAM)

Dibromoacetamide (DBAM)

Trichloroacetamide (TCAM)

N-Nitrosamines

N-Nitrosodimethylamine (NDMA)

N-Nitroso-N-methylethylamine (NMEA)

N-Nitrosodiethylamine (NDEA)

N-Nitrosodibutylamine (NDBA)

N-Nitrosodipropylamine (NDPA)

N-Nitrosopyrrolidine (NPYR)

N-Nitrosopiperidine (NPIP)

N-Nitrosomorpholine (NMOR)
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Analysis of Haloacetonitriles (HANs)

The chlorinated and chloraminated samples were analyzed for 6 species of
haloacetonitriles (MCAN, MBAN, DCAN, DBAN, BCAN, and TCAN). HANs
were extracted from the samples by liquid-liquid extraction using methyl-tert-
butyl ether (MTBE) and analyzed by gas chromatography/mass spectrometry (GC-
MS) following the method described in Kristiana et al. (13). The GC-MS system
was a Hewlett Packard 7890A GC interfaced to Hewlett Packard 5975C Mass
Selective Detector, equipped with a 30m x 0.25 mm ID ZB5-MS (Agilent) column
with a film thickness of 0.25 μm.

Analysis of Halonitromethanes (HNMs) and Haloacetamides (HAMs)

The chlorinated and chloraminated samples were analyzed for 6 species of
halonitromethanes (DCNM, TCNM, BCNM, BDCNM, CDBNM, and TBNM)
and 5 species of haloacetamides (MCAM, MBAM, DCAM, DBAM, TCAM).
HNMs and HAMs were extracted from the samples by liquid-liquid extraction
using methyl-tert-butyl ether (MTBE) and analyzed by gas chromatography/mass
spectrometry (GC-MS) following the method described in Liew et al. (14). The
GC-MS system was a Hewlett Packard 7890A GC interfaced to Hewlett Packard
5975C Mass Selective Detector, equipped with a 30 m x 0.25 mm ID ZB5-MS
(Agilent) column with a film thickness of 0.25 μm.

Analysis of N-Nitrosamines

The chlorinated and chloraminated samples were analyzed for 8 species
of N-nitrosamines (NDMA, NMEA, NDEA, NDBA, NDPA, NPYR, NPIP,
and NMOR). N-Nitrosamines were extracted from the samples by solid phase
extraction and analyzed by gas chromatography/mass spectrometry (GC-MS)
following a previously described method (15, 16). This method used in-house
solid phase extraction (SPE) cartridges packed with LiChrolut® EN and
Carboxen™ 572 resins (extraction rate: 2 mL min-1), followed by elution of
the nitrosamines from the cartridge using dichloromethane (elution rate: 1 mL
min-1), and concentration of the dichloromethane extract to approximately 300
μL. The concentrated extract was subsequently analyzed by GC-MS in electron
impact (EI) mode, using a Hewlett Packard 7890A GC interfaced to Hewlett
Packard 5975C Mass Selective Detector equipped with a 30 m x 0.25 mm ID
HP-INNOWAX (Agilent) column with a film thickness of 0.25 μm.
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Figure 1. Analytical HPSEC chromatograms of the raw (untreated, unfractionated) waters from a) Reservoir NW, b) Reservoir GS, and c)
Reservoir SW, after RO concentration and dialysis; and their corresponding fractions collected from subsequent preparative scale HPSEC.
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Results and Discussion

Water Quality and Molecular Weight Characteristics of Surface Waters and
NOM Concentrates

The three surface water samples studied (untreated, unfractionated), had
significantly different water quality characteristics, as shown in Table 2, reflecting
the different environmental (geological and ecological) conditions at each of
the reservoir locations. Surface waters from locations NW and GS had similar
DOC concentrations and UV254 absorbance. However, surface water from the
NW reservoir had a higher concentration of bromide ion and a higher nitrogen
content. The surface water from the SW reservoir was very different to those from
NW and GS, since the SW sample had an extremely high DOC concentration,
UV254 absorbance, and bromide ion concentration. The NOM collected from
each surface water also had a different apparent MW (AMW) range according to
UV254 detection in both analytical and preparative scale HPSEC (Figure 1, Table
3). The surface water from reservoir NW contained NOM with lower AMW
range (< 2.6 kDa) than NOM from reservoir GS (< 4 kDa). The surface water
from reservoir SW contained NOM with a wider MW range, with a fraction
having MW > 20 kDa also collected. These differences can be attributed to the
different geographical location of the reservoirs and the varying input of organic
matter into the reservoirs. The differences in the climate, the factors influencing
water inflow into the reservoirs, and the vegetation in the catchments surrounding
the reservoirs all contributed to the differences in the water quality and the
characteristics of NOM in the source waters.

Table 2. Water Quality Characteristics of the Raw Surface Waters
(Untreated, Unfractionated) Collected from Three Regions in Western

Australia

Sample DOC
(mg L-1)

UV254
(cm-1)

SUVA254
(L mg-1 m-1)

Total N
(mg L-1)

Bromide
(μg L-1)

Iodide
(μg L-1)

Reservoir NW 4.05 0.073 1.30 0.5 480 20

Reservoir GS 4.28 0.075 1.75 0.3 350 60

Reservoir SW 23.7 0.178 3.77 1.0 803 20

The UV254 absorbance and DOC concentration of each collected AMW
fraction of NOM were also measured and SUVA254 calculated. The AMW
fractions of NOM from each surface water had varying SUVA254 values,
demonstrating the range of reactivities within NOM in a specific water sample.
SUVA254 has been associated with the reactivity and aromatic character of NOM
(1, 17). NOM fractions with higher SUVA254 values have been shown to contain
more aromatic moieties and structures with conjugated double bonds, all of which
are reactive towards chlorine and chloramine (1, 17). For example, waters with
higher SUVA254 values have been reported to produce higher concentrations
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of HAAs and THMs (18); while the aromatic moieties of NOM as indicated
by SUVA254 was found to play important role in the formation of total organic
halogen (TOX) (19). The AMW fractions from reservoir SW had higher SUVA254
values relative to the AMW fractions from the other reservoirs, indicating that
these fractions have higher aromaticity than the other MW fractions, and hence
they were expected to be more reactive towards the formation of DBPs. There
seemed to be a trend of increasing SUVA254 values with increasing AMW.
However, the largest AMW fractions of NOM from reservoirs GS and SW did not
follow this trend, having relatively low SUVA254 values. This indicates that the
NOM in these fractions contained significantly lower aromatic moieties relative
to the other fractions.

Fractionation of NOM Concentrates by Preparative Scale HPSEC

The NOM in the three surface water samples was concentrated by reverse
osmosis, desalted using dialysis and then subjected to both analytical scale and
preparative scale HPSEC with UV254 detection. Analytical scale HPSEC was
carried out to check the homogeneity and uniformity of the collected NOM
fractions. Several AMW fractions of NOM were obtained from each surface
water sample using the preparative scale HPSEC system. Each fraction of
NOM corresponded to an apparent MW range as represented by a particular
range of elution volume in the HPSEC chromatogram of the NOM concentrate.
Chromatograms obtained for the NOM concentrates of the three surface waters are
shown in Figure 1, which also shows the elution volume cutoffs of the collected
fractions as represented by the vertical lines. The chromatograms obtained using
analytical scale column were directly comparable to those obtained by preparative
scale column. The AMW range of each collected fraction was calculated from
the corresponding elution volumes, based on calibration of the preparative scale
HPSEC system using a series of PSS MW standards. The elution volume ranges
and calculated AMW ranges of the collected fractions are presented in Table 3.
As a result of the inherent limitations of HPSEC separation of NOM (i.e. the
size exclusion fractionation process does not separate samples based only on the
molecular hydrodynamic size of the sample, but separation is also influenced
by other factors including stationary phase, composition of mobile phase, ionic
strength, hydrophobicity, hydrophilicity, molecular structure, and steric effects
(9)), and the fact that the hydrodynamic and chemical properties of PSS MW
standards are not directly comparable to NOM, the calculated AMW range does
not represent an exact MW cutoff, but rather an approximation of the MW range
of NOM contained in the fraction. Moreover, it is important to note that the NOM
measured by the HPSEC system is only the UV254-absorbing NOM.

Despite its limitations, the preparative scaleHPSECmethod showed relatively
good recovery of NOM contained in the concentrated samples, as measured by
the dissolved organic carbon (DOC) concentrations in the samples. Comparison
between the total DOC in the initial, concentrated sample (prior to dialysis) and
the total DOC in the corresponding fractions gave recoveries of 86%, 92%, and
94% for concentrated samples from reservoirs NW, GS, and SW, respectively.
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Table 3. Elution Volumes and the Calculated Molecular Weight Cutoffs of
the Collected Fractions of NOM (Based on Calibration Using Polystyrene

Sulfonate Standards), and SUVA254 of the Fractions

Sample Elution Volume Apparent
MW Range

SUVA254
(L mg-1 m-1)

Reservoir NW

Fraction 6 48.8 – 53.8 mL 0.1 – 0.3 kDa 1.44

Fraction 5 46.8 – 48.8 mL 0.3 – 0.5 kDa 1.75

Fraction 4 45.6 – 46.8 mL 0.5 – 0.6 kDa 1.68

Fraction 3 44.1 – 45.6 mL 0.6 – 0.9 kDa 1.55

Fraction 2 39.1 – 44.1 mL 0.9 – 2.6 kDa 2.10

Reservoir GS

Fraction 7 47 – 50 mL 0.5 – 0.9 kDa 0.28

Fraction 6 46.2 – 47 mL 0.9 – 1 kDa 1.10

Fraction 5 45.5 – 46.2 mL 1 – 1.2 kDa 1.39

Fraction 4 44.1 – 45.5 mL 1.2 – 1.6 kDa 1.72

Fraction 3 42.9 – 44.1 mL 1.6 – 2 kDa 2.0

Fraction 2 39 – 42.9 mL 2 – 4 kDa 0.73

Reservoir SW

Fraction 9 47.5 – 51.8 mL 0.3 – 1 kDa 3.28

Fraction 8 45 – 47.5 mL 1 – 1.5 kDa 4.33

Fraction 7 42.5 – 45 mL 1.5 – 2 kDa 4.42

Fraction 6 41.2 – 42.5 mL 2 – 2.5 kDa 5

Fraction 5 40 – 41.2 mL 2.5 – 3 kDa 5.22

Fraction 4 38.8 – 40 mL 3 – 5 kDa 5.22

Fraction 3 32 – 38.8 mL 5 – 20 kDa 6.28

Fraction 2 22.5 – 32 mL > 20 kDa 2.92

In order to further evaluate the reliability of the MW fractionation process,
a sub-sample of each collected fraction was analyzed using analytical scale
HPSEC (Figure 1). The specified ‘elution volumes’ in Figure 1 correspond to
the volume at which the mid-point of the fraction or the maximum peak height
occurs. A single Gaussian-shaped peak with no overlapping peaks, that elutes
near the elution volume where they were originally collected would signify
that the separation during the fractionation process was the result of ideal SEC
behaviour (20). A few fractions (fractions 4-6 from Reservoir NW; fractions
6 and 7 from Reservoir GS) showed some overlapping peaks upon analytical
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scale HPSEC analysis, suggesting some substances with similar MW, but slightly
different chemical and physical characteristics, elute at similar elution volumes.
This observation may be caused by non-ideal interactions that have been known
to occur between the sample and the stationary phase during the fractionation
process. Within NOM, there are various functional groups that may be responsible
for these non-ideal interactions. For example, carboxylic acid groups are
negatively-charged at the pH used in the fractionation process (pH 6.85) and
are thus subject to ion-exclusion interactions, while amino groups with a partial
positive charge can undergo ion exchange (21). However, for these fractions with
overlapping peaks, the main peaks still eluted near the elution volume where
they were originally collected. For most fractions, single Gaussian peaks were
obtained, eluting at the expected elution volume, demonstrating the uniformity
and homogeneity of these fractions in relation to the unfractionated sample, and
that discrete AMW fractions had been collected during the fractionation process.
These signify the reliability of the MW fractionation process used, and that most
of the AMW fractions of NOM collected in this study contained the majority of
NOM in the calculated MW range.

Reactivity of Molecular Weight Fractions of NOM towards the Formation of
Halogenated DBPs during Chlorination and Chloramination

The AMW fractions of NOM from the three surface waters (each diluted to
an identical DOC concentration of 2 mg L-1) were subjected to 72-h chlorination
(8 mg L-1 Cl2; pH 7) and chloramination (4 mg L-1 NH2Cl as Cl2; pH 8) in
the presence of bromide (0.5 mg L-1) and iodide (60 μg L-1). The reactivity
of the AMW fractions of NOM towards the formation of halogenated DBPs
was determined by measurement of halogen-specific AOX concentrations (i.e.
AOCl, AOBr, and AOI) in the chlorinated and chloraminated samples. The
concentrations of halogen-specific AOX are presented in Figure 2. Relatively
high concentrations of AOCl and AOBr were formed during chlorination, with
MW fractions from Reservoir SW producing the highest concentrations. The
highest chlorine demands (Table 4) were also observed in MW fractions from
Reservoir SW. These demonstrate the higher reactivity of the MW fractions
of NOM from Reservoir SW, relative to the other MW fractions, towards
the consumption of chlorine and the formation of halogenated DBPs, which
corresponded well with the higher SUVA254 values of these fractions. During
chloramination, significantly lower concentrations of AOCl and AOBr were
formed than in chlorination, which is consistent with the relative reactivities of
these disinfectants. The concentrations of AOCl and AOBr from chloramination,
as well as the chloramine demand (Table 4), were also highest in MW fractions
from Reservoir SW, which further demonstrates the higher reactivity of these
fractions. The concentrations of AOCl were consistently higher than those of
AOBr in both chlorinated and chloraminated samples, reflecting the relatively
high initial ratio of Cl : Br- in these samples.
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Figure 2. Molar concentrations of halogen-specific AOX after 72-hr chlorination
(Cl2: 8 mg L-1, pH 7) and chloramination (NH2Cl: 4 mg L-1 as Cl2, pH 8) of
MW fractions of NOM (DOC: 2 mg L-1, Br-: 0.5 mg L-1, I-: 60 μg L-1) from a)

Reservoir NW, b) Reservoir GS, and c) Reservoir SW.
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AOI was only detected in chloraminated samples, which is consistent with
the chemistry of the oxidation of iodide. As a disinfectant with lower oxidising
capacity than chlorine, chloramine can only oxidise iodide to HOI, rather than
further to IO3- as chlorine can do, promoting the formation of iodinated DBPs
from reaction of HOI with NOM (22). Furthermore, during chloramination,
the formation of AOI was favoured over AOBr, as indicated by the lower
concentrations of AOBr than AOI in the chloraminated samples. Once formed,
HOI reacts faster with NOM than HOBr, resulting in the higher rate of formation
of AOI than AOBr which leads to higher concentrations of AOI. HOI is the most
reactive of the hypohalous acids (order of reactivity: HOI ≫ HOBr ≫ HOCl
(23, 24)). The concentrations of AOI were found to be highest in AMW fractions
from Reservoir NW, which corresponds to lower AMW fractions (0.9 – 2.6 kDa)
relative to the AMW fractions from Reservoir GS (0.5 – 4 kDa) and Reservoir
SW (0.3 – > 20 kDa), suggesting that iodine may be preferentially incorporated
into the lower MW fractions of NOM.

Although the concentrations of AOCl were consistently higher than AOBr
in all chlorinated samples, the extent of bromine incorporation into NOM, as
measured by the % incorporation of halogen (i.e. [AOX] / [Xconsumed]), was
significantly higher than that of chlorine. The % incorporation of chlorine into
the AMW fractions of NOM varied from 3 – 20 %, while the % incorporation of
bromine was 35 – 98% (Table 4). This observation can be explained by the fact
that HOBr reacts approximately ten times faster than HOCl (25), and that bromide
ion in the system can be recycled in reduction-oxidation reactions and further
substituted into NOM forming brominated DBPs (26). In the chloraminated
samples, the % incorporation of iodine (16 – 68%) was significantly higher
than the % incorporation of chlorine (1 – 7%) and bromine (2 – 7%), which is
consistent with the fact that HOI is the most reactive of the hypohalous acids (23,
24). The % incorporation of chlorine was generally higher in the AMW fractions
from Reservoir SW, while the % incorporations of bromine and iodine were
generally higher in the AMW fractions from Reservoir NW (Table 4). Although
there was no clear trend in the formation of AOBr and AOI over the whole MW
ranges, these observations indicate that chlorine tends to be incorporated into the
higher MW fractions of NOM, while bromine and iodine may be preferentially
incorporated into the lower MW fractions of NOM.

Reactivity of Molecular Weight Fractions of NOM towards the Formation of
N-DBPs during Chlorination and Chloramination

The reactivity of the AMW fractions of NOM towards the formation of N-
DBPs was determined by measurements of 6 species of haloacetonitriles (HANs),
6 species of halonitromethanes (HNMs), 5 species of haloacetamides (HAMs),
and 8 species of N-nitrosamines. The concentrations of these N-DBPs, as total
group molar concentrations are presented in Figures 3-5. To date, there are no
reported studies of the formation of N-DBPs from size fractions of NOM collected
using preparative-scale HPSEC. Previous studies have only been conducted on
fractions that were collected based on polarity, which found that the hydrophilic
fraction of NOM was responsible for the formation of N-DBPs (5, 6). The results
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from our study showed that AMW fractions of NOM from Reservoir GS tended
to form higher concentrations of HANs relative to the AMW fractions from the
other reservoirs. However, there was no clear trend in the reactivity of the AMW
fractions of NOM in the formation of HNMs, HAMs, and N-nitrosamines.

