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Dissolved Organic Matter in Natural Waters

Khan M. G. Mostofa, Cong-qiang Liu, M. Abdul Mottaleb, Guojiang Wan,
Hiroshi Ogawa, Davide Vione, Takahito Yoshioka and Fengchang Wu

1 Introduction

Organic matter (OM) in water is composed of two major fractions: dissolved
and non-dissolved, defined on the basis of the isolation technique using filters
(0.1-0.7 pwm). Dissolved organic matter (DOM) is the fraction of organic sub-
stances that passes the filter, while particulate organic matter (POM) remains on
the filter (Danielsson 1982; Kennedy et al. 1974; Liu et al. 2007; Mostofa et al.
2009a). DOM is generally originated from three major sources: (i) allochthonous
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or terrestrial material from soils, (ii) autochthonous or surface water-derived of
algal or phytoplankton origin, and (iii) syhthetic organic substances of man-made
or industrial origin. DOM in natural waters is composed of a heterogeneous mix-
ture of organic compounds with molecular weights ranging from less than 100 to
over 300,000 Daltons (Hayase and Tsubota 1985; Thurman 1985a; Ma and Ali
2009). On the other hand, POM is composed of plant debris, algae, phytoplank-
ton cell, bacteria, and so on (Mostofa et al. 2009a). Humic substances (fulvic and
humic acids) of terrestrial origin are the dominant DOM fractions in freshwater
and coastal seawater (Mostofa et al. 2009a). On the other hand, autochthonous
fulvic acids (or marine humic-like) of algal or phytoplankton and bacterial origin
are the key DOM fractions in lakes and oceans (Mostofa et al. 2009a, b; Coble
1996, 2007; Parlanti et al. 2000; Amado et al. 2007; Zhang et al. 2009). In addi-
tion, among the major classes of DOM components there are carbohydrates, pro-
teins, amino acids, lipids, phenols, alcohols, organic acids and sterols (Mostofa
et al. 2009a).

DOM can display physical properties such as the absorption of energy from
ultraviolet (UV) and photosynthetically available radiation (PAR) (Kirk 1976;
Morris et al. 1995; Siegel and Michaels 1996; Morris and Hargreaves 1997,
Tranvik 1998; Bertilsson and Tranvik 2000; Laurion et al. 2000; Markager and
Vincent 2000; Huovinen et al. 2003; Sommaruga and Augustin 2006; Hayakawa
and Sugiyama 2008; Effler et al. 2010), chemical properties such as complex for-
mation with trace metal ions (Mostofa et al. 2009a, 2011; Lead et al. 1999; Wang
and Guo 2000; Koukal et al. 2003; Mylon et al. 2003; Wu et al. 2004; Lamelas
and Slaveykova 2007; Lamelas et al. 2009; Fletcher et al. 2010; Reiller and Brevet
2010; Sachs et al. 2010; Da Costa et al. 2011), the ability to maintain acidity and
alkalinity (Mostofa et al. 2009a; Oliver et al. 1983; Wigington et al. 1996; Pace
and Cole 2002; Hudson et al. 2003; Kopacek et al. 2003), the occurrence of redox
and photo-Fenton reactions (Voelker and Sulzberger 1996; Voelker et al. 1997,
2000; Kwan and Voelker 2002; Jeong and Yoon 2004; Wu et al. 2005; Vione et al.
2006; Nakatani et al. 2007), as well as the ability to control the cycling of nutri-
ents such as NH4T, NO3T, and PO43_ in natural waters (Bronk 2002; Zhang et al.
2004, 2008; Kim et al. 2006; Vihitalo and Jarvinen 2007; Li et al. 2008).

DOM can photolytically generate strong oxidants such as superoxide radi-
cal (02°7), hydrogen peroxide (H0»), and hydroxyl radical (HO®), which also
play a role in its photoinduced decomposition in natural waters (Mostofa and
Sakugawa 2009; Vione et al. 2006, 2010; Zellner et al. 1990; Zepp et al. 1992;
Moran et al. 2000; Farias et al. 2007; Mostofa et al. 2007a; Minakata et al. 2009).
Correspondingly, DOM can undergo photoinduced and microbial degradation
processes, which can produce a number of degradation products such as dis-
solved inorganic carbon (DIC), CO,, CHy, CO, low molecular weight (LMW)
DOM, organic acids. These compounds are very important in the aquatic envi-
ronments (Jones and Amador 1993; Miller and Zepp 1995; Lovley and Chapelle
1995; Lovley et al. 1996; Moran and Zepp 1997; Miller 1998; Conrad 1999;
Johannessen and Miller 2001; Ma and Green 2004; Xie et al. 2004; Johannessen
et al. 2007; Yoshioka et al. 2007; Brandt et al. 2009; Rutledge et al. 2010; Omar
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et al. 2010; Ballaré et al. 2011; Zepp et al. 2011). DOM with its degradation prod-
ucts can extensively influence photosynthesis, thereby playing a key role in global
carbon cycle processes (Mostofa et al. 2009a; Mostofa and Sakugawa 2009; Ma
and Green 2004; Johannessen et al. 2007; Palenik and Morel 1988; Fujiwara et
al. 1993; Komissarov 1994, 1995, 2003; Miller and Moran 1997; Merildinen et al.
2001; Malkin et al. 2008). DOM also plays important roles in regulating drinking
water quality, complexing behavior with metal ions, water photochemistry, biolog-
ical activity, photosyhthesis, and finally global warming.

This chapter will provide an overview on the origin of DOM, its contents and
sources in natural waters, the contribution of organic substances to DOM, the bio-
geochemical functions of DOM, its physical and chemical properties, as well as
its molecular size distribution. It comprehensively discusses the controlling fac-
tors and their effects on the distribution of DOM in natural waters, the emerging
contaminants and their sources, transportation and impacts, as well as methodol-
ogies and techniques for the detection of pharmaceuticals in fish tissue. Finally,
it is discussed how DOM acts as energy source for living organisms and aquatic
ecosystems.

2 What is Dissolved Organic Matter?

DOM is conventionally defined as any organic material that passes through
a given filter (0.1-0.7 wm). The organic material that is retained on the filter is
termed ‘particulate organic matter (POM) (Mostofa et al. 2009a). The permeate
from ultrafiltration (<10 kiloDaltons or kDa) is often defined as the truly dis-
solved organic carbon fraction and the filter-passing fraction between >10 kDa and
<0.4 or 0.7 pm as the total dissolved organic carbon fraction in aqueous solution.
Colloids are operationally defined as particles between 1 nm and 1 pm in size, and
the ‘dissolved’ fraction can include a subset of the colloidal materials (Sharp 1973;
Vold and Vold 1983; Koike et al. 1990; Benner et al. 1992; Buesseler et al. 1996;
Wells 2002). These types of colloidal particles are not entirely retained by filters
with pore sizes between 0.2 and 0.7 pm. DOM can be in the size range of tens to
hundreds of nm when they are associated with other colloidal materials in water
(Lead and Wilkinson 2006). It has been shown that colloids make up a significant
fraction, approximately 10—40 %, of the marine DOM pool.

DOM in natural waters is composed of a heterogeneous mixture of numerous
allochthonous and autochthonous organic compounds containing low molecu-
lar weight substances (e.g. organic acids) and macromolecules such as fulvic and
humic acids (humic substances), with molecular weight ranging from less than
100 to over 300,000 Daltons (Thurman 1985a, 1986; Ma and Ali 2009; Rashid
and King 1969; MacFarlane 1978; Hayase and Tsubota 1983; Amy et al. 1987,
Wagoner et al. 1997; Jerry and Jean-Philippe 2003; Xiao and Wu 2011). DOM
found in natural ground and surface waters are also referred as natural organic
matter (NOM). The most common organic substances are humic substances
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(fulvic and humic acids) of terrestrial origin, autochthonous fulvic acids of phy-
toplankton or algal origin, carbohydrates, sugars, amino acids, proteins, lipids,
organic acids, phenols, alcohols, acetylated amino sugars, and so on. On the other
hand, POM includes plant debris, detritus, living organisms, bacteria, algae, phy-
toplankton, corals, coral reefs, and so on. DOM is considered as the larger pool of
organic matter in a variety of waters, which can include more than 90 % of total
organic matter (Thurman 1986; Kececioglu et al. 1997).

2.1 Biogeochemical Functions of OM (DOM and POM)

DOM of both allochthonous and autochthonous origin can play multiple functions
in photoinduced, chemical, microbial and geochemical processes in natural waters.
They can be classified as follows:

(1) Photoinduced functions of DOM. Irradiated DOM can produce H>O;
(Mostofa and Sakugawa 2009), which in turn can produce the strong oxidiz-
ing agent hydroxyl radical (HO"), either directly by photoinduced dissocia-
tion (HoO, + hv — HO") or by the photo-Fenton reaction. These processes
are involved in the photoinduced degradation of organic compounds (Vione
et al. 2006, 2010; Zellner et al. 1990; Zepp et al. 1992; Farias et al. 2007).
DOM undergoes rapid photoinduced decomposition by natural sunlight, and
this process is less efficient in waters with high contents of DOM and more
efficient with high DOM concentrations (Moran et al. 2000; Ma and Green
2004; Vihitalo et al. 2000; Mostofa et al. 2007b; Vione et al. 2009). DOM
can thus control redox and photo-Fenton reactions in natural waters (Voelker
and Sulzberger 1996; Voelker et al. 1997, 2000; Kwan and Voelker 2002;
Jeong and Yoon 2004; Wu et al. 2005; Vione et al. 2006; Nakatani et al. 2007).
The biogeochemical functions of HyO; and HO® are discussed in details in
chapters “Photoinduced and Microbial Generation of Hydrogen Peroxide
and Organic Peroxides in Natural Waters”, “Photoinduced Generation of
Hydroxyl Radical in Natural Waters”.