Table 4. Disinfectant Consumption and the Incorporation of Halogens into
Dbps from Chlorination and Chloramination of AMW Fractions of NOM

Sample
(AMW range)

CHLORINATION CHLORAMINATION

Cl2
demand
(mg L-1)

Cla Brb NH2Cl
demand
(mg L-1)

Cla Brb Ic

Reservoir NW

0.1 – 0.3 kDa 1.0 8 69 0.4 2 2 68

0.3 – 0.5 kDa 5.8 3 77 1.6 1 3 68

0.5 – 0.6 kDa 2.6 6 98 0.7 2 5 53

0.6 – 0.9 kDa 2.0 6 87 0.7 2 5 58

0.9 – 2.6 kDa 3.5 4 83 0.3 7 2 51

Reservoir GS

0.5 – 0.9 kDa 1.1 7 35 0.4 1 2 35

0.9 – 1 kDa 2.0 6 54 0.3 3 2 56

1 – 1.2 kDa 1.7 11 93 1.2 1 7 22

1.2 – 1.6 kDa 2.1 6 58 1.2 1 4 23

1.6 – 2 kDa 2.0 16 51 1.2 2 6 25

2 – 4 kDa 1.2 8 64 0.7 4 2 16

Reservoir SW

0.3 – 1 kDa 4.7 9 72 0.7 4 2 37

1 – 1.5 kDa 2.5 7 47 0.6 6 4 39

1.5 – 2 kDa 2.0 15 75 0.8 3 2 31

2.5 – 3 kDa 2.1 20 74 0.5 6 4 30

3 – 5 kDa 2.3 17 63 0.7 2 2 27

5 – 20 kDa 3.5 15 52 0.8 5 3 37

> 20 kDa 7.5 9 57 2.1 1 2 33
a % Cl incorporation = [AOCl] / [Clconsumed]. b % Br incorporation = [AOBr] /
[Brconsumed]. c % I incorporation = [AOI] / [Iconsumed].
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Figure 3. Molar concentrations of a) HANs, b) HNMs, c) HAMs, and d)
N-nitrosamines after 72-hr chlorination (Cl2: 8 mg L-1, pH 7) and chloramination
(NH2Cl: 4 mg L-1 as Cl2, pH 8) of MW fractions of NOM (DOC: 2 mg L-1, Br-:

0.5 mg L-1, I-: 60 μg L-1) from Reservoir NW.
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Figure 4. Molar concentrations of a) HANs, b) HNMs, c) HAMs, and d)
N-nitrosamines after 72-hr chlorination (Cl2: 8 mg L-1, pH 7) and chloramination
(NH2Cl: 4 mg L-1 as Cl2, pH 8) of MW fractions of NOM (DOC: 2 mg L-1, Br-:

0.5 mg L-1, I-: 60 μg L-1) from Reservoir GS.
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Figure 5. Molar concentrations of a) HANs, b) HNMs, c) HAMs, and d)
N-nitrosamines after 72-hr chlorination (Cl2: 8 mg L-1, pH 7) and chloramination
(NH2Cl: 4 mg L-1 as Cl2, pH 8) of MW fractions of NOM (DOC: 2 mg L-1, Br-:

0.5 mg L-1, I-: 60 μg L-1) from Reservoir SW.
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Each group of N-DBPs had different formation potential in chlorination
and in chloramination (Figures 3-5). HANs were consistently formed at
higher concentrations in the chlorinated samples than in the chloraminated
samples. Slightly higher concentrations of HNMs and HAMs were found in the
chloraminated samples than in the chlorinated samples, while N-nitrosamines
were consistently formed at higher concentrations in the chloraminated samples.
In the chlorinated samples, 15-99% of the N-DBPs measured were HANs,
while the corresponding range in the chloraminated samples was 1-10%.
Similar proportions of HNMs were observed in chlorinated (0.2-15% of overall
N-DBPs) and chloraminated (4-20% of overall N-DBPs) samples, which was
in agreement with previously reported studies. Lee et al. (27) reported similar
concentrations of trichloronitromethane in chlorinated and chloraminated NOM
isolates, while Goslan et al. (28) found that there was no change in the median
concentration of trichloronitromethane in chlorinated and chloraminated drinking
waters in Scotland. In chloraminated samples, HAMs were produced at highest
concentrations relative to the other groups of N-DBPs. Higher proportions of
HAMs were also formed in chloraminated samples (74-95%) than in chlorinated
samples (13-96%). Similar to HAMs, higher proportions of N-nitrosamines were
observed in chloraminated samples (0.16-0.90%) than in chlorinated samples
(0.04-0.45%). These data clearly highlight the preferential formation of HAMs
and N-nitrosamines in chloramination compared to chlorination.

Halogenated N-DBPs dominate in both chlorinated and chloraminated
samples, accounting for > 99% of N-DBPs measured. Relative to the
concentrations of AOX, which represent the overall formation of halogenated
DBPs, halogenated N-DBPs measured in this study only accounted for 0.2 – 2 %
of AOX in chlorination, while the corresponding proportions for chloraminated
samples are higher at 2 – 12% of AOX. Halogenated N-DBPs form only a small
proportion of the overall halogenated DBPs, however, they are more cytotoxic
and genotoxic than the regulated DBPs, the THMs and HAAs, which can form up
to 50% of AOX (e.g. (13), (29)).

There was no clear trend in the formation potential of halogenated N-DBPs
(i.e. HANs, HNMs, and HAMs) from AMW fractions of NOM. This suggests
that, for these samples, the size of NOM had little influence on the formation
potential of halogenated N-DBPs. N-containing NOM has been reported to be an
important precursor of N-DBPs (30, 31). Thus, the functional groups (chemical
characteristics) within NOM may be more important than size (i.e. molecular
weight) in determining the formation potential of halogenated N-DBPs. NOM of
any sizemay contain important functional groups for N-DBP formation, functional
groups which will react with chlorine or chloramine to form halogenated N-DBPs.

The low to medium AMW fractions of NOM generally produced higher
concentrations of N-nitrosamines in both chlorination and chloramination. In the
chloraminated samples, the highest concentrations of N-nitrosamines were found
in the lower AMW fractions of NOM (≤ 1.5 kDa). The results were less consistent
in the chlorinated samples, but generally higher concentrations of N-nitrosamines
were found in samples with higher AMW (< 5 kDa). Thus, precursor materials of
N-nitrosamines appeared to be more abundant in the low to mediumMW fractions
NOM, in this case, less than 5 kDa. Since N-nitrosodimethylamine (NDMA) was
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the N-nitrosamine species with the highest concentrations in most of the samples
measured, this observation is consistent with reported studies of chlorination and
chloramination of wastewaters, where effluent organic matter with MW < 3 kDa
contained the majority of NDMA precursors (32, 33).

Considering all samples, the results showed that the concentrations of N-DBPs
from chlorinated samples did not correlate with SUVA254, while there was possible
correlation between the concentrations of halogenated N-DBPs and SUVA254 in
chloraminated samples (Table 5). Previously reported studies have also found
that there was no correlation between SUVA254 and the concentrations of N-DBPs
(30, 34, 35), which suggests that UV254-active NOM has relatively low potential
to form N-DBPs. Secondary aliphatic amines have been identified as organic
nitrogen precursors for N-nitrosamines (36), while amino-nitrogen present in the
form of proteinaceous material or within humic structures has been known to be
a precursor of HANs (30, 37, 38). Primary amines have been associated with
the formation of HNMs (39), while HAMs have been proposed to be degradation
products of their corresponding HANs (40).

Table 5. Pearson Correlation Coefficients for Relationships between the
Concentrations of N-DBPs and SUVA254

N-DBPs r (chlorination) r (chloramination)

HANs 0.02 0.05

HNMs 0.01 0.37

HAMs 0.20 0.42

N-nitrosamines 0.03 0.11

Total halogenated N-DBPs
(HANs+HNMs+HAMs)

0.10 0.47

Conclusions

Preparative scale HPSEC was successfully used to characterise the molecular
weight distribution of NOM collected from diverse surface waters, and allowed
for the collection of apparent MW (AMW) fractions of NOM. The measurement
of SUVA254 on the AMW fractions of NOM provided some information on
the reactivity and the aromatic character of the samples. Evaluation of the
reactivity of the AMW fractions of NOM towards the formation of DBPs during
chlorination and chloramination showed that the AMW fractions with higher
SUVA254 values generally produced higher concentrations of halogenated DBPs,
measured as halogen-specific AOX. These fractions also had the highest chlorine
and chloramine demands. Halogenated N-DBPs formed only a small fraction
of AOX in both chlorinated and chloraminated samples, with higher relative
contributions from halogenated N-DBPs in chloraminated samples. Among
the N-DBPs analyzed, HAMs and N-nitrosamines were preferentially formed
in chloramination, measured at higher concentrations and formed the highest
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proportions of N-DBPs. The higher propensity of the formation of N-DBPs in
chloramination, especially HAMs and N-nitrosamines, which are significantly
more toxic than the regulated DBPs, should prompt further evaluation of the
health risk trade-offs when selecting chlorine or chloramine as a disinfectant.

The size of NOM had little influence on the formation of halogenated N-
DBPs, but the low to medium AMW fractions of NOM tended to form higher
concentrations of N-nitrosamines. Chlorine tended to be incorporated into higher
MW fractions of NOM, while bromine and iodine seemed to be preferentially
incorporated into the lower AMW fractions of NOM. Considering that brominated
and iodinated DBPs have been reported to be more toxic than chlorinated DBPs,
that N-nitrosamines are more toxic and carcinogenic than the regulated DBPs, and
that conventional water treatment processes are ineffective for the removal of the
low to medium MW fractions of NOM, improved water treatment processes may
be needed to minimise the formation of brominated and iodinated DBPs, as well
as N-nitrosamines, especially for source waters that contain significant amounts of
organic matter of low to medium MW.

Acknowledgments

We thank the Australian Research Council (LP0882550), the Water
Corporation of Western Australia, GHD Pty Ltd, and Curtin University for
funding this work. We also thank Geoff Chidlow, Deborah Liew, Bradley Allpike,
and Andrew Chan for their assistance in the laboratory.

References

1. Croué, J.-P.; Korshin, G. V.; Benjamin, M. Characterisation of Natural
Organic Matter in Drinking Water; Report #159; American Water Works
Association Research Foundation: Denver, CO, 2000; 324 pp.

2. Allpike, B. P.; Heitz, A.; Joll, C. A.; Kagi, R. I.; Abbt-Braun, G.; Frimmel, F.
H.; Brinkmann, T.; Her, N.; Amy, G. L. Size exclusion chromatography
to characterise DOC removal in drinking water treatment. Environ. Sci.
Technol. 2005, 39, 2334–2342.

3. Drikas, M.; Chow, C. W. K.; Cook, D. The Impact of recalcitrant organic
character on disinfection stability, trihalomethane formation and bacterial
regrowth: An evaluation of magnetic ion exchnage (MIEX) and alum
coagulation. J. Water Supply: Res Technol. 2003, 52, 475–487.

4. Chow, C. W. K.; van Leeuwen, J. A.; Drikas, M.; Fabris, R.; Spark, K.
M.; Page, D. W. The impact of the character of natural organic matter in
conventional treatment with alum. Water Sci. Technol. 1999, 40, 97–104.

5. Chu, W. H.; Gao, N. Y.; Deng, Y.; Krasner, S. W. Precursors of
dichloroacetamide, an emerging nitrogenous DBP formed during
chlorination or chloramination. Environ. Sci. Technol. 2010, 44,
3908–3912.

6. Hu, J.; Song, H.; Addison, J. W.; Karanfil, T. Halonitromethane formation
potentials in drinking waters. Water Res. 2010, 44, 105–114.

230

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 J

un
e 

19
, 2

01
4 

| d
oi

: 1
0.

10
21

/b
k-

20
14

-1
16

0.
ch

01
1

In Advances in the Physicochemical Characterization of Dissolved Organic Matter: Impact on Natural and Engineered Systems; Rosario-Ortiz, F.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2014. 



7. Hua, G.; Reckhow, D. A. Characterisation of disinfection byproduct
precursors based on hydrophobicity and molecular size. Environ. Sci.
Technol. 2007, 41, 3309–3315.

8. Pelekani, C.; Newcombe, G.; Snoeyink, V. L.; Hepplewhite, C.; Asemi, S.;
Beckett, R. Characterisation of natural organic matter using high
performance size exclusion chromatography. Environ. Sci. Technol. 1999,
33, 2807–2813.

9. Peuravuori, J.; Pihlaja, K. Preliminary study of lake dissolved organic matter
in light of nanoscale supramolecular assembly. Environ. Sci. Technol. 2004,
38, 5958–5967.

10. Richardson, S. D. In The Encyclopedia of Environmental Health; Nriagu, J.
O., Ed.; Elsevier: Burlington, 2011; Vol. 2, pp 110−136.

11. Richardson, S. D.; Plewa, M. J.; Wagner, E. D.; Schoeny, R.; DeMarini, D.
M. Occurrence, genotoxicity, and carcinogenicity of regulated and emerging
disinfection by-products in drinking water: A review and roadmap for
research. Mutat. Res. 2007, 636, 178–242.

12. Clesceri, L. S.; Greenberg, A. E.; Eaton, A. D. Standard Methods for the
Examination of Water and Wastewater, 20th ed.; American Public Health
Association: Washington DC, 1998; 1325 pp.

13. Kristiana, I.; Allpike, B. P.; Joll, C. A.; Heitz, A.; Trolio, R. Understanding
the behaviour of molecular weight fractions of natural organic matter to
improve water treatment processes. Water. Sci. Technol. 2010, 10, 59–68.

14. Liew, D.; Linge, K. L.; Joll, C. A.; Heitz, A.; Charrois, J. W. A.
Determination of halonitromethanes and haloacetamides: An evaluation of
sample preservation and analyte stability in drinking water. J. Chromatogr.
A 2012, 1241, 117–122.

15. Charrois, J. W. A.; Arend, M. W.; Froese, K. L.; Hrudey, S. E. Detecting
N-nitrosamines in drinking water at nanogram per liter levels using ammonia
positive chemical ionization. Environ. Sci. Technol. 2004, 38, 4835–4841.

16. Department of Health (DOH). Characterising treated wastewater for
drinking purposes following reverse osmosis treatment, Premier’s
Collaborative Research Program (2005-2008) Technical Report; Department
of Health: Perth, Western Australia, 2009; 370 pp.

17. Korshin, G.; Chow, C. W. K.; Fabris, R.; Drikas, M. Absorbance
spectroscopy-based examination of effects of coagulation on the reactivity of
fractions of natural organic matter with varying apparent molecular weights.
Water Res. 2009, 43, 1541–1548.

18. Liang, L.; Singer, P. C. Factors influencing the formation and relative
distribution of haloacetic acids and trihalomethanes in drinking water.
Environ. Sci. Technol. 2003, 37, 2920–2928.

19. Kristiana, I.; Gallard, H.; Joll, C. A.; Croué, J-P. The formation of halogen-
specific TOX from chlorination and chloramination of natural organic matter
isolates. Water Res. 2009, 43, 4177–4186.

20. Muller, M. B.; Schmitt, D.; Frimmel, F. H. Fractionation of natural organic
matter by size exclusion chromatography – properties and stability of
fractions. Environ. Sci. Technol. 2000, 34, 4867–4872.

231

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 J

un
e 

19
, 2

01
4 

| d
oi

: 1
0.

10
21

/b
k-

20
14

-1
16

0.
ch

01
1

In Advances in the Physicochemical Characterization of Dissolved Organic Matter: Impact on Natural and Engineered Systems; Rosario-Ortiz, F.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2014. 



21. Specht, C. H.; Frimmel, F. H. Specific interactions of organic substances
in size exclusion chromatography. Environ. Sci. Technol. 2000, 34,
2361–2366.

22. Bichsel, Y.; von Gunten, U. Formation of iodo-trihalomethanes during
disinfection and oxidation of iodide-containing waters. Environ. Sci.
Technol. 2000, 34, 2784–2791.

23. Smith, M. B.; March, J.March’s Advanced Organic Chemistry, 5th ed.; John
Wiley and Sons Inc.: New York, 2001; 2080 pp.

24. Kumar, K.; Margerum, D. W. Kinetics and mechanism of general-acid-
assisted oxidation of bromide by hypochlorite and hypochlorous acid. Inorg.
Chem. 1987, 26, 2706–2711.

25. Westerhoff, P.; Chao, P.; Mash, H. Reactivity of natural organic matter with
aqueous chlorine and bromine. Water Res. 2004, 38, 1502–1513.

26. Song, R.; Westerhoff, P.; Minear, R. A.; Amy, G. L. Interaction between
bromine and natural organic matter. In Water Disinfection and Natural
Organic Matter: Characterisation and Control; Minear, R. A., Amy, G. L.,
Eds.; American Chemical Society: Washington DC, 1996; pp 322−349.

27. Lee, C.; Schmidt, C.; Yoon, J.; von Gunten, U. Oxidation of N-
nitrosodimethylamine (NDMA) precursors with ozone and chlorine dioxide:
Kinetics and effect on NDMA formation potential. Environ. Sci. Technol.
2007, 41, 2056–2063.

28. Goslan, E. H.; Kraner, S. W.; Bower, M.; Rocks, S. A.; Holmes, P.; Levy, L.
S.; Parsons, S. A. A comparison of disinfection by-products found in
chlorinated and chloraminated drinking waters in Scotland. Water Res.
2009, 43, 4698–4706.

29. Farré, M. J.; Day, S.; Neale, P. A.; Stalter, D.; Tang, J. Y. M.; Escher, B.
I. Bioanalytical and chemical assessment of the disinfection by-product
formation potential: Role of organic matter. Water Res. 2013, 47,
5409–5421.

30. Dotson, A.; Westerhoff, P.; Krasner, S. W. Nitrogen enriched dissolved
organic matter (DOM) isolates and their affinity to form emerging
disinfection by-products. Water Sci. Technol. 2009, 60, 135–143.

31. Shah, A. D.; Mitch, W. A. Halonitroalkanes, halonitriles, haloamides, and
N-nitrosamines: A critical review of nitrogenous disinfection byproduct
formation pathways. Environ. Sci. Technol. 2012, 46, 119–131.

32. Pehlivanoglu-Mantas, E.; Sedlak, D. Measurement of dissolved organic
nitrogen from in wastewater effluents: Concentrations, size distribution and
NDMA formation potential. Water Res. 2008, 42, 3890–3898.

33. Mitch, W. A.; Sedlak, D. L. Characterization and fate of
N-nitrosodimethylamine precursors in municipal wastewater treatment
plants. Environ. Sci. Technol. 2004, 38, 1445–1454.

34. Bouegard, C. M. M.; Goslan, E. H.; Jefferson, B.; Parsons, S. A. Comparison
of the disinfection by-product formation potential of treated waters exposed
to chlorine and monochloramine. Water Res. 2010, 44, 729–740.

35. Zhao, Y. Y.; Boyd, J. M.; Woodbeck, M.; Andrews, R. C.; Qin, F.; Hrudey, S.
E.; Li, X. F. Formation of N-nitrosamines from eleven disinfection

232

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 J

un
e 

19
, 2

01
4 

| d
oi

: 1
0.

10
21

/b
k-

20
14

-1
16

0.
ch

01
1

In Advances in the Physicochemical Characterization of Dissolved Organic Matter: Impact on Natural and Engineered Systems; Rosario-Ortiz, F.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2014. 



treatments of seven different surface waters. Environ. Sci. Technol. 2008,
42, 4857–4862.

36. Gerecke, A. C.; Sedlak, D. L. Precursors of N-nitrosodimethylamine in
natural waters. Environ. Sci. Technol. 2003, 37, 1331–1336.

37. Reckhow, D. A.; Singer, P. C.; Malcolm, R. L. Chlorination of humic
materials: By-product formation and chemical interpretations. Environ. Sci.
Technol. 1990, 24, 1655–1664.

38. Oliver, B. G. Dihaloacetonitriles in drinking water: Algae and fulvic acid as
precursors. Environ. Sci. Technol. 1983, 17, 80–83.

39. Joo, S. H.; Mitch, W. A. Nitrile, aldehyde, and halonitroalkane formation
during chlorination/chloramination of primary amines. Environ. Sci.
Technol. 2007, 41, 1288–1296.

40. Glezer, V.; Harris, B.; Tal, N.; Iosefzon, B.; Lev, O. Hydrolysis of
haloacetonitriles: Linear free energy relationship, kinetics, and products.
Water Res. 1999, 33, 1938–1948.

233

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 J

un
e 

19
, 2

01
4 

| d
oi

: 1
0.

10
21

/b
k-

20
14

-1
16

0.
ch

01
1

In Advances in the Physicochemical Characterization of Dissolved Organic Matter: Impact on Natural and Engineered Systems; Rosario-Ortiz, F.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2014. 



Chapter 12

Fate of Characterized and Uncharacterized
Halogenated Organic Matter during

Coagulation of Natural Waters with Chlorine
or Chlorine Dioxide Application

Miguel S. Arias*,1,2 and R. Scott Summers1

1Department of Civil, Environmental and Architectural Engineering,
ECOT 441 CB 428, University of Colorado – Boulder,

Boulder, Colorado 80309
2Orica Watercare, 33101 East Quincy Avenue, Watkins, Colorado 80137

*E-mail: miguel.arias@orica.com.

Chlorine and chlorine dioxide react with source water organic
matter to form halogenated organic matter (HOM), often termed
organic disinfection byproducts (DBPs), some of which are
characterized, e.g., the regulated trihalomethanes (THMs) and
haloacetic acids (HAAs), and others that can be assessed with
the adsorbable organic halogen (AOX) measurement. The fate
of HOM was addressed during alum coagulation of five natural
waters. THMs and HAAs preformed in the raw waters were
not removed by coagulation (< 9%), while the uncharacterized
AOX (AOX-U), calculated as the difference between AOX
concentration and THM and HAA concentrations, was removed
by 55% on average over all coagulant doses and 75% at highest
doses, with near complete AOX-U removal for three waters.
Turbidity influenced the removal of AOX-U, where the most
turbid waters demonstrated 100% removal of AOX-U and one
water spiked with kaolin at 100 mg/L also demonstrated a
similar removal efficiency; 98%. Once incorporated into the
floc, AOXwas found not to release back to the water. Once flocs
formed, no removal of HOM occurred, indicating that sorption
on aluminum hydroxide precipitate was not the AOX removal
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mechanism. The suggests that other removal mechanisms, such
as co-precipitation and metal HOM complexation reactions,
dominated, although they were not directly measured in this
study. Chlorine was found to react directly with the flocs
to produce 40% of the THMs and HAAs formed during
coagulation, but not to produce AOX-U. Use of chlorine
dioxide produced less HOM, and formed TTHMs and HAAs
were less than 10% of the AOX-U. Coagulation only removed
about 20% of the AOX-U. No quantifiable levels of AOX were
formed when chlorine dioxide reacted with flocs containing
organic matter.

Introduction

The application of chlorine prior to or during the coagulation is commonplace
in drinking water treatment to disinfect water and control iron, manganese,
taste, odor, biogrowth and aid particle filtration. Chlorine also reacts with
organic matter (OM) present in source waters via substitution reactions to form
halogenated organic matter (HOM), termed organic disinfection by-products
(DBPs), which are of health concern (1). Extensive organic structures that can
be halogenated via chlorine substitution have been identified (2). Substitution
reactions involving chlorine are usually electrophilic and form significant
amounts of chlorinated organic compounds (3). A collective measurement for
the characterized and uncharacterized HOM formed is total organic halogen
(TOX). However, the analytical process used to characterize this parameter in
bulk water only measures the adsorbable organic halogen (AOX) fraction through
the use of adsorption to activated carbon. Approximately 50% or greater of the
HOM can be characterized including the predominantly formed trihalomethanes
(THMs) and haloacetic acids (HAAs), with lesser quantities of haloacetonitriles,
haloketones and chloropicrin (4). The regulated parameters in the U.S. are total
THMs (TTHM) [chloroform, dichlorobromomethane, chlorodibromomethane
and bromoform] and the summation of five species of HAA (HAA5) [mono-,
di-, tri-chloroacetic acid, mono- and di-bromoacetic acid]. The heterogeneous
nature of source water OM yields a large distribution of HOM with a range of
molecular weight (MW). The reported molecular weight distributions (MWD) of
AOX show that approximately 50% of the AOX has a MW> 500 Da (5, 6), which
would correspond to the AOX fraction of HOM.

Chlorine dioxide is a disinfectant/oxidant that has the many of the same
benefits as chlorine, as well as the added benefits of lower organic DBP formation
and greater effect on protozoan disinfection. The application of chlorine dioxide
through oxidation reactions causes NOM to break into smaller fragments and
decrease aromaticity as measured through fluorescence emission – excitation
plots (7). The (+4) valence of the chlorine in chlorine dioxide makes it a
strong oxidizing agent and limits substitution and addition reactions that form
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halogenated DBPs. Chlorine dioxide dose is limited by the formation of chlorite,
in applications where reducing agents; such as ferrous salts, are not used to reduce
chlorite; a regulated inorganic DBP with a maximum contaminant level (MCL)
of 1.0 mg/L.

Source water OM is comprised of particulate and dissolved organic matter
(DOM) and is ubiquitous in natural surface water bodies; rivers, streams, lakes
and reservoirs. It can contain OM from anthropogenic sources; waste water
discharges, as well as natural organic matter (NOM). Coagulation of surface
waters was initially used to facilitate particle removal, as destabilized particles
coalesce and are more easily settled and filtered (8, 9). Coagulation has been
recognized as a DBP control process as substantial OM removal: 15 to >50%
as measured by total organic carbon (TOC), can be achieved via adsorption
and co-precipitation (10, 11). Coagulation of natural waters is complex with
the interactions of particles, coagulants, DOM and water chemistry (12). TOC
removal requirements are regulated by the USEPA and often require coagulant
doses that are greater than those for particle removal and can dictate coagulant
requirements in water treatment plants (12).

An effective DBP control strategy for utilities that use chlorine is to minimize
the exposure of chlorine to OM (13). This can be achieved by reducing the
chlorine dose prior to coagulation and by maximizing the OM removal by
coagulation. Solarik et al. (14) conducted bench coagulation experiments in
which the point of chlorination was moved from the rapid mix to mid-flocculation
to post-sedimentation, which yielded progressively fewer DBPs, yet the kinetics
of OM removal are rapid and removal by coagulation occurs by mid-flocculation
(15). Similar results have been found at the pilot and full scale (16).

Humic substances (HS) are of specific concern because they are often the
predominant DOM fraction and may have higher DBP formation potential than
non-HS DOM (17, 18). HS are the primary NOM fraction that is adsorbed
during coagulation. HS have molecular weights of several hundred or larger
and carry weakly acidic and phenolic functional groups (19), which give the
molecules properties of weak anionic polyelectrolytes (10). When hydrolyzing
metal salts, such as aluminum sulfate, are used as a coagulant, the anionic
humic polyelectrolytes complex onto positively charged sites on the aluminum
hydrolysis species (20). Co-precipitation and/or adsorption on aluminum
hydroxide solids follow. Higher concentrations of suspended matter can be
beneficial for increasing the concentration of nucleating and binding sites both
for adsorbing and co-precipitating OM (21).

The pathway for removal of organic DBPs during coagulation depends on the
DBP structure; as either a high or low MW HOM. Through IR spectroscopy of
chlorinated molecular weight fractions Tsai et al. (22) concluded that chlorination
did not significantly alter the functional groups (carbonyl, Csp3-H, C-O-H andO-H)
present in the NOM. This result indicates that the NOM fraction that would adsorb
prior to chlorination retains the functional groups that can attach to aluminum
hydroxide surfaces post-chlorination. Therefore, even after chlorination, AOX
compounds may adsorb much like an NOM molecule. Zhang and Minear (23)
evaluated a large MW NOM fraction, > 3000 Da, and showed a similar molecular
weight distribution between DOC and AOX.
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When NOM adsorbs onto floc it can be modeled as a series of (1) trains, which
are NOM segments adsorbed to the surface, (2) tails, which are segments that
terminate in aqueous solution and (3) loops, which have both ends attached to
trains (9, 24). Such coiling is brought about by functional groups bonding to the
surface and the NOM minimizing the hydrophobic surface area it exposes to the
water. For hydrophobic NOM remaining in solution, a hydrophobic surface on
the floc, such as the surface of a mineral or organic particle (25, 26) would be an
energetically favorable location to attach to by not having to displace water (25).

Chi and Amy (27) identified several mechanisms for NOM sorption onto
mineral surfaces. They found that hydrophobic partitioning effects followed by
ligand exchange were the dominant contributing mechanisms for sorption of DOM
to mineral surfaces. Furthermore, NOMwith large molecular weights were shown
to exhibit higher affinities for mineral surfaces and the higher content of carboxylic
acid and phenolic acid groups were concluded to be the factors contributing to
partitioning to aluminum and iron surfaces in natural streams (28, 29).

The molecular forces between the NOM on the surface and the aqueous NOM
or halogenated molecule could be weak attraction forces, such as hydrophobic
– hydrophobic interactions, as previously stated, indicating that this sorption
could be reversible. The reversibility of the sorption reaction has been seen for
numerous compounds: trichloroethylene, toluene, polychlorinated biphenyls,
polycyclic aromatic hydrocarbons and insecticides (25). As previously stated
NOM and HOM likely compete for the same surface sites in terms of adsorption
if similar functional groups are present for both molecules, yet the NOM may
already be irreversibly bound to the surface (30). Gu et al. (30) looked at
adsorption and desorption of NOM onto iron oxide surfaces and observed very
slow desorption kinetics, even at extended desorption times (up to 63 days)
there was little desorption of NOM (27). Explanations that were offered were
the possibility of multiple chemical binding sites from the NOM to the surface,
requiring simultaneous detachment of all sites that had undergone ligand exchange
for the NOM to desorb. Sorption could be reversible if the molecular forces that
are binding the NOM to the surface are those of hydrophobic – hydrophobic
interactions.

The objectives of this study were to quantify and understand the fate of HOM
and its precursors during coagulation, flocculation and sedimentation while dosing
chlorine and chlorine dioxide. The specific objectives were to: a) quantify the
adsorptive and desorptive interactions between HOM and coagulant flocs, and b)
determine the availability of OM sorbed to flocs to react to form aqueous HOM.
The approach was to pre-form HOM and assess sorption and desorption during
coagulation, and to pre-adsorb DOM onto flocs and assess the reactivity with
chlorine or chlorine dioxide and solid phase OM to form HOM.

In this study the authors utilize the nonspecific term sorption to describe the
removal of AOX by coagulation, as the pathway of OM or HOM removal is not
resolved. The authors also use the term coagulation in this manuscript to refer to
the coagulation/ flocculation/ sedimentation process.
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Materials and Methods

Materials

Rawwater samples were shipped to the University of Colorado at Boulder and
stored at 4°C in containers pretreated to minimize leaching contamination. Raw
waters were sampled for TOC, dissolved organic carbon (DOC), UV absorbance
(UVA254), bromide, pH, turbidity, alkalinity and hardness.

The chlorine stock solution was prepared using 10.5 percent sodium
hypochlorite (NaOCl) stock solution, which was buffered to a pH of 8.0 using a
pH 6.7 borate buffer (ACS Grade) and 0.11M sodium hydroxide (ACS Grade) in
laboratory clean water. The stock strength of the dosing solution was measured
using the titrimetric iodometry method Standard Method (SM) 4500-Cl2 B (31).
Chlorine residuals were measured using the DPD-FAS Method, SM 4500-Cl2
D (31); with a detection limit of 0.024 mg/L. A high purity chlorine dioxide
stock solution concentration, 2000 mg/L, was generated on site at Colorado State
University, Fort Collins, Colorado using a CDG™ generator. Chlorine dioxide
stock concentration was measured using SM 4500-ClO2 E (31) and residual was
measured using EPA Method 327.

Methods

Coagulation Testing

The bench-scale simulation of coagulation, flocculation and sedimentation
was performed using a programmable jar testing apparatus (Phipps and Bird
– 900™) with 2 liters of water. To minimize the loss of volatile DBPs to the
atmosphere, jars were covered with custom made plexi-glass lids that were
suspended 1 to 2 cm above the water surface not to disturb mixing and settling.
Chemical doses were administered through the lid using a 1 cm opening. Jar tests
were operated at 20°C ± 1°C with aluminum sulfate; Al2(SO4)3•18H2O, (ACS
Grade) as the coagulant. Jar tests were operated under the following mixing
conditions: rapid mix 250 rpm for 3 minutes, three stages of flocculation at 30,
20 and 10 rpm, each for 10 minutes, and sedimentation for 90 minutes.

The effect of turbidity was also tested for one water, where kaolin was added
at 100 mg/L for comparison to naturally high turbid waters tested in the water set.

Halogenated Organic Matter Analysis

THMs and HAAs were measured with a gas chromatograph (Agilent 6890),
using a high-resolution column (J&W Scientific 124-1032 DB-1) and an electron
capture device following a modified US EPA Method 551.1 and modified
Standard Method 6251B, respectively (31, 32). Nine HAA species, HAA5 plus
bromochloro-, bromodichloro- dibromochloro- and tribromo-acetic acid were
measured and the mass sum; HAA9 and TTHM were reported. Aqueous AOX

239

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 J

un
e 

19
, 2

01
4 

| d
oi

: 1
0.

10
21

/b
k-

20
14

-1
16

0.
ch

01
2

In Advances in the Physicochemical Characterization of Dissolved Organic Matter: Impact on Natural and Engineered Systems; Rosario-Ortiz, F.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2014. 



was measured with a AOX instrument (Mitsubishi TOX-10 Σ following Standard
Method 5320B (31). Ten percent of all samples were run in duplicate, which
yielded an average analytical error (AE) of 3.8 μg/L for TTHM, 1.4 μg/L for
HAA9 and 8.0 μg Cl-/L for both aqueous and solid phase AOX.

A TOX measurement of the solid floc required 2 liters of coagulated and
settled raw water (dosed with chlorine or chlorine dioxide). The supernatant
water was decanted post sedimentation. The remaining contents of the jar (flocs
and interstitial water) were vacuum filtered with a 1.0 μm glass fiber filter (GFF,
Whatman). The flocs captured on the GFF were rinsed with 10 mL of pH 2
nitric acid acidified nitrate (NO3-) (5 g/L) to displace any chloride ions and rinsed
with10 mL of pH 2 nitric acid acidified laboratory clean water. The filtered floc,
complete with GFF were placed in the TOX instrument. Blank GFFs measured
below limit TOX concentrations. The flocs were run in 8 to10 segments, since
the halogen concentrations on the flocs were often above quantifiable range of the
instrument. Electrodes were cleaned and filled with electrolyte solution following
every sample due to heavy silver halide precipitation. The sum of the mass μg
Cl- measured from the flocs was normalized by the 2 liter volume of coagulated
water for a TOX solid phase floc concentration in μg Cl-/L. Reporting the solid
phase TOX floc concentration in this manner facilitated the comparisons to the
aqueous phase AOX concentrations.

Halogenated Organic Matter Sorption by Flocs

Raw waters were chlorinated in the jar test vessels at a 0.6:1 to 0.8:1 chlorine
to TOC ratio. After 24 hours the chlorine decayed to an undetectable residual and
HOM samples, AOX, TTHM and HAA9, were taken. Coagulation was performed
as aforementioned and following sedimentation, samples of aqueous AOX, solid
phase TOX, TTHM and HAA9 were taken.

Desorption of Halogenated Organic Matter from Flocs

Two equivalent parallel jars containing coagulated HOM / OM flocs were
re-suspended to observe desorptive behavior. One jar was used for initial HOM
measurements and solid phase floc HOM measurements (already outlined),
since the method was destructive. The second jar yielded the flocs with HOM
for desorption experiments. Flocs were harvested using a separatory funnel.
A third jar without chlorine was used where the treatment process proceeded
to the 1/3-floc point and the water was filtered using a 1.0 μm cartridge filter.
The harvested flocs from the second jar were re-suspended in the filtered water.
This re-suspension water was selected to ensure that the solids contacted water
of similar overall composition to minimize HOM desorption due to changing
water quality. The flocs were re-suspended using the jar tester and mixed using
flocculation conditions, so the formed flocs would not be destroyed. The last
stage of tapered flocculation continued until liquid-phase samples were taken at
two, twenty-four and seventy-two hours for HOM analysis.
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Halogenated Organic Matter Formation from Flocs

Three experiments, each in a different jar, were run in parallel to determine
floc contributions to HOM formation. Waters were dosed with chlorine at the
1/3-flocculation point (after the first stage of tapered flocculation). The chlorinated
waters included raw, coagulated (water containing flocs) and water coagulated and
filtered at the 1/3 flocculation point with no flocs present. The raw water was the
only one to be dosed at the 0.6:1 to 0.8:1 chlorine to TOC ratio and the coagulated
and coagulated / filtered water chlorine doses had to be adjusted to ensure that
all waters had equivalent residuals at mid-sedimentation. The mid-sedimentation
residual was used for comparison between the three experiments to determine the
contributions of HOM from the flocs. HOM measurements were taken at post-
sedimentation.