(2) Microbial functions of OM (DOM and POM). DOM and POM are decom-
posed biologically by microorganisms in natural waters (Moran et al. 2000;
Mostofa et al. 2007a; Ma and Green 2004; Lovley and Chapelle 1995;
Hopkinson et al. 2002; Coble 2007; Koschorreck et al. 2008; Lgnborg et al.
2009a, b; Lgnborg and S¢ndergaard 2009). This process can produce new
autochthonous DOM or nutrients in water (Mostofa et al. 2009b; Zhang et
al. 2009; Kim et al. 2006; Weiss et al. 1991; Harvey et al. 1995; Yamashita
and Jaffé 2008; Fu et al. 2010; Li et al. 2011), so that DOM is responsible
for the maintenance of the microbial loop in natural waters (utilization of
DOC by bacteria, consumption and decomposition of bacteria by protozo-
ans and release of dissolved organic compounds and CO;) (Sherr and Sherr
1989; Carrick et al. 1991; Jones 1992; Tranvik 1992). Bioavailable carbon
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substrates produced from DOM and OM either photolytically or biologi-
cally can enhance biological productivity in waters (Mostofa et al. 2009a;
Bertilsson and Tranvik 1998, 2000; Vihitalo and Jarvinen 2007; Lovley et
al. 1996; Komissarov 2003; Tranvik 1992; Norrman et al. 1995; Wetzel et
al. 1995). Production of nutrients and DIC through photoinduced and micro-
bial degradation of DOM or POM can control the food-chains for micro-
organisms (Mostofa et al. 2009a; Miller and Zepp 1995; Ma and Green
2004; Tranvik 1992; Salonen et al. 1992; Kirchman et al. 1995; Wheeler
et al. 1997; Guildford and Hecky 2000; Rosenstock et al. 2005). The bio-
geochemical functions of microbial processes are discussed in details in
“Photoinduced and Microbial Degradation of Dissolved Organic Matter in
Natural Waters”.

Optical (or physical) functions of DOM: a fraction of DOM is named as
either colored and chromophoric dissolved organic matter (CDOM) based on
the absorption of ultraviolet (UV) and photosynthetically available radiation
(PAR), or fluorescent DOM (FDOM) based on the emission of fluorescence
photons after radiation absorption. DOM generally controls the downward
irradiance flux through the water column of UV-B (280-320 nm), UV-A
(320400 nm), total UV (280-400 nm) as well as photosynthetically avail-
able radiation (PAR, 400-700 nm) (Kirk 1976; Morris et al. 1995; Siegel and
Michaels 1996; Morris and Hargreaves 1997; Tranvik 1998; Bertilsson and
Tranvik 2000; Laurion et al. 2000; Markager and Vincent 2000; Huovinen
et al. 2003; Sommaruga and Augustin 2006; Hayakawa and Sugiyama
2008; Effler et al. 2010). DOM is responsible for water color, water trans-
parency, occurrence of the euphotic zone and thermal stratification in the
surface waters of lakes and oceans because it affects (decreases) the pen-
etration of solar radiation (Laurion et al. 2000; Effler et al. 2010; Hudson et
al. 2003; Eloranta 1978; Jones and Arvola 1984; Howell and Pollock 1986;
Perez-Fuentetaja et al. 1999; Snicins and Gunn 2000; Watts et al. 2001;
Mostofa et al. 2005a). Biogeochemical functions of CDOM and FDOM are
discussed in detail in the respective chapters (see chapters “Colored and
Chromophoric Dissolved Organic Matter (CDOM) in Natural Waters” and
“Fluorescent Dissolved Organic Matter in Natural Waters”).

Cycling of nutrients (NH4t, NO3*, and PO4*~) by DOM and POM.
Nutrients are produced by degradation of DOM and typically derive from
dissolved organic nitrogen (DON) and dissolved organic phosphorus
(DOP) in DOM molecular structure (Bronk 2002; Zhang et al. 2004, 2008;
Kim et al. 2006; Vihitalo and Jarvinen 2007; Li et al. 2008). Nutrients are
mostly released during the photoinduced and microbial respiration (or
assimilation) of POM (e.g. algae or phytoplankton biomass), as shown
by in situ experiments conducted under light and dark incubations (Kim et
al. 2006; Li et al. 2008; Yamashita and Jaffé 2008; Carrillo et al. 2002;
Kopécek et al. 2004; Fu et al. 2005; Mostofa KMG et al. unpublished data).
NO3™ and NO,™ can be produced by oxidation of ammonia in nitrification
(NH4T 4+ 205 — NO3~ + 2H* 4+ H»0) and of DON in lake waters (Ma and
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Green 2004; Kopécek et al. 2004; Lehmann et al. 2004; Minero et al. 2007).
Nutrients produced by DOM and OM can fuel new primary and second-
ary production in natural waters. Total contents of DOM in lake waters are
responsible for variation of the trophic level, due to eutrophication/oligotrop
hication processes. The latter are a major driver of change for chemical vari-
ables such as major ions, nutrients (phosphorus and nitrogen compounds, sil-
ica) and the chemical nature of DOM.

DOM can control photosynthesis in natural waters. DOC can limit produc-
tivity (Jackson and Hecky 1980; Carpenter et al. 1998) and affect epilim-
netic (Hanson et al. 2003) and hypolimnetic respiration (Houser et al. 2003).
Photoinduced and microbial oxidation of DOM is responsible for the simul-
taneous generation of H>O,, CO, and DIC (Mostofa and Sakugawa 2009;
Ma and Green 2004; Johannessen et al. 2007; Palenik and Morel 1988;
Fujiwara et al. 1993; Miller and Moran 1997; Merildinen et al. 2001; Malkin
et al. 2008). Such compounds could favor the occurrence of photosynthesis
in natural waters. Some studies show that H»O, could be involved as reac-
tant in photosynthesis (xCO2 + yH2O2m20) + hv — Cx(H20)y + O3 + ene
rgy; and 2H>0; + hv — 2H>0 + O,) (Mostofa et al. 2009a; Komissarov
1994, 1995, 2003; Miller and Moran 1997). Nutrients (PO43~ and NH4™)
released by DOM and POM might also favor the occurrence of photosynthe-
sis and subsequently enhance the cyanobacterial or algal blooms in natural
waters (Zhang et al. 2008, 2009; Kim et al. 2006; Li et al. 2008; Lehmann
et al. 2004; Huszar et al. 2006; Noges et al. 2008; McCarthy et al. 2009;
Mohlin and Wulff 2009). High chlorophyll a concentrations are often detected
in waters with high contents of DOM, and the reverse happens in low-DOM
waters (Merildinen et al. 2001; Malkin et al. 2008; Fu et al. 2010; Guildford
and Hecky 2000; Mostofa et al. 2005a, Mostofa KMG et al., unpublished
data; Satoh et al. 2006; Yacobi 2006; Komatsu et al. 2007).

Chemical functions of OM (DOM and POM). DOM and POM are com-
posed of various functional groups in their molecular structures, which
can form complexes with trace metal ions (M) in aqueous solution via
strong m-electron bonding systems (Mostofa et al. 2009a, 2011; Lead et al.
1999; Wang and Guo 2000; Koukal et al. 2003; Mylon et al. 2003; Wu
et al. 2004; Lamelas and Slaveykova 2007; Lamelas et al. 2009; Fletcher et
al. 2010; Reiller and Brevet 2010; Sachs et al. 2010; Da Costa et al. 2011).
These studies imply that the M-DOM complexation is important for specia-
tion, bioavailability, transport and ultimate fate of trace metal ions in the water
environment. The detailed functions of M-DOM complexes are discussed in
Complexation of Dissolved Organic Matter With Trace Metal Ions in Natural
Waters. DOM can also influence the cycling of aluminum and iron oxides in
natural waters (McKnight et al. 1992).

Maintenance of the drinking water quality by DOM and POM in waters
(Mostofa et al. 2009a). The production of POM is significantly dependent
on the DOM contents in natural waters, and POM can produce new autoch-
thonous DOM and nutrients under both irradiation and microbial respiration
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or assimilation (Mostofa et al. 2005a, 2009b; Zhang et al. 2009; Kim
et al. 2006; Li et al. 2008; Yamashita and Jaffé 2008; Carrillo et al. 2002;
Kopacek et al. 2004; Fu et al. 2005). Simultaneously, DOM can release
nutrients upon exposure to natural sunlight in waters (Bronk 2002; Zhang
et al. 2004, 2008; Kim et al. 2006; Vihitalo and Jarvinen 2007; Li et al.
2008). Increases in nutrients and autochthonous DOM severely deteriorate
the drinking water quality, but DOM can also balance acidity and alkalinity
through its photoinduced or microbial decomposition (Mostofa et al. 2009a;
Oliver et al. 1983; Wigington et al. 1996; Pace and Cole 2002; Hudson et al.
2003; Kopacek et al. 2003).

OM can maintain global carbon cycle processes through production, distribu-
tion, transportation and decomposition of carbon compounds in the biosphere
(Mostofa et al. 2009a; Brandt et al. 2009; Rutledge et al. 2010; Omar et al.
2010; Ballaré et al. 2011; Zepp et al. 2011; Hedges 1992; Amon and Benner
1994; Ogawa and Tanoue 2003; Freeman et al. 2004; Lavoie et al. 2005;
Fenner et al. 2007a, b; Wolf et al. 2007). The photoinduced and microbial
decomposition of DOM and POM yields CO,, CO, CHy, DIC (DIC is defined
jointly as dissolved CO,, HyCO3, HCO3™, and CO32_), low molecular weight
DOM and other inorganic ions (Jones and Amador 1993; Miller and Zepp
1995; Lovley and Chapelle 1995; Lovley et al. 1996; Moran and Zepp 1997;
Miller 1998; Conrad 1999; Johannessen and Miller 2001; Ma and Green
2004; Xie et al. 2004; Johannessen et al. 2007; Yoshioka et al. 2007; Brandt
et al. 2009; Rutledge et al. 2010; Omar et al. 2010; Ballaré et al. 2011; Zepp
et al. 2011). The produced CO; and CHy increase the atmospheric green
house gases and contribute to the global carbon cycle (Davidson and Janssens
2006; Porcal et al. 2009). Elevated atmospheric CO; can enhance DOC sup-
ply, particularly in peat soils. This is attributed to elevated net primary pro-
ductivity of plants and increased root exudation of DOC in soil environments,
which ultimately leach into the aquatic ecosystem (Freeman et al. 2004;
Lavoie et al. 2005; Fenner et al. 2007a, b; Wolf et al. 2007; Kang et al. 2001;
Pastor et al. 2003).