Halogenated Organic Matter Sorption onto Existing Flocs

Preformed HOM was created using a high OM water (~ 200 mg /L TOC
reverse osmosis membrane concentrated from Manatee Lake Water (MLW) in
Florida) reacted at a 1:1 chlorine to TOC ratio and a contact time of 24 hours,
which yielded a zero chlorine residual. Unchlorinated water was coagulated and
at the 1/3 flocculation point the MLW preformed DBPs were added. Samples for
solid and aqueous phase DBPs were taken at post-sedimentation.

High-Performance Size Exclusion Chromatography (HPSEC)

The HPSEC used for analysis was calibrated using Suwannee River humic
acid (SRHA) reference material (1R101H) and Suwanee River fulvic acid (SRFA)
standard material (1S101F) obtained from the International Humic Substances
Society. The HPSEC used a TSK-50S column (35mmToyopearl HW resin) with a
length of 25 cm and an ID of 2 cm. Sample buffering and ionic strength adjustment
was as detailed by Her et al. (33).

Results and Discussion
Raw Water Characteristics and HOM Formation

The waters selected for this study; Table 1, included a range of water quality,
geographic regions and sources; ground water, river and reservoir. The raw
water TOC concentration ranged from 2.7 to 14.7 mg/L, the specific ultra-violet
absorption (SUVA) ranged from 2.2 to 3.7 L/mg-m, and the turbidities ranged
from 1.2 to 123 NTU. The KY river water had the lowest TOC and SUVA and
highest turbidity, while the FL reservoir water had the highest TOC and SUVA
and lowest turbidity. By design the chlorine doses applied to each water; 0.6:1 to
0.8:1 Cl2:TOC mass ratios, did not yield detectable residuals after 24 hours. The
formed HOM from the raw water are shown in Table 1.
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Table 1. Raw Water Quality and HOM Formation
Yield
(μg Cl-/mg DOC)

AOX Yields
(μg Cl-/mg DOC)Source

Water
TOC
(mg/L)

SUVA
(L/mg-m)

Turbidity
(NTU) pH

Chlorine
Dose
(mg/L)

TTHM
(μg/L)

HAA9
(μg/L)

AOX (μg
Cl-/L)

AOX-C
(μg
Cl-/L)

AOX-U
(μg
Cl-/L) TTHM HAA9 AOX AOX

-C
AOX
-U

CO- canal 3.4 2.9 11.4 7.7 2.5 74 52 272 97 175 22 15 80 29 51

OH-
reservoir 5.8 2.6 3.5 7.8 3.8 97 58 255 118 137 17 10 44 20 24

NY- river 3.9 3.4 9.2 7.9 3.0 98 81 330 135 195 25 21 85 35 50

FL-
reservoir 14.7 3.7 1.2 7.0 9.0 371 216 1180 569 611 25 15 80 39 42

KY- river 2.7 2.2 123 7.5 2.1 40 25 143 49 94 15 9 53 18 35

Mean 21 14 68 28 40
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The TTHM and HAA9 characterized portion of AOX (AOX-C) is defined in
this manuscript as follows:

where the TTHM and HAA9 values are expressed on a chloride mass basis to
yield units of μg Cl-/L. The uncharacterized AOX (AOX-U) portion is defined as
the difference between the AOX and AOX-C.

The AOX, TTHM and HAA9 yields, Table 1, were, as expected, less than that
under chlorination conditions which yield a 1.0 mg/L residual after 24 hours; 100
μg AOX / mg TOC, 30 μg TTHM / mg TOC, 20 μg HAA9 / mg TOC (34). The
OH reservoir and KY river waters had the lowest SUVA values, lowest yields of
HOM and therefore were the least reactive of the five sources.

Table 2. TTHM and HAA9 Sorption to Flocs

Location – (Time)

Raw Water
(t = 0 min)

Post-Floc
(t = 30 min)

Post-Sed
(t = 120 min)

Water
Source

DBP
Species μ/L μ/L Remov-

ed (%) μ/L Remov-
ed (%)

TTHM 74 63 15 71 4
CO

HAA9 52 54 -4 54 -4

TTHM 97 89 8 81 16
OH

HAA9 58 55 5 55 5

TTHM 98 94 4 95 3
NY

HAA9 81 84 -4 81 0

TTHM 371 361 3 335 10
FL

HAA9 216 230 -6 243 -13

TTHM 40 34 15 36 10
KY

HAA9 25 26 -4 29 -10

TTHM and HAA9 Sorption to Flocs

The chlorinated raw water, without chlorine residual, was coagulated and
following flocculation and sedimentation, samples for THM and HAA were taken
(Table 2). Compared to the raw water, the TTHM values averaged 9% lower for
both the post-flocculation and post-sedimentation sample points. Chloroform, the
most volatile and hydrophobic THM, accounted for most of the decrease. While
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the jar test vessels were modified with lids, some volatilization was possible over
the 2 hour experiment. Using the same apparatus in the University of Coloradao
lab, Cho (35) found MIB losses with no adsorbent present to be 4.0% on average
for six runs. The HAA9 results show no discernible change, less than 2%, over
the course of the experiment, as HAAs are less hydrophobic and volatile relative
to the THMs.

AOX-U and TOC Behavior During Coagulation

Chlorination

The removal of TOC and AOX-U increased with increasing coagulant dose,
as shown in Table 3, for the four waters where several coagulant concentrations
were dosed. While not all OM can be removed by coagulation, the coagulant doses
were not increased to the point that all of the sorbable OMwas removed. The TOC
fraction that can be removed, termed sorbable TOC, was estimated using a model
(11) that uses raw water TOC, SUVA and coagulated pH values as inputs, also
shown in Table 3. The measured TOC removed at the maximum coagulant dose
tested for each water, averaged 66% of the model prediction for the maximum
sorbable TOC. Thus, if coagulant doses had been increased more TOC removal
would be expected for all five waters.

Coagulation yielded significant removal of AOX-U for all waters and
averaged 75% at the maximum coagulant dose of each water, compared to 44%
removal for TOC. For three waters, OH, FL and KY, the highest coagulant doses
removed more than 90% of the raw water AOX-U. Removal greater than 100%
was found for the KY water and was attributed to the AOX-U calculation method;
where TTHM and HAA9 concentrations were subtracted from the initial AOX
value. The near complete removal of AOX-U for these three waters indicates that
the remainder of total AOX in aqueous solution is primarily THMs and HAAs.

The amount of TOX partitioned to flocs per liter of coagulated water was
measured and reported in Table 3 as ‘Floc TOX’; this measured floc partitioned
TOX increased with coagulant dose. The Floc TOX was compared to the
calculated AOX-U removed, ΔAOX-U. A mass balance using the raw (initial),
post-sed AOX-U and solid phase floc TOX, yielded losses that averaged 13% for
all waters, indicating that removed AOX-U can be accounted for in the floc.

The AOX-U removal was found to be linearly correlated to TOC removal,
when results from two high turbidity KY coagulation tests that yielded AOX-
U removals greater than 100%, were not included. The AOX-U removal was
also well correlated, r2 = 0.72, with the maximum sorbable TOC removed, as
shown in Figure 1, including the FL Turb water sample, which had kaolin added
to it at 100 mg/L. The general trend shown in Figure 1 suggests a threshold of
approximately 20% TOC removal before any AOX-U is removed. This indicates
the OM initially removed does not contain significant amounts of AOX-U and at
low coagulant doses TOC is preferentially removed and at high coagulant doses
AOX-U is preferentially removed. The ratio of ΔAOX-U to ΔTOC was calculated
and increases with increasing coagulant dosage for three waters; OH, FL and KY.
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Table 3. AOX-U and TOC Behavior during Coagulation
Po-
st-
Sed
TOC
(mg/
L)

Percent
TOC

Removal
(%)

Sorbed
TOC
(mg/L)

Raw
AOX-U
(μg Cl-
/L)

Post-Sed AOX-U
Source
Water

Raw
DOC
(mg/L)

Coag
Dose
(mg/L)

Coag
pH

Predicted
maximum
sorbable
TOC2
(mg/L)

Percent of
maximum
sorbable
removed3
(%)

μg
Cl-/L

%
Removed

ΔAOX
-U
(μg
Cl-/L)

ΔAOX
-U /
ΔTOC
(μg Cl-/
mg)

Floc
TOX
(μg
Cl
-/L)

Losses
(%)

CO 3.4 35 6.7 2.0 41 1.4 2.2 64 175 92 47 83 59.3 37 26

45 7.1 3.8 34 2.0 3.7 54 105 23 32 16.0 26 4
OH 5.8

90 6.8 3.1 47 2.7 3.7 73
137

5 98 132 48.9 133 1

30 7.4 2.8 24 0.9 2.8 32 140 28 55 61.1 30 13

50 7.3 2.5 32 1.2 2.8 43 131 33 64 53.3 43 11NY 3.7

70 7.1 2.4 35 1.3 2.8 46

195

124 36 71 54.6 54 9

25 7.0 10.0 32 4.7 11.4 41 496 19 115 24.5 4 18

50 6.8 10.0 32 4.7 11.4 41 472 23 139 29.6 107 514.7

100 6.7 5.8 61 8.9 11.4 78

611

238 61 373 41.9 189 30
FL

12.7 1501 6.7 4.6 64 8.1 9.8 83 327 6 98 321 39.6 290 10

5 7.0 2.1 22 0.6 1.6 38 61 35 33 55.0 26 7

10 7.0 1.8 33 0.9 1.6 56 -2 102 96 106.7 77 20KY 2.7

20 6.8 1.8 33 0.9 1.6 56

94

-14 115 108 120.0 89 18

1 Sample with kaolin added at 100 mg/L; a raw TOC of 12.7 mg/L and AOX-U of 327 μg Cl-/L. 2 Maximum sorbable TOC predicted from Edwards Model
(11). 3 Measured sorbed TOC relative to predicted maximum sorbable TOC.
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Table 4. AOX-U Sorption/Incorporation (Chlorine Dioxide)

Post-Sed AOX-U

Source
Water

Raw
AOX-U
(μg Cl- /L)

AOX-U
yield
(μg Cl-
/mg
DOC)

Coagulant Dose
(mg/L)

Coag
pH

Sorbable
TOC
(mg/L)

Post-Sed
TOC
(mg/L) μg Cl-/L % Removed

ΔAOX
-U
(μg
Cl-/L)

ΔAOX
-U /
ΔTOC
(μg Cl-/
mg)

Floc
TOX
(μg
Cl-/L)

Losses
(%)

OH 57 9.9 90 6.8 3.7 3.1 36 37% 21 8 18 5%

FL 92 6.3 100 6.7 11.4 5.1 47 49% 45 5 43 2%

KY 40 14.8 10 7 1.6 1.6 15 63% 25 23 25 0
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The results with the KY water deviate to some degree from the general trend
in Table 3. The KY water required very low coagulant doses (10 to 20 mg/L) to
achieve significant removals of AOX-U as compared to the other waters and at
higher doses yielded AOX-U removals greater than 100% as shown in Table 3.
This may be attributed to the high raw water turbidity; 123 NTU. The turbidity
may have provided additional sorption sites for the AOX-U compounds (21, 27,
29), this is supported by the FL water samples, in which the addition of 100
mg/L of kaolin increased the AOX-U removal from 61% to 98% at about the
same maximum sorbale DOC removal (Figure 1). The KY water demonstrated
preferential removal of AOX-U over TOC at coagulation doses over 5 mg/L. The
results from the NYwater yielded lower than expected TOC and AOX-U removal,
even as coagulant doses were increased to 70 mg/L.

Figure 1. AOX-U Removal versus Sorbable TOC Removal.

The most easily coagulated OM is hypothesized to be the large molecular
weight, hydrophobic compounds (6). Studies have shown that theMWdistribution
of the AOX yields smaller sizes compared to the TOC MWD (4, 5, 7), mainly
through oxidation reactions, especially with stronger oxidants such as chlorine
dioxide (7), where the hydrophobicity of NOM also decreases. These findings
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support the preferential removal of TOC over AOX-U at low coagulant doses.
Additionally, the HPSEC-DOC profile of the OH water sample after chlorine or
chlorine dioxide application, Figure 2, shows a shift to the lower molecular weight
range for the fractions with molecular weight greater than 500, relative to the
samples that were not oxidized.

Figure 2. HPSEC DOC and UVA Response – OH Water.

These results, however, do not clarify the reaction pathway, where under
low chlorination conditions, two mechanisms maybe occurring: 1) chlorine
does not directly react via substitution with the large molecular weight,
hydrophobic fraction to form large molecular weight, hydrophobic HOM or 2)
once halogenated, the properties of this HOM are transformed into a fraction less
amenable to coagulation removal.

Chlorine Dioxide Application

Experiments similar to the chlorination experiments were conducted with
chlorine dioxide as the pre-oxidant with the OH, FL and KY waters. Post chlorine
dioxide application, formed TTHM concentrations were below detection limit,
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while that for HAA9 were less than 10 μg/L for all waters, which accounted for
less than 7% of the AOX concentration. The raw water AOX-U values were
much lower than chlorinated waters; 57, 92 and 40 μg Cl-/L for the OH, FL and
KY waters, respectively. This resulted in AOX-U yields (Table 4) that were on
average 70% lower than chlorine dosed water (Table3). Coagulation yielded 37,
49, and 63% AOX-U removal for the OH, FL and KY waters, respectively. The
difference between the calculated AOX-U removal and that measured on the floc
was less than 3 μg Cl-/L which represents a 5% error of the mass balance. These
removals were on average 37% lower than the corresponding AOX-U removal
by coagulation. This indicates that the AOX-U formed by reactions with chlorine
dioxide is more difficult to remove by coagulation. The HPSEC-DOC profile of
the OH water sample after chlorine dioxide exposure shows more reactions with
the intermediate MW NOM, relative to the chlorinated sample (Figure 2).

Desorption of AOX from Floc

Desorption experiments were conducted in which settled floc with sorbed
TOXwas re-suspended in AOX free-water, to determine if TOXwas released from
the floc over a time frame close to the sedimentation tank residence time (2 hours)
and over longer time frames similar to sludge residence times in a sedimentation
basin (1 to 3 days). The results, Table 5, show that for all three waters tested
no significant differences were found between the two-hour aqueous AOX value
and the aqueous AOX value immediately after the flocs were re-suspended. The
measured CO water floc TOX after two hours did not significantly differ from that
of the initial solid phase TOX. The initial source of the AOX was from interstial
AOX which was not rinsed out so as not to disturb the floc structure. Any changes
after initial fluidization were only considered.

The desorption from the OH and KY water flocs was monitored over longer
times (24 and 72 hours) and the aqueous AOX values indicated a modest increase
of 6 to 8 μg Cl-/L. The TOX content of both floc samples were measured after 72
hours and a decrease of 25% was found for both waters resulting in a decrease of
19 μg Cl-/L for the KY water and 33 μg Cl-/L for the OH water. The difference
between increasing aqueous AOX concentrations and the decrease in the solid
phase TOX values represents a mass balance loss of 18%, which is similar to
the 13% losses found for the sorption experiments. Previous studies have shown
limited NOM desorption from mineral surfaces (27, 30), but studies on NOM
desorption from metal hydroxide flocs were not found. Contributions to TTHM
and HAA5 formation from precursors found on colloids were reported (31),
where coagulation preferentially removed this colloidal material, incorporating
it into the floc matrix. The AOX contribution by desorption was found not to be
significant within the residence time of a sedimentation basin, 2 hours, however,
if the desorption time increases to 3 days, modest AOX contributions, ~ 10 μg
Cl-/L, by desorption may occur.
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Table 5. Desorption of AOX from Floc

CO OH KY

Time
(hours)

Aqueous
AOX
(μg Cl-/L)

Solid
Phase TOX
(μg Cl-/L)

Aqueous
AOX
(μg Cl-/L)

Solid
Phase TOX
(μg Cl-/L)

Aqueous
AOX
(μg Cl-/L)

Solid
Phase
TOX
(μg Cl-/L)

0 36 37 16 133 4 77

2 38 32 11 nm 1 nm

24 nm nm 12 nm 1 nm

72 nm nm 24 100 10 58

nm- not measured.

Impact of Flocs on HOM Formation

Chlorination

The role of flocs on HOM formation during coagulation was evaluated on four
waters. Raw water, coagulated water with flocs and filtered coagulated water (no
flocs) were chlorinated. The waters were dosed to yield a chlorine residual of 1.0
mg/L after 1 hour, and DBP samples taken after 2 hours. The chlorine doses of
the coagulated waters, with and without flocs, were adjusted to yield a similar 1
hour residual, thus 2 hr-DBP formation comparisons could be made on an equal
chlorine residual basis. Chlorination of the waters for this portion of the study
yielded AOX-U, TTHM and HAA9 concentrations (Table 6) that were 20 to >90%
lower than the raw waters contacting chlorine for 24 hours (Tables 1- 3).

Chlorination of the coagulated water containing flocs yielded a decrease in
AOX-U, TTHM and HAA9 formation compared to that formed with chlorinating
raw water. The decrease in AOX-U and TTHM formation reflected the TOC
removal, while the decrease in HAA9 formation was about half the TTHM
formation decrease. Reduction in DBP formation by coagulation of NOM
fractions that serve as the DBP precursors is well established, correlating with
researcher results that demonstrated removal of organic colloids led to decreased
HOM yields averaging 32% for TTHM and 25% for HAA5 formation (30).
Similar results have been demonstrated at the bench-, pilot- and full-scale and
have led to utilities moving the chlorination point downstream of the raw water
as a DBP control strategy (15, 16).

These coagulation results show that the HOM precursors in the presence of
flocs are less available for substitution reactions with chlorine compared to the raw
water, but they do not address the role of the OM sorbed by the flocs when chlorine
is present during coagulation. The contribution of the HOM precursors sorbed by
the flocs was assessed by comparing the DBP formation results when chlorine
was dosed to the coagulated water without flocs to the results when flocs were
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present. The results, Table 6, show that floc contribution to AOX-U formation
ranged from less than detection to 20%, and 17 to 67 % for TTHM and HAA9
formation, respectively.

Table 6. Impact of Flocs on DBP Formation

Post Sedimentation HOM
Water
Source

Water
Characteristic

TOC
(mg/L)

Chlorine
Dose
(mg/L)

AOX-U
(μg Cl-/L)

TTHM
(μg/L)

HAA9
(μg/L)

Raw 3 1.9 115 34 27

Coag 1.6 1.6 56 18 19

Coag
w/o flocs 1.6 1.4 45 10 7

CO
(Coag
dose
35 mg/L)

Flocs 1.4 -- 11
(20%)

8
(44%)

12
(63%)

Raw 5.8 3.8 190 66 40

Coag 3.7 3.5 91 30 29

Coag
w/o flocs 3.6 3.1 98 25 22

OH
(Coag
dose
90 mg/L)

Flocs 2.1 -- < AE 5
(17%)

7
(24%)

Raw 13.7 9.0 114 291 171

Coag 5.65 8.0 < AE 106 132

Coag
w/o flocs 4.58 4.2 < AE 55 44

FL
(Coag
dose
100mg/L)

Flocs 9.1 -- < AE 51
(48%)

88
(67%)

Raw 2.6 2.1 58 25 17

Coag 1.8 1.9 39 15 16

Coag
w/o flocs 1.9 1.6 43 14 11

KY
(Coag
dose
10 mg/L)

Flocs 0.7 -- < AE < AE 5
(32%)

Values in parenthesis are the percent contribution of the floc to the coagulated HOM
concentration. < AE – less than analytical error.

This implies that chlorine reacts with OM sorbed to the floc in a manner that
yields only THMs and HAAs to the aqueous phase. Due to AOX analytical error, 8
μgCl-/L, other halogenated compoundsmay be produced at levels below detection.
Other halogenated compounds may be formed in the solid phase, but they are not
released into solution, potentially due to availability of reactive sites that would
oxidize and release while being shielded by the floc structure.
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The FL water with the highest TOC and SUVA and lowest turbidity, had
the greatest TTHM and HAA9 contributions from flocs (48 to 67%). The floc
contained a large amount of TOC, as the mass TOC removal was greatest for this
water. The mass TOC removed was normalized by the coagulant dose, which
yielded 0.09 mg TOC/mg aluminum sulfate, which was the highest for the four
waters examined. The order of floc contributions decreased with decreasing TOC
to coagulant ratios: 0.090, 0.040 and 0.023 mg TOC/mg aluminum sulfate, for
the FL, CO and OH waters, respectively. The KY water with the lowest TOC and
SUVA and highest turbidity, had the least amount of DBP contributions from flocs
(<AE to 32%). The TOC to coagulant ratio, 0.070 mg TOC /mg aluminum sulfate,
was large for this water, however, this parameter does not account for the high
turbidity, which acts as a coagulant aid and incorporates into the floc structure.
Only a small dose of coagulant, 10 mg/L, was required to form settleable flocs,
which yielded the highest mass of inorganic solids after sedimentation (231 mg)
of all waters tested. Coagulation of the FL water at a coagulant dose of 100 mg/L
yielded 90% less inorganic solids at 24 mg.

Chlorine Dioxide Application

The role of flocs on HOM formation was repeated using chlorine dioxide as
the preoxidant, with the OH, FL and KY waters. No measureable THMs were
formed and the HAA9 formation was less than 5 μg/L for all waters (Table 7).
The AOX-U values of the raw water after chlorine dioxide application were 20,
40 and 15 μg Cl-/L for the OH, FL and KYwaters, respectively (Table 7). Chlorine
dioxide addition to the coagulated water with floc waters yielded AOX-U values
that were 20% lower for all waters. The calculated AOX-U contribution from the
flocs was less than 7 μg Cl-/L for all waters, which is lower than the analytical error
associated with AOX measurement. This indicates that flocs do not contribute
AOX-U or HAA9 to aqueous solution for waters dosed with chlorine dioxide.

Sorption of AOX onto Preformed Flocs

To assess if preformed flocs sorb AOX from solution, an aliquot of preformed
DBPs, from a high concentration stock solution, was spiked into jars that had
proceeded to the 1/3-flocculation point of the treatment process. Based on
visual inspection, mature flocs had already been formed and the OM had been
incorporated into the floc structure at this point (15). Therefore OM sorption to
the formed floc, not co-precipitation, would be the removal mechanism. Aqueous
AOX samples were taken after 2 additional minutes of floc mixing and after
sedimentation, where 18 minutes until the flocculation process finished were still
available for sorption. Floc samples taken after sedimentation were measure for
solid-phase AOX content. Waters with a range of turbidities were chosen for this
experiment: OH, CO and KY waters. In all three cases, the spiked DBPs did not
significantly sorb to the flocs during the course of the experiment (Table 8).
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Table 7. Impact of Flocs on HOM Formation (Chlorine Dioxide)

Post Sedimentation HOM
Water
Source

Water
Characteristic

TOC
(mg/L)

Chlorine
Dioxide
Dose
(mg/L)

AOX-U
(μg Cl-/L)

TTHM
(μg/L)

HAA9
(μg/L)

Raw 5.8 1.4 18 BDL 3

Coag 3.4 1.4 14 BDL 2

Coag
w/o flocs 3.6 1.1 11 BDL 3

OH
(Coag
dose
90 mg/L)

Flocs 2.2 -- < AE -- < AE

Raw 13.7 1.4 39 BDL 2

Coag 5.8 1.4 31 BDL 2

Coag
w/o flocs 5.0 1.3 23 BDL 3

FL
(Coag
dose
100
mg/L)

Flocs 8.7 -- < AE -- < AE

Raw 2.6 1.0 14 BDL 2

Coag 2.0 0.9 11 BDL 2

Coag
w/o flocs 1.9 0.9 10 BDL 2

KY
(Coag
dose
10 mg/L)

Flocs 0.7 -- < AE -- < AE

BDL – below detection limit. < AE – less than analytical error.

Table 8. Sorption of AOX onto Preformed Flocs

CO
(coag dose = 35
mg/L)

OH
(coag dose = 90
mg/L)

KY
(coag dose = 10 mg/L)

Location Time
(min)

Aqueous
AOX
(μg Cl-/L)

Solid
Phase
TOX
(μg
Cl-/L)

Aqueous
AOX
(μg Cl-/L)

Solid
Phase
TOX
(μg
Cl-/L)

Aqueous
AOX
(μg Cl-/L)

Solid Phase
TOX
(μg Cl-/L)

1/3 Floc* 10 270 -- 1515 -- 784 --

Post-Sed 120 259 10 1431 < AE 756 <AE

* Point of DBP spike.

The aqueous AOX values decreased by less 5% and the solid phase AOX
values did not exceed 10 μg Cl-/L over the 2-hour process. The flocs from the KY
water contained large amount of inorganic solids, which did not enhance the AOX
sorption. These results demonstrated that the removal of AOX-U by coagulation
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(Table 3) is not sorption onto mature metal hydroxide, turbidity (organic and
inorganic) and OM precipitate making the ‘floc’ particle conglomerate, which
has been postulated as the dominant coagulation mechanism for NOM removal
(9, 11). The AOX removal occurs co-currently with the formation of the floc.
This may involve the sorption and coating of colloidal microcrystals as they form
from the reaction of the metal hydrolysis and particles, or from the reaction of the
metal hydrolysis products and sites on the AOX compounds (9).

Conclusions

Chlorine and chlorine dioxide react with source water organic matter to form
HOM, some of which is characterized, THMs and HAAs, and others that can be
assessed with an AOX measurement. For five natural waters coagulated with
alum preformed THMs and HAAs were not removed by coagulation. AOX-U,
was removed by 55% on average over all coagulant doses and 75% at highest
doses, with near complete AOX-U removal for three waters. This result indicates
that optimized coagulation, even with in-plant chlorination, can greatly mitigate
the formation of AOX-U through incorporation into the floc structure, where
desorption in a water treatment plant residence time will be minimal. Turbidity
influenced the removal of AOX-U, where the most turbid waters; both those
spiked with kaolin and those with naturally occurring turbidity demonstrated near
100% removal of AOX-U. Overall it is worth noting that water treatment utilities
that operate with poor DOC removal; at less than 20%, will likely exhibit poor
AOX-U removal since there appears to be a lower threshold of DOC that must
be removed prior to AOX-U removal. When the threshold of 20% DOC removal
has been reached, AOX-U removal increases with coagulation removal of DOC,
where a correlation was found within the data.
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Chapter 13

DBP Reactivity of Organic Matter Fractions
Collected During Extreme Weather Events

Aaron D. Dotson,*,1 Paul Westerhoff,2 and Amlan Ghosh3

1Civil Engineering, University of Alaska Anchorage, 3211 Providence Drive,
Anchorage, Alaska 99515

2School of Sustainable Engineering and the Built Environment,
Arizona State University, P.O. Box 5306, Tempe, Arizona 85287
3Corona Environmental Consulting, 1600 Shadywood Lane,

Flower Mound, Texas 75028
*E-mail: addotson@uaa.alaska.edu.

A systematic study of disinfection byproduct (DBP) formation
from dissolved organic matter (DOM) of six southwestern water
samples, three of which were collected during climatic events
was performed. DOM was evaluated in its natural state in
whole water samples and in a fractionated state where the DOM
was isolated through concentration and resin fractionation.
Study included evaluation of DBP formation at 1 hour and 7
days during a DBP formation potential test to elucidate the
rate of DOM reactivity. Additionally, fractionated DOM was
isolated in a manner such that mathematical reconstruction of
whole water DBP formation was possible using the results of
individual DOM fraction DBP formation potential tests.

Introduction

Dissolved organic matter (DOM) is a material in freshwater that can
be transported and transformed through natural biogeochemical processes
(biodegradation, photolysis, hydrolysis, adsorption, precipitation, sedimentation)
(1, 2). Dissolved organic carbon (DOC) is one of the most common ways to
measure the concentration of DOM but does not account for all of the mass, DOC
is about 50% of DOM. Aquatic DOM concentration and structural composition
in many surface water ecosystems depends on characteristics of the watershed

© 2014 American Chemical Society

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 J

un
e 

19
, 2

01
4 

| d
oi

: 1
0.

10
21

/b
k-

20
14

-1
16

0.
ch

01
3

In Advances in the Physicochemical Characterization of Dissolved Organic Matter: Impact on Natural and Engineered Systems; Rosario-Ortiz, F.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2014. 



(3). Organic matter is produced by soils and plants of the terrestrial water shed
(allochthonous DOM) or from biological growth and decomposition of algae and
macrophytes within lakes or reservoirs (autochthonous DOM) (4, 5). Terrestrial
plant and soil sources contribute allochthonous organic matter to a stream mainly
during runoff from overland water flow during rainfall events (6, 7). Algae and
bacteria (autochthonous sources) produce and consume or alter the concentration
and composition of organic matter (8, 9). Hydrologic flow paths and quantities
of runoff water impact the relative importance of these DOM flux processes to
impact DOM concentrations in drinking water supplies.

DOM is a precursor in the formation of carcinogenic by-products during
drinking-water treatment when chemical disinfectants (e.g., chlorine) react with
DOM to form disinfection by products (DBPs) (10, 11). The amount and chemical
nature of DOM are important to influence DBP formation. Previous studies have
shown that humic substances with high aromatic content and molecular weight
yield more DBPs upon chlorination (10). The parameter of ultraviolet absorbance
(UVA) was a good predictor of DBP formation potential (11). Specific UVA
(SUVA = UVA[m-1]/DOC[mg/L]) correlates with aromatic content and is also a
good surrogate of DBP precursors (12, 13). Allochthonous sources of DOM have
higher SUVA than autochthonous sources.

The relative influence of allochthonous and autochthonous DOM sources are
strongly impacted by climate, through controlling vegetation, soil development
and runoff patterns (e.g., rain, snowmelt, floods). Temperate weather conditions
prevail through most of the U.S.A. and Western Europe and contribute to
maintaining a constant source of terrestrial organic material for surface waters
and soils. These allochthonous carbon inputs contribute significantly to the
global carbon cycle (14). The transportation of DOC originating in temperate
climates has been intensively studied and the processes involved are reasonably
well understood. Arid regions throughout the world are experiencing rapid
population growth and areal expansion, necessitating development of large urban
areas requiring extensive water infrastructure systems (e.g., reservoirs, water
treatment plants, distribution systems). In these regions, higher air and water
temperatures, greater seasonal hydrologic variations, different vegetation and
soils, and widespread impoundment of rivers suggest that DOC sources and
transportation could be different from that found in temperate climates. Water
storage reservoirs in arid and semi-arid regions, like Arizona, are implemented
with longer hydraulic residence times (HRT) and most likely alter the DOC
characteristics in these freshwater systems (15–17). Therefore, this paper focuses
on the less documented trends present in Arizona, as a potential surrogate for
other arid regions around the globe.

Whereas autochthonous DOM and other algal extracellular by-products
(e.g. methylisoborneol (MIB) and geosmin) originating in U.S. Southwestern
reservoirs has been discussed in literature (18, 19), little is known about the
impact of extreme meteorological events (e.g. forest fires, floods, droughts, etc.)
on the DOM responses in downstream reservoirs and utility water sources. In
arid and semi-arid regions of the southwestern USA, a typical annual hydrologic
sequence for major rivers includes a major hydrologic pulse associated with
upland snowmelt, followed by a prolonged dry period with low stream flow. DOM
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loading characteristics in Southwestern U.S. reservoirs reflect the hydrologic
inputs, dominated by early spring snowmelt, with low DOM loading during the
dry season. A small but significant DOM pulse during the first monsoon events
in the early summer months was reported (15–17). The Intergovernmental Panel
on Climate Change projects the likely to virtually certain changes in different
extreme events globally (e.g., heavy precipitations, droughts, and heat waves)
between now to 2100. According to The Flood Control District of Maricopa
County, extreme weather events (relative to recorded history) such as winter
storms and summer droughts were observed in Arizona over the last ten years.
Consequently, these events would result in variability of DOM concentration and
cause challenges for utilities to meet regulation compliance. A limiting factor
to assessing variability of DOC in southwestern U.S.A. watersheds has been
consistency of collected water quality data at key locations, superimposed by
major changes on water infrastructure operations. Over the past decade our group
has developed a comprehensive database spanning drought, flood and “normal”
climate periods.

Differing hydrology and water management practices of three surface water
sources serving the metropolitan Phoenix area in Arizona of 3.5 million people
offers the opportunity to study climate variability on a key water quality parameter
for drinking water sources, namely DOM. Changes in DOM associated with
climatic variations will influence DBP formation. Here we focus on two aspects
of DBP formation. First, we examine the total yields of two regulated DBP
classes (trihalomethanes (THMs) and haloacetic acids (HAA)) from different
DOM fractions obtained from surface waters influenced by different climatic
events. Second, we examine the relative rates of DBP formation by comparing
shorter- versus longer-term DBP formation as an indicator of changes in DOM
chemical properties influencing substitution of halogens (Cl, Br) into the DOM.

Comparison of DBP formation kinetics and yields upon chlorination of the
DOM fractionwere compared to levels in the bulk, non-fractionatedwater. Finally,
using DBP yields of each DOM fraction and reactive contribution of each DOM
fraction on a DOC and dissolved organic nitrogen (DON) basis to the bulk water,
we attempt to reconstruct DBP formation in a simulated bulk water.

Materials and Methods

As part of the City of Phoenix Water Quality Master Plan Update project in
2007-2008, water samples were collected from three drinking water reservoirs and
two rivers that fed those reservoirs, or a canal from the Colorado River (for Lake
Pleasant). The reservoirs included Saguaro Lake, Bartlett Lake and Lake Pleasant.
The rivers included the Salt River and the Verde River, both of which were only
sampled within 48 hours of a meteorologically relevant event (e.g. significant rain
or storm event that affected DOM levels in the rivers due to the contributions from
runoff water). Large quantity samples (76.2 – 77.7 liters) were collected in 20
liter high density polyethylene carboys. Most often the samples filtered through a
1 micron filter prior to being stored at 4 °C prior to processing (~3 days).
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DOCwas analyzed by a Shimadzu TOCVCSH (high-temperature combustion/
non-disperse infrared) according to the instrument manufacturers method. UVA254
was analyzed using a Shimadzu UV/VIS spectrophotometer in a 1 centimeter path
length quartz cuvette. All bulk water samples and reconstituted DOM isolate
samples were analyzed for DOC prior to DBPFP testing.

DOM isolates were prepared by a adapting a variety of published methods
(20–22). The method is presented graphically in Figure 1. Utilizing this
method resulted in the collection of six DOM isolate; colloids, hydrophobic
acids (HPO-A), hydrophobic nuetrals (HPO-N), amphiphilic acids (AMP-A),
amphiphilic neutrals (AMP-N), and a hydrophilic acid/neutral salt (HPI-A+N).
Isolation was performed quantitatively. DOC and mass was recorded throughout
the procedure. Evaporation steps were carried out using a rotary evaporator
operated at 60 °C or less bath temperatures.

Figure 1. DOM Isolation Method.

DBPFP was determined by chlorinating the bulk sample or a solution
containing a known concentration of a single DOM isolate. DOM isolates were
dissolved in 1-L of laboratory grade water (Nanopure Infinity by Barnstead
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International, MA) to a DOC concentration between 2 – 4 mg/L and buffered to a
pH of 7.0 with 5 mM sodium phosphate buffer. The solution was filtered through
a pre-muffled 0.7 µm glass fiber filter (Whatman GF/F) to remove any particulate
DOM. Bulk water samples were similarly filtered but sample ionic strength was
not adjusted. DOC present during chlorination was as sampled. The chlorine dose
(mg-Cl2/L) for each solution was calculated as five times the DOC concentration
plus eight times the ammonia concentration (as N). The solutions were chlorinated
using a stock solution of sodium hypochlorite of sufficient concentration to ensure
no more than 1% change in solution volume. Upon chlorination, the solution was
immediately transferred into two headspace free 500 mL bottles and placed in the
dark at 20 °C. The first bottle was removed from the dark at 1 hour and decanted
into bottles provided by the City of Phoenix for THM and HAA analysis. The
provided bottles contained sufficient amount of preservative to preserve the
sample and quench the residual chlorine. The second bottle was removed from
the dark after 7 days and decanted in to additional bottles provided by the city
for THM and HAA analysis. THMs were analyzed using USEPA Method 551.1.
The preservative used for this method is a mixture of phosphate buffer (sodium
phosphate and potassium phosphate) and ammonium chloride (dechlorinating
agent). Sodium azide was not used, but samples were refrigerated upon collection
prior to analysis to prevent microbial growth. HAA5 were analyzed using USEPA
Method 552.2. The preservative used for this method is ammonium chloride
(dechlorinating agent). Sodium azide was not used, but samples were refrigerated
upon collection prior to analysis to prevent microbial growth. The small amount
of sample remaining in the 500 mL bottles after decanting into the THM and
HAA bottles was analyzed for free chlorine residual using the Hach DPD method.