Character and energy functions of OM in the water ecosystem. DOM and
POM can provide a major source of energy, in the form of C and N, which
are essential to all living organisms in natural waters (Mostofa et al. 2009a;
Tranvik 1992; Salonen et al. 1992; Wetzel 1984, 1992). Thermal energy
produced during the photoinduced and microbial degradation of DOM and
organic matter, photoinduced redox reactions, microbial loop, as well as
photosynthesis are key drivers in aquatic ecosystems (Mostofa et al. 2009a;
Komissarov 1994, 1995, 2003; Miller and Moran 1997; Sherr and Sherr 1989;
Carrick et al. 1991; Jones 1992; Tranvik 1992; Salonen et al. 1992; Wetzel
1984, 1992; Hedges et al. 2000). DOM itself can provide energy and matter
for the growth of bacterial films on the surface of drinking-water pipes, a pro-
cess that involves also fulvic and humic acids (humic substances) depending
on their occurrence in groundwater in developing and developed countries
(Mostofa et al. 2009a).



8 K. M. G. Mostofa et al.

3 Origin of DOM in Natural Waters

DOM is generally originated from three major sources in natural waters: (i) DOM
derived from terrestrial soils, termed allochthonous DOM; (ii) DOM derived from
in situ production in natural surface waters, termed autochthonous DOM, and (iii)
DOM derived from human activities (e.g. industrial synthesis), termed anthropo-
genic DOM.

3.1 Origin of Allochthonous DOM in Soil Ecosystems

DOM including fulvic and humic acids (humic substances) originates from the
decomposition of vascular plant material, root exudates and animal residues in ter-
restrial soil. Origin of allochthonous DOM from vascular plant materials or partic-
ulate detrital pools is significantly varied in different regions (tropical, temperate
and boreal), which is regulated by the occurrence of three key factors or functions
(Mostofa et al. 2009a; Wetzel 1983, 1990, 1992; Malcolm 1985; Dai et al. 1996;
Nakane et al. 1997; Wershaw 1999; Jaramillo and Dilcher 2000; Kalbitz et al.
2000; Trumbore 2000; Uchida et al. 1998, 2000; Moore et al. 2008; Braakhekke
et al. 2011; Spence et al. 2011; Tu et al. 2011): (i) Physical functions that include
temperature and moisture; (ii) Chemical functions that include nutrient avail-
ability, amount of available free oxygen and redox activity, and (iii) Microbial
processes that include microfloral succession patterns and availability of microor-
ganisms (aerobic or anaerobic).

It is suggested that microorganisms can alter sugars, starch, proteins, cellulose
and other carbon compounds bound to organic matter of plant or animal origin
during their metabolic processes. These processes can transform the aromatic and
lipid plant components into amphiphilic molecules including humic substances,
i.e., molecules that consist of separate hydrophobic (non-polar) and hydrophilic
(polar) parts (Wershaw 1999). The non-polar parts of the molecules are composed
of relatively unaltered segments of plant polymers, while the polar parts include
carboxylic acid groups (Wershaw 1999). Aerobic microorganisms can decompose
organic matter at a faster rate than anaerobic ones, depending on the availability
of free oxygen. Compositional changes of DOM occur with soil depth, leading to
a decrease of aromatic compounds and carbohydrates whilst alkyl, methoxy and
carbonyl moieties increase with depth (Dai et al. 1996). The increase in alkyl and
carboxylic C with depth are the result of biodegradation of forest litter and oxi-
dation of lignin side chains, respectively (Zech et al. 1985; Kogel-Knabner et al.
1988; Kogel-Knabner 1992).

The origin of allochthonous DOM from microbial processes can be judged
from significant variations in respired organic carbon in different soil environ-
ments. The mean age of soil respired organic carbon determined using '“C tracer
is lowest (1 year) in tropical forest soils (eastern Amazonia, Brazil), relatively
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low (3 years) in temperate forest soils (central Massachusetts, USA), and high-
est (16 years) in boreal forest soils (Manitoba, Canada) (Trumbore 2000).
Experimental studies using 8'3C or *C to track sources and turnover of DOC
indicate that DOM, which is transported over decimetres or metres down into sub-
soil, mainly represents highly altered residues of organic matter processing (Schiff
et al. 1997; Flessa et al. 2000; Hagedorn et al. 2004; Froberg et al. 2007). Note
that allochthonous DOM is mostly derived, in zero to a few decimeter depth from
the decomposition of plant material by microbial processes in soils and shallow
groundwater (Uchida et al. 1998, 2000; Froberg et al. 2007; IPCC 1996; Buckau et
al. 2000).

DOC leached from soil is partly retained in the vadose zone before reach-
ing aquifers (Siemens and Kaupenjohann 2003; Mikutta et al. 2007; Kalbitz
and Kaiser 2008; Scheel et al. 2008). For the range of groundwater recharge of
95-652 mm yr‘l, it is shown that a constant flux of DOC from soil into surface
waters often takes place (Kindler et al. 2011). Therefore, allochthonous DOM is
partly discharged through hydrological processes directly into streams or riverbeds
or surrounding water bodies, which ultimately flux to lake or oceanic environ-
ments as final water reservoir.

3.2 Origin of Autochthonous DOM in Natural Waters

Production of autochthonous DOM is generally observed at the epilimnion (upper
water layers) compared to the hypolimnion (deeper layers) during the sum-
mer stratification period, particularly in lakes and oceans. A rough estimation by
comparing the upper with the deeper layers demonstrates that the contribution of
autochthonous DOM is largely varied in lakes and oceans: it reaches 0-55 % in
Lake Hongfeng (181-250 uM C at 0-6 m and 161-223 pM C at 22-25 m depth,
respectively, during March—September), 347 % in Lake Baihua (183-264 pM C
at 0-3 m and 157-206 pM C at 14—-15 m during March-September), 6-35 % in
Lake Baikal (93-142 uM C at 0-100 m and 88-105 uM C at 600-720 m during
August—September in 1995, 1998, 1999), 3-82 % in Lake Biwa (93-183 pM C
at 2.5-10 m and 78-101 uM C at 70 m during May—September in 1999-2002),
2149 % in Lake Ashino in Japan (99-111 pM C at 0-10 m and 74-84 uM C at
30-38 m in September 1997), 81-102 % in Lake Ikeda in Japan (101-112 pM C
at 0—10 m and 55-56 pM C at 200-233 m for site 11; at 41 m for site 12 in
October 1997), 52 % in Lake Suwa in Japan (216 wM C at 0 m in September and
142 uM C at 0 m in December 1997), 61-81 % in Lake Inawashiro in Japan (42—
47 uM C at 0-10 m and 26 wM C at 70 m), 13-29 % in Lake Fuxian (123-135
uwM C at 0-10 m and 95-105 uM C at 50-140 m in June 2001), 19 % in Lake
Hovsgol (95 uM C at 0 m and 80 pM C at 50-200 m in July 1999), 0-88 % in
Lake Kinneret (270-485 pM C at 0—10 m and 258-368 wM C at 38 m during the
summer period in 2004), 1741 % in Lake Peter (data not shown), 11-29 % (bio-
logical production) in Lake Bret, 0-104 % in Middle Atlantic Bight (82-98 pM C
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at 0 m and 48-90 uM C at 90-2600 m in June 2001), 16-77 % in Western North
Pacific (85-117 uM C at 0 m and 66-73 uM C at 150 m), 0-194 % in Atlantic
Ocean (50-97 uM C at <100 m and 33-59 pM C at >1000 m), 0-165 % in
Pacific Ocean (40-90 uM C at <100 m and 34-45 uM C at >1000 m), 28-121 %
in Indian Ocean and Arabian Sea (55-95 pM C at <100 m and 43 pM C at
>1000 m), 0-121 in Antarctic Ocean (38-75 pM C at <100 m and 34-60 uM C
at >1000 m), as well as 0—118 % in Arctic Ocean (34—107 uM C at <100 m and
49-54 pM C at >1000 m) (Mostofa et al. 2005a, 2009a; Fu et al. 2010; Ogawa
and Tanoue 2003; Ogawa and Ogura 1992; Wilkinson et al. 1997; Mitra et al.
2000; Yoshioka et al. 2002a; Hayakawa et al. 2003, 2004; Annual Report 2004;
Bade 2004; Sugiyama et al. 2004).

The contribution of extracellular release of photosynthetically-derived DOM
varies from 5 to 70 % in natural waters (Lancelot 1979; Fogg 1983; Connolly
et al. 1992). The autochthonous production is significantly higher in oceans with
a high water temperature (WT) than in those with a low water temperature, par-
ticularly in the Arctic Ocean. The key contributors to autochthonous DOM in
natural waters as well as in sediment pore waters are considered to be phyto-
plankton or algal biomass, bacteria, coral, coral reef, submerged aquatic vegeta-
tion, krill (shrimp-like marine crustaceans), seagrass, and marsh- and mangrove
forest (Mostofa et al. 2009a, b; Zhang et al. 2009; Li et al. 2011; McKnight et al.
1991, 1993, 1994, 2001; Tanoue et al. 1995, 1996; Fukuda et al. 1998; Nelson et
al. 1998, 2004; Tanoue 2000; Kahru and Mitchell 2001; Ogawa et al. 2001; Hata
et al. 2002; Rochelle-Newall and Fisher 2002a, b; Burdige et al. 2004; Cammack
et al. 2004; Steinberg et al. 2004; Wild et al. 2004; Yamashita and Tanoue 2004;
Biers et al. 2007; Chen et al. 2007; Vantrepotte et al. 2007; Wada et al. 2007,
Wang et al. 2007; Hanamachi et al. 2008; Henderson et al. 2008; Tanaka et al.
2008; Tzortziou et al. 2008; Ortega-Retuerta et al. 2009; Tranvik et al. 2009).
These studies demonstrate that autochthonous DOM is produced from POM by
several processes such as photoinduced and microbial respiration (or assimilation),
zooplankton grazing, bacterial release and uptake, viral interactions, and complex
microbial processes in sediment pore waters.