Mathematical reconstruction of whole water DBP contribution derived from
DOM isolates was performed using equations 1 and 2.

This mathematical representation assumes errors in DOM recovery are
equally distributed among all isolated fractions. It must be clearly noted that a
notable pitfall of this method is derived from the unequal distribution of bromide
in the isolated fractions. Bromide is concentrated to the HPI-A+N fraction and
not present in other fractions. As such it is expected that brominated DBPs will
occur as a disproportionate contributor for HPI-A+N and be nearly non-existent
in other isolates. The authors utilize molar masses of DBPs to limit the apparent
discrepancy when comparing fractions.
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Results

Bulk Water Quality

Water samples were determined to have DOC concentrations from 3.64
– 6.02 mg-C/L. The lake samples had higher DOC concentrations than their
corresponding river, where the Verde River feeds Bartlett Lake and the Salt River
feeds Saguaro Lake. The concentration of DON had a positive correlation with
DOC in the Salt River, Verde River, and Lake Pleasant samples. Bartlett Lake
and Saguaro Lake were depleted in DON in comparison to the other waters.
While not measured in this study it should be noted that low concentrations of
bromide are present in these waters and are typically 0.11 mg/L for the Salt River
and Saguaro Lake, 0.08 mg/L for Lake Pleasant: 0.06 mg/L for the Verde River
and Bartlett Lake. A compilation of basic water quality is provided in Table 1.
Sampling on the upper Salt and Verde Rivers were made during climatic events
(e.g. significant rainfall or flooding). For comparison, longer term trends in
the terminal reservoirs are shown in Figure 2. Saguaro Lake is the fifth lake in
series on the Salt River, which has a cumulative residence time of over 4 years –
resulting in significant attenuation of “pulse” climatic inputs from the upper Salt
River. Bartlett Lake is the second lake in series on the Verde River, which has a
cumulative residence time of less than 1 year. Lake Pleasant is filled during the
winter from the Central Arizona Project canal which pumps Colorado River water
into the reservoir and then releases water during the summer to meet municipal
and industrial demands; above the diversion on the Colorado River are reservoirs
with greater than 15 years of hydraulic residence time. The Aqua Fria River flows
into Lake Pleasant, but typically represents less than 4% of the total volume –
except during extreme localized flow events. As a consequence of these reservoir
hydraulics, Figure 2 shows that the DOC levels either experience annual rise/falls
associated with high flows (attributed to snowmelt for Bartlett Lake), long-term
gradual changes (Saguaro Lake), or repetitive small changes (Lake Pleasant).

Figure 2. Longer Term Trends in the Terminal Reservoirs.
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Table 1. Bulk Water Quality

DOC TDN DON

Location
Climatic

Event Sample Date mg-C/L mg-N/L mg-N/L

Upper Salt River Yes 12/07 3.64 0.672 0.476

Saguaro Lake No 3/08 5.85 1.08 0.426

Upper Verde River 1 Yes 12/07 5.49 1.98 0.720

Upper Verde River 2 Yes 1/08 4.82 1.22 0.640

Bartlett Lake No 3/08 6.02 0.614 0.388

Lake Pleasant No 3/08 4.56 1.07 0.593

Table 2. DOM Fractionation Recovery

DOM Recovery

DOC DON

Location
Climatic Event

Sample % %

Upper Salt River Yes 149 167

Saguaro Lake No 91 126

Upper Verde River 1 Yes 77 77

Upper Verde River 2 Yes 92 73

Bartlett Lake No 102 105

Lake Pleasant No 100 102

DOM Fractionation

Fractionation of DOM in the collected samples was highly successful (i.e.
the majority of the DOC and DON was able to be accounted for (100% ± 10%)).
Mass accounted for was determined by the volume of water from which DOM
was isolated multiplied by the associated concentration of DOC or DON. River
samples had lower/higher recoveries than their corresponding reservoirs likely due
to elevated concentrations of organic and inorganic colloids that passed through
the 0.45 µm filter that were subjected to subsequent acid/base/solvent processing.
DOC and DON recovery for each sample is presented in Table 2.
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Figure 3. DOM Fractionation and Reconstruction of Whole Water.

Figure 3 illustrates the distribution of DOM isolates as fractionated (bottom)
and normalized to 100% (top). HPO-A was the most dominant DOM fraction of
all waters sampled accounting for between 20 – 40% of the DOC. As all of these
samples are known to be impacted by seasonal algal blooms it was not surprising to
identify that between 15 – 30% of the DOCwas associated with organic colloids as
observed previously (23). The relative distribution of remaining DOM fractions
does not significantly vary by sample. The most notable difference, which was
expected, is the variation in DOM fraction distribution in the two Verde River
samples due to the associated varied associated event intensity. Comparing these
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samples, the contribution of colloids, and amphiphilics vary notably and are likely
associated with the status of the surrounding environment that was subject to the
climatic event that was occurring during sampling.

Disinfection Byproduct Formation

Fraction Specific Formation Rates

While formation potential testing is usually a single data point, this effort
shows evaluation of a short-term (1-hr) and long-term (7-day) formation potential
can provide additional information regarding DOM reactivity. Tables 3 and 4
present these results as percentages of the 7-day formation potential using the
following equation:

Generally, hydrophobic and amphiphilic acid fractions produced more DBPs,
THMs or HAAs, at 1-hr than corresponding hydrophobic and amphiphilic neutral
fractions. Hydrophilic fractions tended to form more DBPs at 1-hr than any other
fractions as bromide more rapidly incorporates than chloride. This tendancy of the
hydrophilic fractions were exacerbated by the fact that bromide was concentrated
in these fractions and typically removed from others. This was also illustrated
by the higher percentage formation of brominated DBP species. For example
1-hr CHBrCl2 formation was 38% to 63% for HPO, AMP and Colloid fractions
whereas CHCl3 formation was 9% to 26%. A similar trend was also observed for
bromochloroacetic acid (BCAA).

Not all river samples formed reportable concentrations of monochloroacetic
acid (MCAA) or BCAA at 1-hr whereas the reservoir samples did (Table 4). River
samples did form MCAA and BCAA at the 7-day hold time at concentrations
similar to that of the reservoir samples. It should be noted that while this trend
seems to separate the river and reservoir samples, the reported concentrations of
MCAA and BCAA are near the reporting limits of 1 µg/L.

Bulk Water Formation Rate

Similar to the formation rate of the DOM fractions, brominated DBPs
formed more rapidly although at much lower concentrations that their chlorinated
analogs. From 24% - 26% of 7-day TTHM formed in the first hour (Table 5). This
percentage of 7-day TTHM formation was similar (± 10%) to the most reactive
isolates (hydrophobic acids and colloids) but was nearly always greater than
the non-hydrophilic DOM fractions. Considering only chloroform (CHCl3), the
percentage of 7-day formation were closer to the formation rates of hydrophobic
and amphiphilic acid fractions (± 5%), the dominant fraction of DOC of the DOM
pool. For reference and comparison, total THM yield is also presented in Table 5.
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Table 3. Shorter-Term Reactivity of DOM Fractions. Percent of 7 Day TTHM Yield at 1 hour and 7-day TTHM Yield

7-day TTHM

Sample CHCl3 CHBrCl2 CHBr2Cl CHBr3 TTHM nM/mgC

Colloids 11% 40% 12% 242

HPO-A 15% 45% 16% 547

HPO-N 9% 44% 9% 411

AMP-A 17% 46% 18% 517

AMP-N 13% 55% 14% 410

Saguaro Lake HPI 22% 27% 28% 29% 25% 353

Colloids 21% 61% 38% 22% 421

HPO-A 26% 63% 50% 26% 567

HPO-N 12% 46% 13% 408

AMP-A 17% 60% 18% 542

AMP-N 14% 50% 14% 452

Bartlett Lake HPI 24% 41% 49% 30% 369
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7-day TTHM

Sample CHCl3 CHBrCl2 CHBr2Cl CHBr3 TTHM nM/mgC

Colloids 12% BDL 11% 172

HPO-A 15% 41% 15% 468

HPO-N 8% 46% 8% 386

AMP-A 17% 53% 17% 395

AMP-N 10% 44% 10% 413

Lake Pleasant HPI 26% 17% 23% 21% 21% 255

Colloids 22% 72% 23% 353

HPO-A 21% 58% 21% 492

HPO-N 14% 63% 15% 342

AMP-A 22% 52% 22% 408

AMP-N 18% 63% 19% 310

‘Salt River HPI 24% 30% 42% 28% 33% 281

Continued on next page.
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Table 3. (Continued). Shorter-Term Reactivity of DOM Fractions. Percent of 7 Day TTHM Yield at 1 hour and 7-day TTHM Yield

7-day TTHM

Sample CHCl3 CHBrCl2 CHBr2Cl CHBr3 TTHM nM/mgC

Colloids 25% 50% 150% 26% 544

HPO-A 21% 41% 89% 22% 471

HPO-N 12% 39% 133% 13% 389

AMP-A 14% 58% 86% 14% 693

AMP-N 7% 42% 100% 7% 558

Verde River 1 HPI 25% 34% 41% 54% 37% 263

Colloids 21% 53% 300% 22% 643

HPO-A 24% 45% 24% 436

HPO-N 14% 38% 367% 14% 329

AMP-A 19% 40% 20% 471

AMP-N 15% 48% 140% 15% 322

Verde River 2 HPI 21% 35% 51% 75% 33% 316
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Table 4. Shorter-Term Reactivity of DOM Fractions. Percent of 7 Day HAA Yield at 1 hour and 7-day HAA5 Yield

7 day HAA5

Sample MCAA DCAA DBAA BCAA TCAA HAA5 nM/mgC

Colloids 33% 12% 93% 20% 16% 393

HPO-A 36% 23% 93% 24% 24% 492

HPO-N 35% 14% 100% 21% 18% 279

AMP-A 38% 19% 115% 38% 28% 549

AMP-N 32% 15% 92% 20% 18% 384

Saguaro Lake HPI 56% 20% 38% 25% 48% 33% 363

Colloids 35% 23% 100% 27% 22% 745

HPO-A 38% 31% 117% 36% 26% 591

HPO-N 44% 21% 100% 22% 13% 265

AMP-A 37% 28% 120% 37% 18% 605

AMP-N 40% 19% 73% 33% 14% 339

Bartlett Lake HPI 73% 23% 67% 32% 49% 30% 514

Continued on next page.
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Table 4. (Continued). Shorter-Term Reactivity of DOM Fractions. Percent of 7 Day HAA Yield at 1 hour and 7-day HAA5 Yield

7 day HAA5

Sample MCAA DCAA DBAA BCAA TCAA HAA5 nM/mgC

Colloids 38% 14% 100% 20% 18% 320

HPO-A 35% 25% 108% 24% 25% 546

HPO-N 36% 19% 37% 28% 307

AMP-A 41% 22% 63% 25% 24% 427

AMP-N 34% 13% 110% 20% 17% 357

Lake Pleasant HPI 48% 18% 28% 20% 62% 33% 308

Colloids 22% 21% 20% 630

HPO-A 19% 22% 20% 661

HPO-N 16% 29% 20% 264

AMP-A 15% 14% 23% 18% 674

AMP-N 18% 30% 22% 291

Salt River HPI 22% 50% 72% 45% 22% 276
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7 day HAA5

Sample MCAA DCAA DBAA BCAA TCAA HAA5 nM/mgC

Colloids 25% 23% 23% 1183

HPO-A 17% 22% 20% 821

HPO-N 17% 28% 21% 319

AMP-A 18% 15% 24% 24% 19% 756

AMP-N 18% 30% 21% 305

Verde River 1 HPI 25% 17% 49% 49% 43% 25% 475

Colloids 30% 22% 24% 1327

HPO-A 20% 22% 21% 801

HPO-N 24% 29% 25% 228

AMP-A 17% 23% 19% 742

AMP-N 15% 20% 16% 408

Verde River 2 HPI 83% 14% 35% 43% 31% 24% 481
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Table 5. Percent of 7 Day THM Formation at 1 hour and 7-day Yield for Bulk Waters

Sample CHCl3 CHBrCl2 CHBr2Cl CHBr3 Total THM
Yield

nM/mg-C

Upper Salt River 20% 49% 72% 150% 25% 465

Saguaro Lake 20% 51% 87% 133% 25% 448

Upper Verde River 1 26% 45% 64% 200% 26% 356

Upper Verde River 2 23% 47% 80% 11% 25% 488

Bartlett Lake 23% 54% 111% 67% 25% 615

Lake Pleasant 17% 39% 62% 64% 24% 374
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Table 6. Shorter-Term Reactivity of DOM Fractions. Percent of 7 Day HAA Yield at 1 hour and 7-day HAA Yield

Sample MCAA DCAA DBBA BCAA TCAA HAA5
Yield

nM/mg-C

Upper Salt River 29% 15% 31% 52% 26% 29% 420

Saguaro Lake 31% 15% 29% 30% 29% 29% 380

Upper Verde River 1 34% 28% 26% 0% 22% 25% 369

Upper Verde River 2 34% 14% 32% 49% 38% 35% 429

Bartlett Lake 29% 19% 30% 200% 21% 25% 662

Lake Pleasant 29% 16% 23% 50% 23% 26% 268
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Incorporation rate of bromide into bulk water formed HAAs deviated from
the convention observed for DOM formed HAAs. DBAA generally was produced
rapidly, high percentage of 7-day formation at 1-hr, while BCAA formed at a rate
similar to other chlorinated HAAs. The two Verde River samples showed very
different reactivities, where Verde River 2 produced HAA5 faster than Verde River
1. Furthermore, the Salt River and Verde River 2 samples produced HAA5 faster
than their corresponding reservoirs, Bartlett Lake and Saguaro Lake, respectively.
These results are presented numerically in Table 6.

Reconstruction of Disinfection Byproduct Formation

Reconstructed Formation Potential

When whole water DBP formation was reconstructed from isolate DBP yield
and quantity of specific DOM fractions, the estimated DBP formation contribution
of individual DBPs were reasonably close to that measured in the whole water.
When the total DBP concentration calculated by the mathematical reconstruction
was compared with what was measured in the bulk, DBPs containing only chlorine
were more comparable with ratios from about 0.6 – 1.4. Brominated DBPs had
much larger differences between reconstructed amount and bulk with ratios of up
to 35. These percentages and ratios were calculated using equations 3 and 4 and
the results of this analysis are presented in Tables 7 and 8.

Reconstructed Formation Potential

The observed similarity between the bulk water sample and reconstructed
whole water DBP formation suggested that it would be acceptable to utilize the
intermediate mathematical steps to present DOM origin of whole water DBPs.
While this reconstruction method is not without pitfall and limited accuracy, this
was performed in the interest connecting DOM fraction DBP yield and occurrence
of a DOM fraction to determine the contribution of specific DBP fractions to the
overall DBP formation. Herewe present a representative figure (Figure 4) from our
experiments illustrating mathematical reconstruction whole waters for the 7-day
DBP formation derived from individual DOM fraction chlorination experiments.
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Table 7. Bulk versus Reconstructed for THM Yield

Sample CHCl3 CHBrCl2 CHBr2Cl CHBr3

1 hour - Difference in % Contribution

Saguaro Lake -8% 9% 0% -1%

Bartlett Lake -7% 8% -1% 0%

Lake Pleasant -35% 25% 10% 0%

Salt River -27% 25% 2% 0%

Verde River 1 -31% 27% 5% -2%

Verde River 2 -14% 17% -2% -1%

1 hour - Ratio of DBP Production (isolate/bulk)

Saguaro Lake 0.59 0.29 0.56 2.45

Bartlett Lake 1.41 0.79 3.30 6.61

Lake Pleasant 0.93 0.26 0.34 1.45

Salt River 1.11 0.25 0.74 2.34

Verde River 1 1.04 0.14 0.40 13.23

Verde River 2 0.68 0.23 1.14 15.40

7 day - Difference in % Contribution

Saguaro Lake 0% 3% -3% -1%

Bartlett Lake -2% 3% -1% 0%

Lake Pleasant -15% 14% 2% -1%

Salt River -13% 13% 0% 0%

Verde River 1 -19% 17% 2% -1%

Verde River 2 -8% 9% -1% 0%

7 day - Ratio of DBP Production (isolate/bulk)

Saguaro Lake 0.78 0.51 1.69 11.30

Bartlett Lake 1.35 0.92 7.49 10.74

Lake Pleasant 1.04 0.56 0.95 5.87

Salt River 1.10 0.31 1.16 13.10

Verde River 1 1.03 0.16 0.44 30.17

Verde River 2 0.69 0.29 1.43 1.15

275

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 J

un
e 

19
, 2

01
4 

| d
oi

: 1
0.

10
21

/b
k-

20
14

-1
16

0.
ch

01
3

In Advances in the Physicochemical Characterization of Dissolved Organic Matter: Impact on Natural and Engineered Systems; Rosario-Ortiz, F.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2014. 



Table 8. Bulk versus Reconstructed for HAA Yield

Sample MCAA MBAA DCAA DBAA BCAA TCAA

1 hour - Difference in % Contribution

Saguaro Lake -1% -1% 15% -2% 2% -13%

Bartlett Lake 1% 2% 31% 0% -1% -34%

Lake Pleasant -3% 0% 2% 7% 14% -21%

Salt River 3% 1% 3% 3% 6% -17%

Verde River 1 3% 2% 2% -1% 8% -14%

Verde River 2 2% 1% -2% 1% 2% -4%

1 hour - Ratio of DBP Production (isolate/bulk)

Saguaro Lake 0.91 1.15 0.53 1.81 0.62 1.06

Bartlett Lake 1.54 1.67 1.41 1.15 1.81 2.43

Lake Pleasant 1.35 1.20 1.08 0.79 0.45 2.51

Salt River 0.05 -- 0.82 0.38 0.50 1.61

Verde River 1 0.23 -- 1.20 -- 0.35 2.05

Verde River 2 0.23 -- 0.78 0.48 0.55 1.00

7 day - Difference in % Contribution

Saguaro Lake 1% 0% 5% -1% 2% -8%

Bartlett Lake -1% 0% -5% 0% 0% 6%

Lake Pleasant 0% 1% 1% 3% 9% -14%

Salt River -1% 1% -2% 2% 7% -7%

Verde River 1 0% 2% -3% 2% 6% -7%

Verde River 2 1% 2% 0% 1% 4% -7%

7 day - Ratio of DBP Production (isolate/bulk)

Saguaro Lake 0.71 0.89 0.81 1.46 0.65 1.10

Bartlett Lake 1.12 1.42 1.51 2.98 1.84 1.49

Lake Pleasant 1.03 1.12 1.21 1.14 0.60 2.24

Salt River 1.09 0.57 1.33 0.40 0.32 1.84

Verde River 1 1.06 0.08 1.49 0.30 0.34 1.99

Verde River 2 0.75 0.08 1.19 0.67 0.53 1.69

276

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 J

un
e 

19
, 2

01
4 

| d
oi

: 1
0.

10
21

/b
k-

20
14

-1
16

0.
ch

01
3

In Advances in the Physicochemical Characterization of Dissolved Organic Matter: Impact on Natural and Engineered Systems; Rosario-Ortiz, F.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2014. 



Figure 4. Distribution and Formation of TTHMs of 7-day Reconstructed DOM.

For all samples studied herein, colloids and hydrophobic acids accounted for
50 – 80% of the total TTHMs or HAAs formed at 1-hr or 7-day reaction times
(Figure 3). While not shown, hydrophilics accounted for greater percentage of the
DBPs formed at 1-hr than 7-day reaction times. This was associated the rapid rate
of incorporation of bromide into DBPs and the hydrophilic fraction was the only
DOM fraction that contained bromide.
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The contribution of specific DOM isolates to the reconstructed whole water
varied from source to source and during climatic events. Reviewing the two
Verde River samples further illustrates that difference between climatic events.
In Verde River 1 the dominant DOM fractions forming DBPs were colloids and
hydrophobic acids. While these fractions also were the dominant DOM fractions
associated with DBP formation in Verde River 2, lower percentage contributions
were associated with these fractions and greater contributions were associated
with amphiphilic and hydrophilic fractions. This finding supports the known
dynamic nature of river systems where the status of watershed during a climatic
event may produce variations in water quality.

Conclusions

Based on the study of these six whole water samples, three of which were
sampled during climatic events, and their associated DOM fractions the following
conclusions can be drawn:

• DOM isolated during “normal” and “climatic” influenced higher flows
associated with snowmelt or heavy rains in the arid southwestern U.S.A.
exhibited differences in the distribution of DOM fractions suggesting the
event changes the source and/or quantity of contribution of specific DOM
fractions.

• Through this realization that DOM quantity and distribution of
DOM fractions change during climatic events, further consideration
on developing operational procedures to mitigate potential impacts
on treatment process can be evaluated (e.g. adapting to increased
concentrations of amphiphilic and hydrophilic DOM).

• The formation rate (e.g. short versus long) did not appear to vary between
water samples or climatic events. Differences in formation rates were
associated with DOM fraction. Thus during climatic events, it isn’t the
character of the DOM fractions at a local scale that are changing but the
fractional distribution of the DOM pool that results in changes in DBP
formation.

• DOM acid fractions produce DBPs at a more rapid rate than neutral DOM
fractions. This could have a role on water treatment facilities as while
acids are easily removed, increased concentrations of neutrals in derived
from riverine systems could result in increased formation of DBPs at
extended times as this fractions is not easily removed by conventional
processes.

• Mathematical reconstruction of whole water DBP formation from DOM
fractionDBP yields provided results that were 1) reasonably similar to the
actual bulk water DBP formation and 2) allowed the opportunity identify
significant DOM fraction contributions to the DBPs formed and 3) study
the changes in DBP formation during climatic events.
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Chapter 14

Fluorescence Characterization of Humic
Substance Coagulation: Application of New

Tools to an Old Process

Julie A. Korak,* Fernando L. Rosario-Ortiz, and R. Scott Summers
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*E-mail: Julie.Korak@colorado.edu.

A classic process, the coagulation of humic and fulvic acids,
is revisited in this chapter using contemporary fluorescence
methods to characterize dissolved organic matter (DOM)
removal. Different fluorescence metrics are explored and their
insights into DOM behavior highlighted. Peak picking and
fluorescence regional integration methods are compared and
suggest that integrated data does not provide additional insight
beyond simple peak picking approaches. The limitations
of analyzing only fluorescence intensities are highlighted,
because it is difficult to separate changes in DOM quantity,
quality, and other interactions. While all methods captured
the interactions between DOM and aluminum species before
physical removal, quantum yields and fluorescence index
(FI) offer more information regarding compositional changes.
Finally, this study also provides evidence that ascribing the
chemical significance of humic acid-like and fulvic acid-like is
flawed and unsupported for aquatic DOM.

Background

The coagulation of humic substances has been an area of active research
since the early 1960s. The earliest endeavors were motivated by the removal of
color from drinking water sources. With the discovery of haloforms in drinking
water (1) and the eventual link between disinfection byproducts and humic
materials established (2), the motivation for dissolved organic matter (DOM)

© 2014 American Chemical Society
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removal shifted from aesthetic purposes to public health protection. Research
ensued investigating the removal of humic and fulvic acids by coagulation. Two
comprehensive research reviews with identification of knowledge gaps were
published in 1979 and 1988 (3, 4).

When this process was initially investigated, the analytical methods for
characterizing the processes were limited compared to today’s capabilities. The
main surrogate parameters for water quality analyses were turbidity, color, total
organic carbon, total trihalomethane formation potential and UV absorbance
at 254 nm (UV254) (5). The quantification of DOM often relied on absorption
measurements coupled with calibration curves rather than direct organic carbon
measurements (6, 7).

Analytical methods have improved dramatically since then providing new
tools for DOM characterization. Fluorescence spectroscopy started to gain
popularity in the late 1980s/early 1990s to characterize soil derived organic matter
(8, 9). The use of excitation-emission matrices (EEMs) to characterize DOM was
introduced in 1990 and demonstrated that these heterogeneous mixtures show
general similarities in their fluorescent material (10). Methods for analyzing
fluorescence EEMs have developed over the past 30 years yielding techniques
such as peak picking (11), calculation of quantum yields (12), fluorescence
regional integration (FRI) (13), and DOM-specific indices, such as fluorescence
index (FI) (14) and humification index (HIX) (15).

What Are Humic and Fulvic Acids?

Since DOM is a heterogeneous mixture, its fractionation based on chemical
characteristics has been widely used to better understand the complex behaviors
of whole waters by attributing certain behaviors to distinct fractions. Thus, humic
and fulvic acids have been at the center of DOM research for decades. Whether
the process of interest is a water treatment unit operation or the fate and transport
of contaminants in the environment, DOM research has a pattern of investigating
specific topics using well-characterized fractions and then extrapolating analyses
to whole water samples in the environment. This chapter will only discuss aquatic
DOM, humic acids and fulvic acids. It should be noted that soil organic matter
and aquatic organic matter, while still containing humic and fulvic acids, exhibit
different characteristics. The interpretation and discussions herein should not be
extrapolated to soil-derived humic and fulvic acids.

Aquatic humic and fulvic acids have been defined using a variety of criteria.
One of the simplest definitions is that a humic acid is soluble in basic conditions
but insoluble in mineral acid, whereas a fulvic acid is soluble in both (3, 7). Other
methods define humic substances (humic and fulvic acids combined) as organic
matter that adsorbs onto an XAD-8 resin and desorbs with sodium hydroxide.
Once eluted, the humic acid fraction precipitates at pH 1 while the fulvic acid
fraction remains soluble (16). The International Humic Substances Society (IHSS)
has adopted an XAD-8 method with cation exchange, but explicitly states that
they do not endorse their own method as “the best” in the hope that research will
continue.
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In any case, it is important to note that these operationally defined DOM
fractions are based on differences in chemical characteristics. Humic and fulvic
acids, which elute together as hydrophobic acids before precipitation, account
for about 60% of the DOC in a freshwater sample, but the mass ratio of fulvic
acids to humic acids is about 3:1 (17). The average molecular weight of humic
acids is larger than that of fulvic acids and unfractionated DOM (17). While
the range of aromatic carbon content can vary greatly across waters (17), within
one water the humic acid fraction typically has a higher percentage of aromatic
carbon compared to fulvic acids and unfractionated DOM (18). The increased
aromaticity in humic acids is manifested as a higher specific UV254 compared to
fulvic acids and unfractionated waters (19). While humic acids absorb more light
per unit carbon, fulvic acids fluoresce more light per unit carbon (20, 21). The
fluorescence quantum yield, fraction of light emitted relative to the light absorbed,
of fulvic acids is greater than the quantum yield of humic acids (22). Therefore,
these fractions have different chemical characteristics and would be expected to
behave differently.

In this chapter, we revisit a classic drinking water treatment process,
the coagulation of humic and fulvic acids, but characterize DOM removal
using contemporary fluorescence spectroscopy methods. We investigate three
questions: What insight do fluorescence techniques give to the DOM coagulation
process? How do these methods of analyzing fluorescence data reveal different
aspects of the process? And what light does this classic process shed on prevailing
interpretations of fluorescence data?

Materials and Methods

Materials

Three IHSS standards were used in the study: Suwannee River Natural
Organic Matter (SRNOM, 2R101N), Suwannee River Fulvic Acid (SRFA,
1S101F) and Suwannee River Humic Acid (SRHA, 2S101H). Each isolate was
dissolved in de-chlorinated tap water. Divalent cations and other inorganics
can affect coagulation (4); so de-chlorinated tap was used in order to have a
naturally occurring balance of inorganic ions and alkalinity. The water was
prepared by passing Boulder, CO municipal drinking water through a 200 L
barrel of granulated activated carbon (Norit 1240, 12×40 US standard mesh size,
bituminous) with an empty bed contact time of 10 minutes followed by a 25 μm
cartridge filter (Pentek DGD-7525-20) to remove particles. The finished water
has a dissolved organic carbon (DOC) concentration less than 0.1 mgC/L, UV254
absorbance less than 0.001, and no detectable fluorescence. Absorbance values
are reported as unitless numbers. The water had an alkalinity of 29 mg/L as
CaCO3 and conductivity of 136 μS. The water quality values after the isolates
were dissolved in the de-chlorinated tap water are shown in Table I. The initial
UV254 absorbance values of the dissolved isolates were below 0.2 to minimize
non-ideal, concentration-dependent fluorescence behaviors (21).
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Coagulation Methods

Coagulation studies were performed using a programmable jar tester (Phipps
& Bird) in 1L volumes with alum (aluminum sulfate, Al2SO4-16H2O) at doses
of 5, 10, 14, 18 and 20 mg/L as alum. Mixing conditions included a rapid mix
period (1 minute at 290 rpm), two flocculation phases (10 minutes at 55 rpm and
10 minutes at 20 rpm) and a sedimentation period (30-minutes with no mixing).
The supernatant was filtered through pre-combusted (500°C for 4 hours in a
muffle furnace) and rinsed 0.7 μm GF/F filters (Whatman) prior to DOC, UV and
fluorescence analyses. All samples were stored in pre-combusted amber bottles,
refrigerated until use and analyzed within 7 days.

Table I. Summary of Initial Water Quality Characteristics for Each Isolate
in Solution

DOM pH Alkalinity
mg/L as CaCO3

DOC
mgC/L

UV254

SRNOM 7.6 27 3.4 0.133

SRHA 7.6 26 3.0 0.197

SRFA 7.5 28 3.7 0.157

Analytical Methods

Alkalinity was measured using a Hach digital titrator (Model 16900-01)
with manufacturer specified methods. pH was measured on a Fisher Scientific
Accumet AB15 meter. DOC was analyzed on a Shimadzu TOC-VCSH using a
high temperature combustion non-purgeable organic carbon method. Duplicates
were measured on 7 of the 19 samples (37%). For samples with a DOC greater
than 1 mgC/L, the differences in concentration were less than 0.2 mgC/L. For
samples with a DOC less than 1 mgC/L, the difference in duplicates was less
than 0.1 mgC/L. UV absorbance was measured on a Cary Bio 100 (Agilent
Technologies, CA) from 200 to 600 nm in a 1 cm path length quartz cuvette
and baseline corrected to deionized water. Replicate UV254 measurements had
coefficient of variance values less than 1%.

Fluorescence excitation-emission matrices (EEMs) were collected on a
spectrofluorometer (Fluoromax-4, John YvonHoriba, NJ). Excitation wavelengths
were incremented from 240 to 450 nm in 10 nm steps. Emission scans were
collected from 300 to 560 nm in 2 nm increments. Both excitation and emission
bandpass settings were set to 5 nm, and the integration time was 0.25 s. Intensities
were collected in ratio mode (signal divided by reference), and instrument-specific
correction factors were applied. All EEMs were blank subtracted, corrected for
primary and secondary inner filter effects and normalized to the Raman area
of deionized water at 370 nm. Lamp scans, cuvette contamination checks and
Raman scans were performed daily to ensure proper operation. The average
relative percent difference (RPD) between duplicate peak intensities (A and C)
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and normalized integrated fluorescence volumes (VIII and VV) were 3.3% and
2.7%, respectively. The average RPD between FI values and maximum quantum
yields were 0.3% and 4.6%, respectively.

Results and Discussion

DOC and UV254 Removal

Using the classic assessment with DOC and UV measures, the coagulation of
the SRHA, SRFA and SRNOM as a function of coagulant dose is shown in Figure
1. At low coagulant doses (alum ≤ 14 mg/L), there is little change in both DOC
and absorbance. At a dose of 18 mg/L, there is a large and abrupt removal of both
UV and DOC from solution, which is similar to that previously observed with
other humic substances (7, 23–25). In general, UV absorbance is removed to a
greater extent with 55 to 90% removal compared to DOC with 40 to 70% removal
(26). At the same dose, SRHA is more amenable to removal compared to SRFA
or SRNOM (6).

The pattern of removal depicted in Figure 1 has been referred to as Type I
coagulation as opposed to Type II, which elicits a more regular dose response
behavior (4). The mechanisms for removal are complex and depend on not
only the DOM present but also if it behaves as a truly dissolved species or
more like a colloid. Other factors that affect removal mechanisms include
turbidity, pH and background water constituents (4). If it is assumed that the
material is predominantly dissolved, then removal was likely a combination of
aluminum-humate/fulvate precipitation and adsorption, where humic substances
adsorb onto aluminum hydroxide particles, based on the study pH range of 7.3-7.6
(4).

Figure 1. Relative remaining amount of a) DOC and b) UV254 as a function of
alum dose. Error bars represent the standard deviation between duplicates but

most are smaller than the marker size.
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DOC and UV measurements only provide a narrow glimpse into this process.
They provide little insight into the interactions between DOM and aluminum
species at low coagulant doses where there is no apparent change in either
measurement.

Fluorescence Analysis

Many different methods have been developed for analyzing fluorescence data
for DOM characterization. Table II presents initial water quality fluorescence
measures using several different methods. In the following sections, we will
explore these methods for analyzing fluorescence data with respect to this process
and identify how each method provides different insight into the process.

Table II. Summary of Initial Fluorescence Metrics for the Isolates in Solution
Including Peak Intensities (A and C) in Raman Units (RU), Regional
Integration Areas (III and V), FI and Maximum Quantum Yields

Intensity
(RU)

FRI Volume
(RU nm2)

DOM A C VIII VV FI Φmax

SRNOM 1.47 0.46 44780 14353 1.34 0.014

SRHA 0.97 0.34 30010 10606 1.14 0.0048

SRFA 1.71 0.57 52842 17154 1.35 0.015

Fluorescence Intensities

One of the most common ways to analyze fluorescence data is to track how
the fluorescence intensity changes. There are two prevailing methods. The first
includes peak picking approaches where regions of interest are identified and then
a single intensity from each region is extracted. Most peak picking methods follow
the peak regions identified by Coble, because each region has been associated with
a particular chemical significance (11). Peaks A and C, outlined in Figure 2a, have
been associatedwith humic-like fluorescence. Coble states, “The overall similarity
between the humic substance XAD extract and the other samples is the basis for
referring to both peaks as humic-like” (11). The authors interpret this to refer to
humic substances in general and not the humic acid fraction because no further
distinction is made in that study. Peaks B and T (not shown) have been associated
with the phenolic and indolic functional groups in the amino acids tyrosine and
tryptophan, respectively (11). In this study, the reported peak intensities are the
maximum from each region, many of which fall on a region boundary due to the
shape of the EEM contours.
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Figure 2. EEMs for a) SRFA, b) SRHA and c) SRNOM. Intensities are normalized
to DOC concentration in units of RU L/mgc. Peak picking regions A and C are
outlined in a). The FRI regions are outlined in b) with the commonly ascribed

chemical significance of humic acid-like and fulvic-acid like.

Chen et al realized that extracting a couple intensities from an entire EEM
only provides a limited view, because it cannot capture how the contours are
changing, and developed the fluorescence regional integration (FRI) method
(13). This method slices the EEM into five regions (Figure 2b) and integrates
each region yielding fluorescence volumes. To account for differences in region
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size and wavelength increments, the data is normalized based on the fractional
projected areas. The results can either be presented on a magnitude basis (Vi,n)
or on a percent basis compared to the total integrated volume (Pi,n). The Greek
capital letter phi is normally used to indicate the integrated volume (13). The
letter V is used here as to not confuse this notation with quantum yield notation
that also uses the same letter.

Figure 3. Fluorescence intensities (Peak A (a) and Peak C (b)) and normalized
fluorescence volumes (VIII,n (c) and VV,n (d)) as a function of alum dose.