3.2.1 Respiration or Assimilation of Algae or Phytoplankton
Species and Bacteria

Algae or phytoplankton biomass and bacteria can release new DOM in natu-
ral waters by two key processes: first, photoinduced respiration or assimilation
of algae or phytoplankton biomass and bacteria, which can produce new DOM
(Mostofa et al. 2005a, 2009b, 2011; Rochelle-Newall and Fisher 2002a; Varela
et al. 2003; Aoki et al. 2008; Biddanda and Benner 1997; Hulatt et al. 2009).
Second, microbial respiration or assimilation of algae or phytoplankton and bac-
teria, which can release the new DOM in natural waters (Mostofa et al. 2009a, b,
2011; Parlanti et al. 2000; Zhang et al. 2009; Fu et al. 2010; McKnight et al. 1991,
1994, 2001; Nelson et al. 2004; Rochelle-Newall and Fisher 2002a; Cammack
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et al. 2004; Yamashita and Tanoue 2004, 2008; Wada et al. 2007; Hanamachi et al.
2008; Ortega-Retuerta et al. 2009; Aoki et al. 2008; Biddanda and Benner 1997,
Hulatt et al. 2009; Bertilsson and Jones 2003; Chen and Gardner 2004; Stedmon
and Markager 2005a; Stedmon et al. 2007a, b; Wetz and Wheeler 2007; Zhao et al.
2009).

Re-suspension of algae or phytoplankton in ultrapure water (Milli-Q), arti-
ficial sea water and natural waters can release new organic compounds, either
under irradiation or under dark incubation. These organic substances, produced
either under irradiation (Fig. la) or in the dark (Fig. 1b, c) show fluorescence
(excitation-emission matrix, EEM) properties. The EEM spectra of autochtho-
nous DOM (Fig. la, b) are roughly similar to those of allochthonous fulvic acid
and show two fluorescence peaks at peak C- and A-regions (Fig. 1d). In contrast,
they are different from allochthonous humic acids that show more than two peaks
at peak C-region (Fig. 1f). Based on the similarities of the EEM spectra, the key
component of autochthonous fluorescent DOM is defined as “autochthonous ful-
vic acid (C-like)” of algal or phytoplankton origin. The other component (Fig. 1c)
is defined as “autochthonous fulvic acid (M-like)” of algal or phytoplankton ori-
gin, based on the similarities with the marine humic-like component (Coble 1996,
2007). Identification of autochthonous DOM of algal or phytoplankton origin is

Em wavelength (nm)

ke
100 k1) an =0 00 0 a0

Ex wavelength (nm)

Fig. 1 Comparison of the fluorescent components of autochthonous fulvic acid (C-like) pro-
duced under microbial respiration of lake algae (a), autochthonous fulvic acid (C-like) under
photorespiration or assimilation of algal biomass (b) and autochthonous fulvic acid (M-like)
under microbial respiration of algae (c¢) with aqueous samples of standard Suwannee River Ful-
vic Acid (d) and Suwannee River Humic Acid (e) identified using PARAFAC modeling on the
EEM spectra of their respective samples. Data source Mostofa KMG et al., (unpublished data)
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discussed extensively in the FDOM chapter (see chapter “Fluorescent Dissolved
Organic Matter in Natural Waters”). Note that “autochthonous fulvic acids” of
algal or phytoplankton origin are newly termed in this study for mostly two rea-
sons: first, to distinguish and generalize between all freshwaters and marine
waters; second, because of the confusion in different studies that use several
names such as marine humic-like (Coble 1996, 2007), sedimentary fulvic acids
(Hayase and Tsubota 1983), microbially derived fulvic acids or marine fulvic
acids (McKnight et al. 1991, 1994; Harvey and Boran 1985; Meyers-Schulte and
Hedges 1986).

DOM is produced significantly by eleven species of intertidal and sub-tidal
macroalgae when they are illuminated, providing evidence for a light-driven exu-
dation mechanism (Hulatt et al. 2009). The contribution of the released DOC
has been detected as 6.4 and 17.3 % of the total organic carbon in cultures of
Chlorella vulgaris and Dunaliella tertiolecta, respectively, upon light exposure
(Hulatt and Thomas 2010). DOM can support a significant growth of bacterial bio-
mass, representing a further loss of algal assimilated carbon in water (Hulatt and
Thomas 2010). Dissolved combined amino acids, middle-reach peaks of particu-
late amino acids and non-protein amino acids are often decreased in downstream
rivers, which is likely the result of photoinduced degradation of DOM and algae
(Duan and Bianchi 2007).

On the other hand, the key processes of autochthonous DOM release by micro-
bial respiration of algae or phytoplankton biomass in waters are presumably the
extracellular release by living cells, cell death and lysis, or herbivore grazing
that may occur in the deeper waters of rivers, lakes and oceans (Mostofa et al.
2009a; Tanoue 2000; Tranvik et al. 2009; Hulatt et al. 2009). In fact, bacteria play
a specific role in subsequent processing of the DOM released by algae in natu-
ral water (Nelson et al. 1998, 2004; Rochelle-Newall and Fisher 2002a; Cammack
et al. 2004; Biers et al. 2007; Ortega-Retuerta et al. 2009). Cultivation of three
kinds of phytoplankton (green algae Microcystis aeruginosa and Staurastrum dor-
cidentiferum and dark-brown whip-hair algae Cryptomonas ovata collected from
lake waters) shows that fulvic acid-like and protein-like fluorescent components
are released when they are cultivated under a 12:12 h light/dark cycle in a MA
medium and an improved VT medium at 20 °C (Aoki et al. 2008). This study
implies that the increase of the refractory organic matter in lake waters may be
attributed to a change of the predominant phytoplankton. Similarly, cultivation of
three kinds of phytoplankton (Prorocentrum donghaiense, Heterosigma akashiwo
and Skeletonema costatum collected from sea water) can produce visible humic-
like (C-like and M-like) and protein-like or tyrosine-like components in waters
(Zhao et al. 2006a, 2009).

Releases of DOM by eleven species of intertidal and sub-tidal macroal-
gae in the dark account for 63.7 % of that in the light in the UV-B band (Hulatt
et al. 2009). Some brown algae can produce considerably less DOM (e.g. Pelvetia
canaliculata), which are more comparable to the green and red species (Hulatt
et al. 2009). It is shown that thin, subsurface DOM maxima are observed below
the plume during the highly stratified summer period but are absent in the spring,
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which is the strong evidence of significant in situ biological production of CDOM
in natural waters (Chen and Gardner 2004).

Incubation of coastal seawater in the presence of model (DON: amino sug-
ars and amino acids) and DIN compounds shows that net biological DOM for-
mation occurs upon addition of amino sugars (formation of fluorescent, mostly
labile DOM) and tryptophan (formation of non-fluorescent, refractory DOM)
(Biers et al. 2007). Similarly, natural assemblages of marine bacteria can rap-
idly produce refractory material (in <48 h) utilizing labile compounds (glucose,
glutamate), as observed in a laboratory experiment (Ogawa et al. 2001). On the
other hand, photoinduced formation of DOM is only detected when tryptophan
is added to the water (Biers et al. 2007). This CDOM is highly fluorescent, with
excitation-emission matrices (EEMs) resembling those of terrestrial, humic-like
fluorophores (Biers et al. 2007). The bulk particulate organic carbon (POC) dur-
ing the decomposition process of freshwater or marine algae and phytoplank-
ton is significantly decreased during the first few days. It subsequently remains
almost constant (Zhang et al. 2009; Hanamachi et al. 2008; Matsunaga 1981;
Fukami et al. 1985; Osinga et al. 1997; Fujii et al. 2002). The carbohydrate con-
tents of both the particulate and dissolved pools are increased during the phy-
toplankton growth cycle, accounting for 18-45 % and 26-80 % of total organic
carbon (TOC), respectively, in natural waters (Biddanda and Benner 1997).
Photoreactions driven by UV-B can reduce the microbial availability of certain
organic substrates such as peptone and algal exudates (Morris and Hargreaves
1997; Thomas and Lara 1995; Naganuma et al. 1996). This phenomenon can be
caused by light-induced cross-linking between DOM and algal exudates (Morris
and Hargreaves 1997).

LMW organic acids are presumably formed by four major processes (Lovley
et al. 1996; Xiao and Wu 2011; Wetzel et al. 1995; Smith and Oremland 1983;
Kieber et al. 1990; Corin et al. 1996; Janczarek et al. 1997; Evans 1998; Bertilsson
et al. 1999; Tedetti et al. 2006; Lu et al. 2007; Xiao et al. 2009, 2011): first, pho-
toinduced decomposition of allochthonous and autochthonous DOM in surface
waters; second, photoinduced and microbial respiration or assimilation of algae or
phytoplankton biomass in natural waters; third, conversion of anaerobic organic
substances (carbohydrates, fats, proteins, etc.) into CHy and CO; in pore waters or
soil ecosystems; and fourth, root exudations of plants or plant—microbe associa-
tions (e.g. Rhizobium symbiosis with leguminous roots).

A number of factors can influence the DOC release by algae or phytoplank-
ton and bacteria in waters, which can be distinguished as: (i) occurrence of the
phytoplankton species and their contents; (ii) water quality; (iii) presence of
nutrients; (iv) effect of UV and PAR; (v) water temperature; (vi) occurrence of
microbes; (vii) metabolic abilities or inabilities and so on (Norrman et al. 1995;
Mostofa KMG et al., unpublished data; Lancelot 1979; Fogg 1983; Nelson et al.
1998, 2004; Rochelle-Newall and Fisher 2002a, b; Cammack et al. 2004; Biers
et al. 2007; Ortega-Retuerta et al. 2009; Hulatt et al. 2009; Zhao et al. 2006a,
2009; Williams 1990, 1995; Obernosterer and Herndl 1995; Anderson and
Williams 1998; McCallister et al. 2004).
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3.2.2 Photosynthesis

Photosynthesis is the key process for the formation of organic carbon or OM
(e.g. algae or cyanobacteria, phytoplankton, etc.) through light-stimulated inor-
ganic carbon acquisition in surface waters (Mostofa et al. 2009a; Komissarov
1994, 1995, 2003; Li et al. 2011; Li 1994; Zubkov and Tarran 2008; Beardall
et al. 2009a, b; Wu and Gao 2009; Liu et al. 2010). Photosynthetic organisms are
then able to produce autochthonous DOM via photoinduced respiration (or pho-
toinduced assimilation) and microbial respiration or assimilation in natural waters
(Mostofa et al. 2009b; Zhang et al. 2009; Conrad 1999; Weiss et al. 1991; Harvey
et al. 1995; Fu et al. 2010; Thomas and Lara 1995; Druon et al. 2010; Yamashita
et al. 2008). A new hypothesis on photosynthesis also considers that HyO» might
be involved in the occurrence of oxygenic photosynthesis in both higher plants
(Komissarov 1994, 1995, 2003; Miller and Moran 1997) and natural water organ-
isms (Mostofa et al. 2009a, b). Occurrence of photosynthesis in natural waters
includes two facts: the first is the generation of numerous chemical species from
DOM, which may proceed as follows: (i) photoinduced degradation of DOM can
produce many photoproducts, such as H,O,, CO,, DIC, CO, LMW DOM, and
so on in upper surface waters (Mostofa and Sakugawa 2009; Miller and Zepp
1995; Miller 1998; Johannessen and Miller 2001; Ma and Green 2004; Xie et al.
2004; Johannessen et al. 2007; Salonen and Vihitalo 1994; Amon and Benner
1996; Granéli et al. 1996; Remington et al. 2011; Zepp et al. 1998; Cai et al. 1999;
Gennings et al. 2001; Clark et al. 2004; Fichot and Miller 2010; White et al. 2010;
Cai 2011); (ii) microbial degradation of DOM including DON and DOP can pro-
duce compounds such as H>O,, CO,, DIC, PO43_, NH4+, CHy, LMW DOM and
so on (Mostofa and Sakugawa 2009; Zhang et al. 2004; Vihitalo and Jirvinen
2007; Lovley et al. 1996; Ma and Green 2004; Palenik and Morel 1988; Li et al.
2011; Zinder 1990; Kotsyurbenko et al. 2001; Zagarese et al. 2001; Semiletov
et al. 2007). Many of these compounds can favor the occurrence of photosynthe-
sis either directly or indirectly and lead to fixation of organic carbon or OM from
inorganic carbon in surface waters (Mostofa et al. 2009a; Komissarov 1994, 1995,
2003; Miller and Moran 1997; Li et al. 2011; Ortega-Retuerta et al. 2009; Li 1994;
Zubkov and Tarran 2008; Beardall et al. 2009a, b; Wu and Gao 2009; Liu et al.
2010).

A general scheme for the photoinduced (Eq. 3.1) and microbial or biological
(Eq. 3.2) degradation of DOM can be expressed as follows (Mostofa et al. 2009a, b):

DOM + hv — H,0,+ CO, + DIC + CO + LMWDOM  (3.1)

DOM + microbes — CO, + DIC + PO4*~ +NHyT + CH; + LMW DOM
(3.2)

The second fact is that HyO, and CO», produced by either photoinduced or
microbial degradation of DOM and POM can take part to photosynthesis, to form
new OM or carbohydrate-type compounds (Mostofa et al. 2009a, b):
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xCOxH,0) + YH2021,0) + hv — C,(H20), + 0, + E (%) (3.3)

2H,0; + hv — 2H,0 4+ O, 3.4)

where C,(H>O), represents a generic carbohydrate (Eq. 3.3). According to this
hypothesis, H>O; acts together with carbon dioxide (CO,) to form carbohydrates
and oxygen (Eq. 3.3). The formation of oxygen occurs via H,O» disproportiona-
tion (Eq. 3.4) that is a common conversion reaction of H,O» in water ecosystems
and the atmosphere (see the photosynthesis chapter for detailed description for
these reactions) (Liang et al. 2006; Buick 2008). In Eq. (3.3), E (&) is the energy
produced during photosynthesis.

Currently, model results imply that the progressive release of DON in
the ocean’s upper layer during summer increases the primary production by
30-300 %. This will in turn enhance the DOC production mostly from phyto-
plankton exudation in the upper layer and the solubilization of POM deeper in
the water column (Druon et al. 2010). Experimental studies observe that both the
quantity and the spectral quality of DOM produced by bacteria can be influenced
by the presence of photoproducts in aqueous media (Ortega-Retuerta et al. 2009).
Photosynthetically produced POM (algae or phytoplankton) and their photo- and
microbial respirations are significantly influenced by several key factors, such as
chemical nature and contents of DOM (Jones 1992; Hessen 1985; Tranvik and
Hafle 1987; Tranvik 1989); high precipitation (Freeman et al. 2001a; Tranvik and
Jasson 2002; Hejzlar et al. 2003; Zhang et al. 2010); land use changes that cause
high transport of DOC from catchments to adjacent surface waters (Worrall et al.
2004a; Raymond and Oh 2007); nitrogen deposition (Pregitzer et al. 2004; Findlay
2005); sulfate (SO4>~) deposition (Zhang et al. 2010; Evans et al. 2006; Monteith
et al. 2007); droughts and alteration of hydrologic pathways (Hongve et al. 2004;
Worrall and Burt 2008); changes in total solar UV radiation or an increase in tem-
perature due to global warming (Freeman et al. 2001a; Zhang et al. 2010; Sinha
et al. 2001; Sobek et al. 2007; Rastogi et al. 2010).

Finally, H,O» can react with CO, under abiotic conditions to produce vari-
ous organic substances (CH,O, HCOOH, CH30H, CH4, CsH20¢; Eqgs. 3.5-3.9,
respectively) in aqueous solution (Lobanov et al. 2004). The reactions between
H>0, and CO;, as well as their thermodynamic parameters such as enthalphy
changes (AHY) and the Gibbs free energy changes (AGY) are as follows (Lobanov
et al. 2004):

H,0, + CO; — CH,0 + 3/20, (3.5)

AH® = 465k] , AGY = 402kJ

H,0, + CO, — HCOOH + O, (3.6)

AH® = 172kJ , AG? = 166kJ
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2H,0, + CO, — CH30H + 5/20, (3.7)
AH? = 530kJ , AG® = 464kJ
2H,0, + CO, — CH4 + 30, (3.8)

AH® = 694kJ , AGY = 580kJ
H>O0; + COy — 1/6CeH 1206 + 3/20, (3.9)
AH? = 426kJ

3.3 DOM Derived from Anthropogenic and Human Activities

Organic pollutants derived from sewerage and from domestic, agricultural and
industrial effluents significantly contribute to increase the concentration levels
of DOM in natural waters (Fu et al. 2010; McCalley et al. 1981; Silberhorn et al.
1990; Kramer et al. 1996; Mudge and Bebianno 1997; Manoli and Samara 1999;
Abril et al. 2002; Newton et al. 2003; Mostofa et al. 2005b, 2010; Richardson
2003, 2007; Mottaleb et al. 2005, 2009; Mudge and Duce 2005; Richardson
and Ternes 2005, 2011; Buser et al. 2006; Field et al. 2006; Lishman et al. 2006;
Rudel et al. 2006; Xia et al. 2006; Brown et al. 2007; Schmid et al. 2007; Farré
et al. 2008; Kinney et al. 2008; Guo et al. 2009; Ramirez et al. 2009; Citulski and
Farahbakhsh 2010; Kumar and Xagoraraki 2010; Pal et al. 2010; Yoon et al. 2010;
Kleywegt et al. 2011; Yu et al. 2011). The organic matter pollution is an important
problem in both developed and developing countries through input of untreated
sewerage and industrial effluents into natural waters. However, its impacts may be
much worse in developing countries due to the lack of sewerage treatment and of
industrial effluent treatment plants. The occurrence of DOM derived from anthro-
pogenic and human activities is gradually increasing because of the increasing dif-
fusion of domestic, agricultural and industrial activities. Some components of
sewerage-impacted DOM are made up of detergents or fluorescent whitening
agents (FWAs), including mostly diaminostilbene type (DAS1) and distyryl biphe-
nyl (DSBP), protein-like components, sterols, and unknown organics (McCalley
et al. 1981; Mudge and Bebianno 1997; Mostofa et al. 2005b, 2010; Mudge and
Duce 2005). The organic components originating from agricultural wastes are pesti-
cides, herbicides, dichlorodiphenyltrichloroethane (DDT) and their degradation prod-
ucts (Richardson 2007; Guo et al. 2009; Derbalah et al. 2003; Medana et al. 2005).
Recent studies show that emerging organic contaminants such as pharmaceuti-
cals and personal care products (PPCPs) are a ubiquitous class of organic chemi-
cals of considerable concern for natural waters, and will be discussed in details
later. Wastewater-derived organic compounds can produce three major types
of toxic byproducts such as trihalomethanes (THMs), N-nitrosodimethylamine
(NDMA) and organic chloramines. These compounds may be formed either upon
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chlorination or in conventional and advanced wastewater treatment plants (Scully
et al. 1988; Jensen and Helz 1998; Jameel and Helz 1999; Mitch et al. 2003).