If both approaches are applied to this example, fluorescence reveals a more
complex behavior compared to DOC or UV254 absorbance alone. Figures 3a and
3b depict Peaks A and C intensities as a function of alum dose and show that
there is a monotonic decrease in fluorescence intensity across the entire dose range.
Figures 3c and 3d present the same behavior in terms of the normalized integrated
volumes (VIII,n and VV,n). At low alum doses, where DOC and UV showed little
change, fluorescence decreases indicating that the interactions between DOM and
aluminum species cause a quenching of fluorescence intensity. This phenomenon
has been well documented elsewhere (27–29). One notable difference is the pH.
Most studies investigating the interactions between aluminum species and humic
substances hold the pH in the 4 to 5 range to limit the analysis to free aluminum in
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solution (28–31). At pH values between 7.3 and 7.6 measured during this study,
the aluminum equilibrium is dominated by aluminum hydroxide species (Al(OH)3)
(29). Cabaniss (1992) demonstrated similar quenching of fulvic acid fluorescence
at pH 7.5 and concluded that the quenching is due to static interactions between
the aluminum species and fulvic acid.

Had fluorescence been used in isolation without other complimentary
analytical methods, it would be tempting to interpret the data as a removal of
fluorescent material across the entire dose range, but the DOC and UV data prove
otherwise. From these data alone, it is also very difficult to determine the alum
dose at which DOM removal occurs as the relationship between fluorescence and
alum dose appears continuous. This observation highlights that peak intensity
or FRI volumes may not be the most informative tools for characterizing this
process.

Table III. Percent Removals of DOC, Peak Intensities and Normalized
Fluorescence Volumes for Select Alum Doses

Percent Removals (%)

Peak FRI Volume

Alum Dose
(mg/L)

pH DOC A C VIII,n VV,n

14 7.4 <10 34 33 32 33

18 7.4 47 55 51 53 53

SRNOM

20 7.5 45 52 48 51 51

SRFA 14 7.3 <10 29 27 27 28

18 7.4 42 43 42 43 44

20 7.3 49 51 47 51 50

SRHA 14 7.3 <10 33 36 28 34

18 7.4 77 50 52 48 51

20 7.4 76 58 60 57 61

Comparing the peak picking and FRImethods, the data do not suggest that one
method offers obvious advantages over the other for this dataset. The magnitudes
differ, but in each case the relative relationships between the isolates and coagulant
doses are similar. For example, at an alum dose of 20 mg/L, Peak A and Region
VIII,n for SRFA decrease by 51% compared to both starting values (Table III). Peak
C and Region VV,n decrease by 47% and 50%, respectively. While FRI has the
potential to better capture region heterogeneity and fluorescence behaviors that
occur away from peak intensities, it does not appear to capture any differences in
this system that peak picking cannot capture.

289

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 J

un
e 

19
, 2

01
4 

| d
oi

: 1
0.

10
21

/b
k-

20
14

-1
16

0.
ch

01
4

In Advances in the Physicochemical Characterization of Dissolved Organic Matter: Impact on Natural and Engineered Systems; Rosario-Ortiz, F.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2014. 



Quantum Yields

While peak intensities and integrated volumes are straightforward
calculations, they are difficult to interpret directly. In an application such as
coagulation, both DOM quantity and quality change. With intensities alone, it is
hard to determine whether the observed decrease in intensity is due to a reduction
in organic matter concentration or a change in the organic matter composition.
Analyzing quantum yields provides a perspective that helps separate differences
in quality and quantity.

Quantum yields (Φ) quantify the fluorescence efficiency relative to
non-radiative decay mechanisms. By comparing the fluorescence intensity to
the amount of light absorbed, quantum yields offer a compositional parameter
to compare differences in DOM before and after coagulation. Quantum yields
for DOM have been determined by comparing DOM behavior against a known
standard like quinine sulfate (QS) in dilute (0.1 N) sulfuric acid using Equation 1
(12, 22, 32, 33). Quantum yields are calculated at specific excitation wavelengths
(λex) by integrating the fluorescence intensity (F) across all emission wavelengths
(λem) and dividing it by the absorption coefficient (a) at the same excitation
wavelength. By comparing the DOM values to the known standard QS, which has
a well-characterized ΦQS of 0.51 (32), the Φ of DOM is calculated. It is normally
assumed that the refractive indexes of DOM and quinine sulfate are equal (terms
not shown in Equation 1).

DOM Φs are dependent on excitation wavelength as shown in Figure 4. This
trend of increasing Φ to 350 nm excitation followed by a decrease in Φ with
increasing excitation wavelengths has been attributed to the different mechanisms
for long wavelength fluorescence emissions, such as charge transfer interactions
(22, 34). Figure 4 shows that the quantum yields of SRFA and SRNOM are similar
to each other and are about a factor of three greater than SRHA. Even though humic
acids typically absorb more light per unit carbon, they have a higher molecular
weight, which has been shown to lead to a decrease in fluorescence in favor of
internal conversion, a non-radiative decay pathway (34–37).

To characterize the changes in DOM optical properties during coagulation,
the maximum quantum yield, which consistently occurs around 350 nm, was
compared between coagulant doses as shown in Figure 5. During coagulation,
the quantum yield decreases up to an alum dose of 14 mg/L and then increases
dramatically. At 14 mg/L, the quantum yields of all three isolates has decreased
by 33-35% compared to the initial value, but the difference appears larger for
SRFA and SRNOM because of the higher initial values. Between these doses,
the maximum observed increase in absorbance was only 6% at 350 nm (SRFA),
so absorbance alone cannot explain the decrease in fluorescence efficiency.
However, fluorescence intensity, as quantified by Peak C intensity, decreases
27-36% compared to the controls (Figure 3b) and accounts for the decrease
observed in the quantum yield. Presenting the fluorescence results in this manner
also confirms the quenching behavior observed in Figure 3.
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Figure 4. Fluorescence quantum yield as a function of excitation wavelength for
SRNOM, SRFA and SRHA. Error bars represent the standard deviation between

duplicates.

Figure 5. Maximum fluorescence quantum yields for each isolate as a function
of alum dose. The maximum consistently occurred between 350 and 360 nm

excitation wavelengths.

At alum doses of 18 and 20 mg/L, where there is a large removal of both
UV254 and DOC, the quantum yield increases significantly relative to that at 14
mg/L alum where little UV254 and DOC removal occurred. Even though the
fluorescence intensity decreases after coagulation, the fluorescence efficiency
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increases in the remaining organic matter. It is well established that coagulation
preferentially removes the hydrophobic and large molecular weight fractions of
DOM (4) leaving organic matter that is more hydrophilic and lower in molecular
weight. Quantum yields and fluorescence per unit absorbance have also been
shown to be greater in lower molecular weight fractions (34–37). At 18 mg/L
of alum, the quantum yields of both SRFA and SRHA increase by a factor of
2 (relative to the 14 mg/L dose), and the quantum yield of SRNOM increases
by a factor of 3. SRFA and SRNOM exhibit similar quantum yields in the
uncoagulated control samples and at the lower coagulant doses, but they have
different quantum yields after a fraction of the DOM is removed by coagulation.
These differences indicate that the organic matter has different affinities for
removal (Figure 1) and the remaining DOM has compositional differences that
result in different fluorescence efficiencies. Finally, at 20 mg/L alum, the quantum
yields of all three fractions converge at similar values. This behavior suggests that
the fraction of each DOM pool that is least amenable to coagulation shares similar
chemical characteristics. However, it must be noted that it is unknown whether or
not residual aluminum in the system is still interacting with the remaining DOM
and affecting its fluorescence signature. At the experimental pH values, it is
unlikely that there is free aluminum (Al3+), but the dominant aluminum speciation
would include Al(OH)3(s) and negatively charged hydrolysis products, such as
Al(OH)4- (29). Interactions between negatively charged NOM and Al(OH)4- are
unlikely, but there may be stable aluminum-fulvate/humate complexes in solution.
Complexed aluminum will likely result in a static quenching of the associated
DOM (27). Revisiting this classic process demonstrates the utility of moving past
fluorescence intensities and analyzing fluorescence data from the perspective of
quantum yields.

Fluorescence Index

Fluorescence index (FI) is another metric that provides insight into
compositional differences between organic matter samples. This ratio has been
correlated to aromatic carbon content, which is also associated with differences
in DOM origin (allochthonous vs. autochthonous). Typical values range from 1.2
for allochthonous, higher aromaticity DOM to over 2 for autochthonous, lower
aromaticity sources (14). Originally developed in 2001 and then modified in
2010, FI is the ratio of emission intensities (470 nm divided by 520 nm) collected
at an excitation wavelength of 370 nm (14, 38).

FI provides an additional level of insight to the coagulation behavior and a
message of caution. Comparing the bulk isolates, the FI values for SRFA and
SRNOM are greater than that of SRHA (Figure 6). These differences suggest that
SRHA is composed of organic matter that is more enriched in aromatic moieties,
which can be confirmed with IHSS published aromaticity data (18). From a
fluorescence perspective, these differences are manifested as a red-shift (to longer
wavelengths) of the emission peak and (to a lesser degree) a broadening of the
emission spectra (21). As alum is added to the system, the fluorescence index
increases. At doses less than or equal to 14 mg/L, there was no change in DOC or
UV254 yet FI increased for all isolates. Since there was no change in the mass of

292

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 J

un
e 

19
, 2

01
4 

| d
oi

: 1
0.

10
21

/b
k-

20
14

-1
16

0.
ch

01
4

In Advances in the Physicochemical Characterization of Dissolved Organic Matter: Impact on Natural and Engineered Systems; Rosario-Ortiz, F.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2014. 



organic matter in solution, this increase cannot be interpreted as a change in DOM
composition but rather a change in how the DOM is interacting. The increase
in FI is an indication that interactions with the coagulant are not quenching all
intensities uniformly but preferentially targeting longer wavelength fluorescence.
Non-uniform quenching was previously demonstrated at a lower pH (28). If long
wavelength fluorescence is due to charge transfer interactions (22), it suggests
that interactions with aluminum species preferentially disrupt the population
and/or radiative decay of lower energy states. The FI for SRHA increased more
in magnitude compared to SRFA and SRNOM suggesting the degree to which the
DOM is interacting with the aluminum species is different between isolates.

Figure 6. Fluorescence index (FI) as a function of alum dose.

At the highest alum doses (18 and 20 mg/L) where DOM is removed through
coagulation processes, Figure 6 shows that the FI exhibited a discontinuous
increase that is greater than what would have been predicted by the trends at
lower coagulant doses. By preferentially removing the larger molecular weight,
more hydrophobic and presumably more aromatic material, the remaining DOM
is less aromatic and has a higher FI.

This work demonstrates that FI, which is almost exclusively discussed in
the context of DOM composition, is affected by the presence of other inorganic
species (e.g., metal hydroxides). These complex effects need to be explored and
understood, if FI is used to determine compositional differences across systems
with varying background constituents that impact the DOM fluorescence.

Interpretations of Fluorescence Chemical Significance

Fluorescence is an appealing analytical method because of its ease of use,
small sample volumes, and limited preparation required. Difficulties arise in
trying to relate fluorescence data to DOM chemical characteristics. Both peak
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picking and FRI methods have been prescribed chemical characteristics at some
point in their application. While Coble defined Peaks A and C as related to
humic substances in general, some have assigned more specific designations to
the different peak regions. Some fluorescence, such as Peak C, has sporadically
been referred to as fulvic-like fluorescence (39, 40), but it is more common for
interpretations of the FRI method to include chemical characteristics. When the
method was introduced, Region III was associated with fulvic acids and Region
V with humic acids (13). This interpretation has become very popular and is
commonly applied, especially in water treatment applications (41–43).

By visual inspection alone, Figure 2 shows that both aquatic humic acids and
fulvic acids fluoresce in both regions (A vs C and III vs V). Even though humic
acid fluorescence occurs at longer wavelengths, both peak picking and the FRI
methods would still capture the signal within the same prescribed area as the fulvic
acids. In all three Suwannee River samples, the Peak A/Region III area has a
higher fluorescence intensity compared to Peak C/Region V. Soil derived humic
acids show a distinctly different fluorescence signature compared to aquatic humic
acids, and this discussion is only limited to aquatic organic matter (20).

If both operationally defined DOM fractions fluoresce in the same regions,
is there evidence to suggest that one region is associated with one fraction over
another? Comparing the ratio of intensities or regional integration volumes
provides insight into how the fluorescence in one region is changing relative to
another. Table IV summarizes the ratio of three different quantitative methods:
ratio of Peak A to Peak C intensities, ratio of fluorescence volumes (VIII,n:VV,n)
and ratio of volumetric percentages (PIII,n:PV,n). Regardless of which ratio method
is used, all three isolates (before coagulation) have ratios near 3. The ratio for
SRHA is slightly lower near 2.85, whereas the ratios for SRNOM and SRFA
are greater near 3.10. These values are still within 8% of each other. In the FRI
method, Region V is attributed to the humic-like fraction, but the ratio of regions
shows only a 10% enrichment of Region V fluorescence in SRHA compared to
SRFA. These results suggest that there is not much difference in the distribution
of fluorescence signals between humic and fulvic acids.

If fluorescence regions were associated with chemically distinct fractions of
DOM, then it would be expected that the ratio between regions would change after
coagulation. If coagulation is more efficient at removing humic acid-like material
relative to fulvic acid-like material, then the region associated with humic acids
should be removed with greater efficiency than fulvic acid fluorescence. Table
III summarizes the relative removal of each peak and integrated region for the 18
and 20 mg/L alum doses compared to the controls. Each type of fluorescence was
removed in roughly equal amounts, and there is no region that showed more than
5% additional removal relative to the other. For example, at 18 mg/L of alum,
Peaks A and C were both removed by 42% and 43%, respectively, for SRFA. If
the regions are compared on a relative basis to each other, the ratio of intensities or
integrated volumes stays relatively constant around 3 as shown in Table IV. The
range of ratios for each isolate is within 10% of the average, indicating that there
is little change in one region relative to the other after coagulation. In other words,
coagulation removes fluorescing material in each region in equal proportion and
does not preferentially remove fluorescing material in one region over another.
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Table IV. Summary of Fluorescence Ratios for Peak Picking (A:C), Normalized Fluorescence Volumes (VIII,n:VV,n) and Normalized
Region Percentages (PIII,n:PV,n)

Peaks A:C VIII,n:VV,n PIII,n:PV,nAlum Dose (mg/L)

SRNOM SRFA SRHA SRNOM SRFA SRHA SRNOM SRFA SRHA

0 3.21 3.04 2.85 3.12 3.10 2.83 3.12 3.10 2.83

5 3.02 3.04 2.86 3.09 3.09 2.90 3.09 3.09 2.90

10 3.09 2.99 2.91 3.14 3.08 2.95 3.14 3.08 2.95

14 3.14 2.94 2.97 3.17 3.12 3.13 3.17 3.12 3.13

18 2.97 2.97 2.98 3.10 3.11 3.05 3.10 3.11 3.05

20 2.99 2.84 3.01 3.13 3.08 3.13 3.13 3.08 3.13

Range/Mean 8% 7% 5% 2% 1% 10% 2% 1% 10%
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Based on these observations, it seems like there is little basis to associate one
fluorescing region with either humic or fulvic acids exclusively. Both regions
behave similarly to each other during coagulation. For these isolates, which
were all collected from the same location, the fluorescence is distributed between
regions in constant proportion. Other work has also demonstrated that the A and C
regions are likely related to each other. Many parallel factor analysis (PARAFAC)
models identify dominant components that have dual excitation maxima with one
occurring in each region (44–46), providing evidence that the fluorescence in
both regions vary together in a set proportion to each other. Another study found
that increasing DOM concentrations affect the apparent quantum yield in both
regions simultaneously (21). Li et al also provided evidence for dual excitation
fluorophores using size exclusion chromatography (47). These results suggest
that each region is not associated with one operationally defined DOM fraction
over another but are related to each other.

If any descriptor were to be used beyond general ‘humic substances’, the only
reasonable interpretation would be that both regions (A/Region III and C/Region
V) are most representative of the fulvic acid fraction compared to humic acids.
Fulvic acids have higher quantum yields and higher fluorescence per unit carbon
(20, 21). In a typical aquatic DOM sample, fulvic acids contribute three times
as much mass as humic acids (17). More likely, fluorescence analysis of natural
DOM samples would be more representative of fulvic acids compared to humic
acids due to their greater abundance and higher fluorescence efficiency.

If fluorescence were to be used to differentiate the differences in humic and
fulvic acid fractions, methods that can quantify subtle differences in EEMs would
be more powerful. Both methods, peak picking and FRI, lump a wide range of
fluorescence wavelengths into one number. Although humic acids have peak
emissions shifted to longer wavelengths compared to fulvic acids, the fluorescence
contribution of fulvic acids will overlap and likely out fluoresce the humic
acids. Neither peak picking nor FRI can effectively capture this heterogeneity
if fulvic acids dominate the local fluorescence at lower emission wavelengths.
Statistical methods, like PARAFAC, that can simultaneously capture differences
in fluorescence intensity and position would be more powerful in discerning
differences between DOM fractions.

Conclusions

Fluorescence spectroscopy is a powerful analytical tool but data interpretation
is difficult due to the complexity of the fluorescence phenomena. In this study,
we revisited a classic process to compare the behavior of humic and fulvic acid
fractions. Fluorescence offered insight into the complexity of the coagulation
process that DOC concentration and UV254 absorbance could not. At low
coagulant doses (less than or equal to 14 mg/L), there was no change in either
parameter. Changes in fluorescence revealed the complex interactions between
DOM and aluminum species before any physical removal occurs. Fluorescence
intensity is quenched and quantum yields decreased. Increases in FI demonstrate
that fluorescence is not quenched uniformly, but preferentially quenched at the
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longer emission wavelengths. The preferential change in the longer wavelength
fluorescence compared to shorter wavelengths could not be captured following
peak intensities, integrated regions or quantum yields alone. This work also
illustrates that not all fluorescence indicators are equal, and it is important to
explore multiple ones to gain a wider perspective of system behaviors.

The appealing aspects of fluorescence do not come without disadvantages.
Fluorescence is impacted by a number of experimental factors, because intensity
is a measure of not only the fluorescent material but also how that material interacts
with its surroundings. This point was illustrated by analyzing the changes in
fluorescence without any change in DOC concentration or UV254 absorbance.

Finally, revisiting the fundamentals of humic and fulvic fluorescence suggest
that the practice of relating fluorescing regions to either humic acids or fulvic
acids is flawed. There is little evidence to suggest that regional DOM fluorescence
is specific to different operationally defined fractions. For DOM analysis,
specification beyond general humic substances should be approached cautiously
and would likely require more complex data analysis than peak picking or FRI.
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