4 Contribution of Organic Substances to DOM
in Natural Water

The contributions of major organic substances in streams and rivers to the total
DOM pool are 20-85 % of humic substances, of which 15-80 % fulvic acid and
5-29 % humic acid (the ratio of fulvic acid to humic acid is 9:1 for lower stream
DOC and it decreases to 4:1 or less for higher stream DOC), 10-30 % of carbo-
hydrates, 2—48 % of dissolved amino acids, organic acids or hydrophilic acids
(9-25 %), autochthonous fulvic acids of phytoplankton or algal origin (or marine
humic-like: see Sect. 3.2 and also FDOM chapter for detailed description), organic
acids, organic peroxides (ROOHSs), sterols; organic contaminants of anthropo-
genic origin and so on (Mostofa et al. 2009a; Malcolm 1985, 1990; Bertilsson
et al. 1999; Lu et al. 2007; Wetzel and Manny 1972; Meybeck 1982; Meyer and
Tate 1983; Ittekkot et al. 1985; Thurman 1985b; Meyer 1986; Tipping et al. 1988;
Lewis and Saunders 1989; Peuravuori 1992; Hedges et al. 1994; Eatherall 1996;
Volk et al. 1997; Kusel and Drake 1999; Peuravuori and Pihlaja 1999; Alberts and
Takécs 1999; Ma et al. 2001; Raymond and Bauer 2001a; van Hees et al. 2002;
Nagai et al. 2005; Mostofa 2005; Guéguen et al. 2006). Hydrophilic acids gener-
ally include amino acids, proteins, carbohydrates and free sugars. The contribu-
tion of humic substances (hydrophobic acids) in groundwater is approximately
12-98 % (1-80 % of fulvic acid and 2-97 % of humic acid), and the contribu-
tion of hydrophilic fractions is 1-82 % (Buckau et al. 2000; Bertilsson et al. 1999;
Peuravuori and Pihlaja 1999; Leenheer et al. 1974; Thurman 1985c; Ford and
Naiman 1989; Schiff et al. 1990; Wassenaar et al. 1990; Malcolm 1991; Grén et al.
1996; Christensen et al. 1998; Mclntyre et al. 2005; Mladenov et al. 2008). These
studies observe high variation in the contribution of humic substances from stream
(source) to the end of river mouths. The main reasons are the mixing up of vari-
ous sources of water in the downstream locations as well as the photoinduced and
microbial changes during transportation.

In lakes the contributions of humic substances (fulvic and humic acids) account
for 14-90 % of total DOM (14-70 % of fulvic acid and 0-22 % of humic acid);
the DOM pool is also made up of ~12-60 % of autochthonous fulvic acids (see
FDOM chapter for detailed description) of algal or phytoplankton origin; of car-
bohydrates for 1-65 %; of amino acids, proteins and organic acids that together
account for 10-33 % of total DOM; of organic acids (2.5-7.5 %, but 0-11 %
in pore water); sterols; algal toxins, organic contaminants of anthropogenic
origin and so on (Mostofa et al. 2009a, b; Parlanti et al. 2000; Xiao and Wu
2011; Wilkinson et al. 1997; McKnight et al. 1991, 1994, 1997; Xiao et al. 2009,
2011; Thurman 1985b; Peuravuori 1992; Peuravuori and Pihlaja 1999; Ma et al.
2001; Nagai et al. 2005; Schiff et al. 1990; Steinberg and Muenster 1985; Hama
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and Handa 1987; Baron et al. 1991; Sgndergaard and Middelboe 1995; Reitner et
al. 1997; Malcolm and MacCarthy 1992; Imai et al. 1998; Rosenstock and Simon
2001; Frimmel 2004; Hayakawa 2004; Sugiyama et al. 2005). Biomolecules (e.g.
carbohydrates and proteins) as well as organic acids account for approximately
70 % of high molecular weight (HMW) DOM, and only for approximately 2 %
of (LMW) DOM in lake water (Hama and Handa 1992). These studies also show
that allochthonous fulvic acids in lakes are largely varied during the summer and
winter season, with winter maxima and summer minima. Their total content is also
low in algal-dominated lakes.

The percentages of major organic substances in bulk DOM in shelf, coastal
and open ocean are: 1-75 % of allochthonous fulvic acids of terrestrial origin;
5-10 % of autochthonous fulvic acids (or marine humic-like: see Sect. 3.2 and
also FDOM chapter for detailed description) of algal or phytoplankton origin;
10-80 % of carbohydrates (~25 % in deeper layers); 10-28 % of amino acids,
proteins and lipids taken together (amino acids alone account for 7 %); organic
acids; organic peroxides (ROOH); sterols; algal toxins, and so on (Mostofa et al.
2009a, b; Coble 1996, 2007; Zhang et al. 2009; Bronk 2002; Ogawa and Tanoue
2003; Ogawa et al. 2001; Biddanda and Benner 1997; Harvey and Boran 1985;
Meyers-Schulte and Hedges 1986; Druon et al. 2010; Richardson 2007; Thurman
1985b; Alberts and Takacs 1999; Ma et al. 2001; Beck et al. 1974; Stuermer and
Harvey 1977; Gagosian and Stuermer 1977; Burney et al. 1982; Thurman and
Malcolm 1983; Romankevich 1984; Williams and Druffel 1987; Moran et al.
1991; Moran and Hodson 1994; Pakulski and Benner 1994; McCarthy et al. 1996;
Opsahl and Benner 1997; Gasparovic et al. 1998; Kirchman et al. 2001; Aluwihare
et al. 2002; Benner and Kaiser 2003; Yamashita and Tanoue 2003). The con-
tributions of allochthonous humic substances in shelf seawater are 11-75 %, of
which around 38 % of marsh origin and 62 % of river origin (Moran and Hodson
1994). Carbohydrates can comprise 10-70 % of the organic matter in the plankton
cell (Romankevich 1984) and are presumably released directly to the water col-
umn by algae or phytoplankton under photo- and microbial respiration (Mostofa
et al. 2009b; Zhang et al. 2009; Hellebust 1965; Ittekkot et al. 1981; Mopper et
al. 1995; Cowie and Hedges 1994, 1996). Carbohydrates (originally polysaccha-
rides) make up approximately 15-60 % of marine HMW DOM (Druon et al. 2010;
Burney et al. 1982; Romankevich 1984; Pakulski and Benner 1994; McCarthy et
al. 1996). Carbohydrates also account for ~5-20 % of particulate material in sea-
water (Pakulski and Benner 1994; Tanoue and Handa 1987; Hernes et al. 1996;
Panagiotopoulos et al. 2002). Autochthonously produced carbohydrates, proteins
and lipids are vital biochemical organic groups that together constitute approxi-
mately 10-80 % of organic carbon and 15-50 % of the nitrogen assimilated dur-
ing photosynthesis by phytoplankton in natural waters (Sundh 1992; Bronk et al.
1994; Braven et al. 1995; Malinsky-Rushansky and Legrand 1996; Wakeham et al.
1997; Slawyk et al. 1998).

The main organic substances in rainwater are hydrophobic DOM (major frac-
tion; ~<50 %), including allochthonous humic substances (fulvic and humic acids)
or marine humic-like substances, hydrophilic DOM (major fraction; ~>50 %),
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including organic acids (~14-40 %) such as acetic and formic acid, dicarboxylic
acids (~<6 %, including oxalic, succinic, malonic and maleic acids), pyruvic acid
(~<1 %), amino acids (~2 %) including tryptophan-like and tyrosine-like compo-
nents, formaldehyde (~2-8 %), acetaldehyde (~5 %), organic peroxides (ROOHs:
see chapter “Photoinduced and Microbial Generation of Hydrogen Peroxide and
Organic Peroxides in Natural Waters” for detailed description) (McDowell and
Likens 1988; Hellpointner and Gib 1989; Hewitt and Kok 1991; Guggenberger
and Zech 1993; Sakugawa et al. 1993; Sempéré and Kawamura 1994; Chebbi and
Carlier 1996; Williams et al. 1997; Willey et al. 2000, 2006; Ciglasch et al. 2004;
Avery et al. 2006; Kieber et al. 2006; Muller et al. 2008; Miller et al. 2008, 2009;
Santos et al. 2009a, b; Southwell et al. 2010; Zhang et al. 2011; Nichols and Espey
1991; Brassell et al. 1980; Sargent et al. 1981). These studies also show that rainwa-
ter mostly consists of low molecular weight organic substances, having MW < 1000
Dalton. Note that factors such as wind speed, storm trajectory and rainwater volume
can influence DOM contents in rainwater. The relative importance of these factors
depends on the sources of the rainwater constituents (Miller et al. 2008).

The contribution of allochthonous fulvic and humic acids is significantly high
in source waters (streams and rivers), then their contributions decrease during the
flow into the downward water ecosystem (lakes, estuaries and oceans) because of
three major processes: first, photoinduced and microbial degradation; second, dilu-
tion of the source waters with other water bodies; third, high contents of autoch-
thonous DOM can decrease the relative contribution of allochthonous fulvic and
humic acids in stagnant waters, particularly in lakes, estuaries and oceans.

On the other hand, the contribution of autochthonous DOM including autoch-
thonous fulvic acids of algal or phytoplankton origin, carbohydrates, proteins,
amino acids, lipids, organic acids etc. is relatively low in source waters, but sig-
nificantly high in lakes and oceans. Autochthonous production of DOM is typi-
cally detected in the epilimnion of lake and ocean during the stratification period.
A rough estimate shows that the contribution of autochthonous DOM is 0-102 %
in lakes and 0-194 % in oceans, which has been discussed in earlier section
(Mostofa et al. 2009a; Wigington et al. 1996; Fu et al. 2010; Ogawa and Tanoue
2003; Ogawa and Ogura 1992; Mitra et al. 2000; Yoshioka et al. 2002a; Hayakawa
et al. 2003, 2004; Annual Report 2004; Bade 2004; Sugiyama et al. 2004).

The sterol biomarkers used for identifying DOM sources in water are terrestrial
(b-sitosterol and ergosterol), sewage (5Sb-coprostanol and epi-coprostanol), phy-
toplankton (cholest-5,22-dien-ol, brassicasterol, dinosterol), and marine markers
(cholesterol) (McCalley et al. 1981; Mudge and Bebianno 1997; Mudge and Duce
2005; Nichols and Espey 1991). Long-chain C22-C30 alkanols are generally con-
sidered to originate from terrestrial plants, while short-chain alkanols have unspec-
ified marine, terrestrial and bacterial origins (Brassell et al. 1980; Sargent et al.
1981). From the above contributions to the DOM composition in various sources
of waters, it is evidenced that, on average, approximately 80-90 % of bulk DOM
in streams, rivers, lakes and oceans is specifically identified as allochthonous ful-
vic and humic acids, autochthonous fulvic acids, carbohydrates, proteins, lipids,
amino acids, fatty acids, sterols, and organic acids.
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4.1 Physical and Chemical Properties of DOM

Naturally-originated organic compounds such as humic substances (fulvic and
humic acids) of terrestrial plant origin, autochthonous DOM of algal or phyto-
plankton origin, proteins, amino acids, peptides and polysaccharides exhibit,
to varying degrees, several major properties (Mostofa et al. 2009a, b; Malcolm
1985; Xue et al. 1995; Mandal et al. 1999; Filella 2008). They are: (i) physically
heterogeneous; (ii) polyfunctional, due to the existence of a variety of functional
groups and the presence of a broad range of functional reactivity; (iii) polyelec-
trolytical, with high electric charge density due to the presence of a large number
of dissociated functional groups; (iv) structurally labile, because of their capacity
to associate intermolecularly and to change molecular conformation in response
to changes in pH, pE, ionic strength, trace metal binding, and so on; (v) polydis-
perse in size.

Water Color:

The yellow color in natural waters is due to the occurrence of humic sub-
stances (fulvic and humic acid) and of autochthonous fulvic acids (C-
and M-like) of algal or phytoplankton origin, which absorb light in the blue
and ultraviolet (Kalle 1966; Jerlov 1968). These substances were formerly
referred to collectively as yellow substances or gelbstoff (Kirk 1976; Kalle
1966). Water color is generally related to the occurrence and contents of these
substances in natural waters (Eloranta 1978; Jones and Arvola 1984). Ocean
color is an important feature of water that was recently determined using
remote sensing applications (Hopkinson et al. 2002; Morel et al. 2007; Morel
and Gentili 2009; Van der Woerd et al. 2011; Volpe et al. 2011; Son et al.
2011). It is mostly due to the effect of autochthonous fulvic acids of algal or
phytoplankton origin as well as partly to allochthonous fulvic and humic acids
(humic substances). A recent study has shown that autochthonous fulvic acids
(C-like and M-like) of lake algal origin under dark incubation can exhibit yel-
low color (Mostofa et al. 2009b). Note that autochthonous fulvic acids (C-like
and M-like) are characterized based on their similar fluorescence properties
to allochthonous fulvic acids (C-like and M-like), which will be discussed
in detail in the FDOM chapter (see chapter “Fluorescent Dissolved Organic
Matter in Natural Waters™).

Attenuation of Spectral UV Irradiance

DOM is the key factor that controls the downward irradiance flux through the
water column of UV-B (280-320 nm), UV-A (320-400 nm), total UV (280-
400 nm) and photosynthetically available radiation (PAR, 400-700 nm) (Kirk
1976; Morris et al. 1995; Siegel and Michaels 1996; Morris and Hargreaves 1997,
Tranvik 1998; Bertilsson and Tranvik 2000; Laurion et al. 2000; Markager and
Vincent 2000; Huovinen et al. 2003; Sommaruga and Augustin 2006; Hayakawa
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and Sugiyama 2008; Effler et al. 2010). These studies show that UV-B penetration
depths vary from only a few centimeters in highly humic lakes to dozens of meters
in the oceans, due to variation in DOM contents. It is also observed that 99 % of
the UV-B radiation is attenuated in an approximately 0.5-m water column in the
clearest lake for DOC ranging from 408 to 725 wM C and for chlorophyll a rang-
ing from 1.6 to 16 pg L™! (Huovinen et al. 2003). In the UV-A region at 380 nm,
the corresponding attenuation is limited to the upper one meter.

The absorption coefficients predict that, in a small humic lake (DOC 1100-
1242 pM C), UV-B radiation is attenuated to 1 % of the subsurface irradi-
ance within the top 10 cm water column, whereas UV-A radiation (at 380 nm)
penetrates more than twice as deep (maximum 25 cm) (Huovinen et al. 2003).
However, in clear lakes with low DOC concentration the contribution of phyto-
plankton to UV attenuation can be significant (Sommaruga and Psenner 1997).
Any enhancement of photoinduced degradation of DOC by UV radiation and
acidification can substantially increase the UV transparency in lakes (Morris and
Hargreaves 1997; Vione et al. 2009; Schindler et al. 1996; Yan et al. 1996; Scully
et al. 1997). The consequence is an enhanced penetration of UV radiation into the
water column, which can significantly damage aquatic biota. DOM is thus respon-
sible for UV attenuation in the water column and for the related protection of
aquatic organisms in natural waters.

Aggregation of DOM

Aggregation of fulvic and humic acid (humic substances) can occur at the intra-
molecular (involving a single polymer molecule) or intermolecular (involving
multiple chains) levels in aqueous solution (Wershaw 1999; Engebretson and
von Wandruszka 1996; Lippold et al. 2008). The interior of the resulting aggre-
gates is relatively hydrophobic, whilst the exterior is more hydrophilic. They
can exist in a pseudomicellar form or as micelle-like aggregates in solution,
and as membrane-like aggregates on mineral surfaces (Wershaw 1999; Sutton
and Sposito 2005; Piccolo et al. 2001). The results of the chemical analysis of
humic acids isolated from natural environments (water, soil, peat, sediments,
and sludge from wastewater treatment facilities) demonstrate that the per-
centage elemental composition, the contents of carboxylic groups and of aro-
matic phenolic groups is very variable. They range from 33.2 (river) to 60.7 %
(Aldrich) of C; 2.25 (river) to 5.4 % (soil) of H; 0.65 (river) to 3.7 % (peat) of
N; 34.1 (Aldrich) to 63.8 (river) of O; 0.06 (soil) to 0.10 % (sewage sludge) of
S; 1.0 (river) to 8.1 mmol g’l (peat) of carboxylic groups (-COOH), and from
0.36 (bog peat) to 4.4 mmol g~! of phenolic moieties (ArOH) (Klavins and
Purmalis 2010).

Humic acids behave like surface-active substances when they are added to
solutions, which depend on their origin and molecular properties. Therefore, their
surface tension decreases as their concentration increases (Lippold et al. 2008;
Klavins and Purmalis 2010; Wershaw 1993; Engebretson and von Wandruszka
1994; Terashima et al. 2004). Humic acids can be significantly modified in their
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functional groups such as the benzene ring in phenolic structures with the addi-
tion of hydrophilic sulfonic, hydroxyl or trimethylammonium functional groups
(Klavins and Purmalis 2010). This effect can be used for the development of
biopolymers with surfactant properties (Klavins and Purmalis 2010; Heinze and
Liebert 2001). Humic substances might influence plankton food chains in lakes in
two ways (Jones 1992): (i) By altering the physical or chemical environment and
thus modifying autotrophic primary production and the dependent food chains;
and (ii) By acting as a direct carbon/energy source for food chains.

4.1.1 Redox Behavior of Fulvic and Humic Acids

Fulvic and humic acids (humic substances) can act as reductants and oxidants in
aqueous media (Lovley et al. 1996; Richardson 2007; Wilson and Weber 1979; Nash
et al. 1981; Skogerboe and Wilson 1981; Osterberg and Shirshova 1997; Scott et al.
1998; André and Choppin 2000; Steelink 2002; Kuczewski et al. 2003; Shcherbina
et al. 2007). They are capable of reducing Fe’*, Sn*+, V3 and Cr*+. The +1V oxi-
dation states of the redox-sensitive actinides (e.g. Pa, Np, U, Pu) are stabilized by
complexation with fulvic and humic acids. Fulvic and humic acids are thus capable
of detoxifying surface water and soils contaminated with toxic organic and inorganic
chemicals. Some examples are (i) reduction of metals from toxic valence states to
non-toxic states, such as Cr*t to Cr*+, Vot to V4, or UO,2T and UO,OH™ to Ut
(Steelink 2002; Wittbrodt and Palmer 1995; Markich 2002; Freyer et al. 2009); (ii)
reductive cleavage of halogenated hydrocarbons such as trichloroethylene, a common
pollutant in soil and groundwater, which can be degraded to ethylene and hydrochlo-
ric acid (Steelink 2002); (iii) abiotic reduction of mercury in the presence of a com-
peting ion as well as methylation of the carboxylic groups of humic and fulvic acids,
which can consume methylmercury (Allard and Arsenie 1991); and (iv) reduction of
organic nitro groups to amines. For instance, trinitrotoluene (TNT) is reduced to com-
pounds such as aminodinitrotoluene that can form complexes with fulvic and humic
acids (Steelink 2002). Note that TNT is an explosive that can migrate to and pollute
groundwater.

On the other hand, it has also been observed that the functional groups in ful-
vic and humic acids can be oxidized, as is the case of catechol moieties (oxidized
to quinones), aldehydes (to carboxylic acids), alcohols (to aldehydes or carbox-
ylic acids) and so on (Steelink 2002). These redox processes account for the pres-
ence of intermediates such as semiquinones in fulvic and humic acids. A typical
redox process involving fulvic acids (FA) and humic acids (HA) can be depicted
as below (Wilson and Weber 1979; Skogerboe and Wilson 1981):

FAx) + €~ + H" = FAgeq), E° =500 mV (FA) and 700 — 794 mV (HA)
2.1

For instance, SRHA has standard reduction potential E° = 760 £ 6 at pH
5-7. The E° values are variable depending on the pH (Wilson and Weber 1979;
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Skogerboe and Wilson 1981; Matthiesen 1994; Struyk and Sposito 2001). Some
studies also suggest that functional groups such as quinone or quinone-like moie-
ties in fulvic and humic acids are largely responsible for the observed reversible
redox behavior in natural waters (Scott et al. 1998; Tratnyek and Macalady 1989;
Schwarzenbach et al. 1990; Nurmi and GTratnyek 2002; Cory and McKnight
2005; Macalady and Walton-Day 2009). In addition, fulvic and humic acids can
donate electrons photolytically in aqueous media, which can induce the pro-
duction of oxidizing agents such as superoxide ion (O>°”) and hydrogen per-
oxide (H2O») (see detailed description in chapter “Photoinduced and Microbial
Generation of Hydrogen Peroxide and Organic Peroxides in Natural Waters™)
(Mostofa and Sakugawa 2009; Fujiwara et al. 1993; Baxter and Carey 1983).

The presence of diverse functional groups in the molecular structure of ful-
vic and humic acids is responsible for their redox behavior in waters. The redox
behavior of humic acids depends on the redox potential of the aqueous solu-
tions as well as on the complexation capacity with multicharged cations in water
(Osterberg and Shirshova 1997; Struyk and Sposito 2001; Kerndorff and Schnitzer
1980; Zauzig et al. 1993).

4.1.2 Definition and Chemical Nature of Allochthonous Fulvic
and Humic Acids

Allochthonous DOM of vascular plant origin is primarily composed of humic
substances (fulvic and humic acids), which are also termed as hydrophobic acids.
Stream fulvic and humic acid are therefore vital to understand the nature of the
allochthonous DOM, because the chemical composition and optical properties of
these substances are greatly altered photolytically and microbially during their
transportation after leaching from soil into rivers, lakes or oceans.

Allochthonous Fulvic Acids

Allochthonous fulvic acids can be defined as molecularly heterogeneous and
supramolecular, with molecular weight ranging from less than 100 to over 300,000
Daltons and with the largest fractions ranging less than 50,000. They are opti-
cally active, typically refractory to microbial degradation, photolytically reac-
tive, biogenic, and yellow-colored. They are also soluble under all pH conditions
in water (Ma and Ali 2009; Mostofa et al. 2005b, 2007a; MacFarlane 1978; Dai
et al. 1996; McKnight et al. 1988, 2001; Hayase and Tsubota 1983; Frimmel 2004;
Aiken et al. 1985; Aiken and Malcolm 1987; Aiken and Gillam 1989; Amador
et al. 1989; David and Vance 1991; Allard et al. 1994; Hummel 1997; Fimmen
et al. 2007). Allochthonous fulvic acids in surface waters have relatively low
contents of organic N compared to organic C, i.e. a high C:N ratio. This ratio is
in the range ~45-202, and standard SRFA (1S101F and 2S101F) have values of
73-78. Allochthonous fulvic acids also have relatively high contents of O and
organic P, low contents of S, relatively low aromaticity (17-30 % of total C) and
high aliphatic C (63 %) (Malcolm 1985; Wetzel 1983; McKnight et al. 2001;
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Meyers-Schulte and Hedges 1986; Ma et al. 2001; Mclntyre et al. 2005; Frimmel
2004; Aiken and Malcolm 1987; Abbt-Braun and Frimmel 1990; Abbt-Braun et al.
1991; THSS 2011; Senesi 1990).

Allochthonous fulvic acids are supramolecular structures composed of a
variety of functional groups or components such as benzene-containing car-
boxyl groups, ketones, methoxylate and phenolic groups (catechol-type),
carboxylic and di-carboxylic groups, ethers, esters, amides, aliphatic OH, car-
bohydrate OH, -C = C-, hydroxycoumarin-like structures, chromone, xan-
thone, quinones, flavones, O, N, S, and P-atom-containing functional groups
attached to aromatic and aliphatic C, indole groups, degraded lignins, and so on
(Malcolm 1985; Dai et al. 1996; Frimmel 2004; Allard et al. 1994; McKnight
et al. 1988; Leenheer et al. 1995, 1998, 2001; Brown and Rice 2000; Haiber
et al. 2001; Kujawinski et al. 2002; Lambert and Lankes 2002; Cook et al.
2003; Stenson et al. 2003; Leenheer and Croué 2003; Leenheer 2007; Killops
and Killops 1993). Lignins are complex, high-mass, primarily ether-linked
phenylpropanoid biopolymers including only C, H, and O atoms in their molec-
ular structure. They are mostly found in wood cells, whereas the main build-
ing blocks for the phenyl portion of lignins are coumaryl, coniferyl, and sinapyl
alcohols that vary from plant to plant (Helm 2000; Filley et al. 2002; Lewis
and Yamamoto 1990; Christman and Oglesby 1971). The lignin biopolymer
is degraded by fungi and eventually bacteria through different pathways that
include depolymerization, demethylation, side-chain oxidation, and aromatic
ring cleavage (Lewis and Yamamoto 1990; Nelson et al. 1987; Grushnikov and
Antropova 1975; Higuchi 1993; Radnoti de Lipthay et al. 1999; Leonowicz
et al. 2001; Lowe and Bustin 1989).

In humic substances, 60-90 % of the acid groups are carboxylic and the
remainder are phenolic (Leenheer et al. 1995). S-XANES have shown that sulphur
is present in humic substances in many different oxidation states: organic sulfides
(R-S-R), thiol (-SH), di— and polysulfides (R—S—S—R), sulfoxide (R—-SO-R), sul-
fone S compounds (R-SO;-R), sulfonate (HSO3-R), and sulfate esters (HSO4-R)
(Frimmel 2004; McKnight et al. 1988; Morra et al. 1997; Xia et al. 1998, 1999;
Schnitzer and Khan 1978).

Depending on the major elemental composition of C, H, O and N disregarding
S, an average empirical formula for fulvic acid has been considered as C1oH2O9N
(Steelink 2002; Leenheer et al. 1998; Paciolla et al. 1998; Schnitzer 1985). Based
on accurate mass measurements, molecular formulas have been assigned to 4626
individual Suwannee River fulvic acids with molecular masses between 316
and 1098 Da, which led to plausible structures consistent with degraded lignin
(Leenheer and Croué 2003).

Hummel (Fimmen et al. 2007) has shown that a fulvic molecule (i) contains
on average 5.5 mmoles of carboxyl groups per gram, which corresponds to one
carboxylic group per six carbon atoms, or one group per aromatic ring if distrib-
uted evenly; (ii) has an average phenolic group content of 1.2 mol per gram, which
means one phenolic group per 30 carbon atoms, or only two phenolic groups per
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fulvic molecule; and (iii) has hydroxyl and carbonyl groups that, put together,
are as abundant as carboxyl groups (5-7 mmol g~!). Therefore, an average ful-
vic acid molecule (molecular weight 2,000 g mol~!) would have one carboxylic,
hydroxyl or carbonyl group every three carbon atoms. Amino acids, amino sug-
ars, ammonium (NH4T) and nucleic acid bases make up 45-59 % of fulvic acid-N
(Smith and Epstein 1971).

The stable carbon isotope (3'3C = 13C/'2C) fractionation of standard SRFA is
—27.6 %o, while other isolated allochthonous fulvic acids in rivers have [—(25.6—
26.4 %o0)] and in lakes have [—(23.02-33.13) %o]. These data indicate that SRFA
are most likely derived from higher plant matter (Thurman 1985a; Mclntyre et al.
2005; Senesi 1990; Simpson et al. 2002; Caraco et al. 1998). Note that standard
FAs of Elliot Soil I have §'3C = —25.4 %o, Elliot Soil II have 3'3C = —25.6 %o,
Pahikee peat I have §'3C = —25.8 %o. Reference FA of Suwannee River have
813C = —27.9 %o, Pahikee peat I have 8'3C = —26.1 %o, Nordic Lake have
813C = —27.8 %0 (Senesi 1990).

Terrestrial DOM from groundwater, streams, rivers, lakes and sea water
(0 salinity) is confined to a narrow range of 813C (from —25.3 %o to —28.6 %o),
with 80 % of the values falling within 0.5 %o of —27.0 %o (Schiff et al. 1997;
McCallister et al. 2004; Mclntyre et al. 2005; Elder et al. 2000; Nagao et al.
2011; Fry and Sherr 1984). Note that the 3'3C is largely different for fresh
deciduous leaves (=30.4 %o), it increases in the top soil (-28.9 %o) and then
from -27.8 to —26.4 %o in soil. Plant leaves with C3 photosynthesis have
813C = —(25.9-29.2 %o) and soil profiles have 8'3C = —(23.8-25.9 %o). 3!3C
has lower values in litter-rich soil DOC [—(26.6-27.7 %o)] than in litter-lack-
ing soil DOC [approximately —(23-27 %o)] or terrigenous soil with surface/
forest litter [—(23-27 %o0)], terrestrial leaf OM (—27 %o), terrigenous vascular
plant [—(26-30 %o)], yellow soil profile [—(21.1-24.8 %o)] or limestone soil
profile [—(23.0-24.1 %0)] (Tu et al. 2011; McCallister et al. 2004; Elder
et al. 2000; Trumbore et al. 1992; Deegan and Garritt 1997; Stevenson 1982;
Richter et al. 1999; Raymond and Bauer 2001b; Cloern et al. 2002; Zhu and
Liu 2006; Stenson et al. 2002). Therefore, the origin of allochthonous DOM is
significantly dependent on the types and nature of terrestrial vegetation in soil
environments.

The combination of flow path analysis and '*C content of DOC suggests that
the DOC in upland streams is composed of two pools (Schiff et al. 1997). First,
the DOC pool is carried to the stream by discharging groundwater. This DOC
has been extensively recycled in the soil zone, has low '*C content and proba-
bly has a low proportion of labile functional groups. Although groundwater con-
tributions to stream flow are high even during storm events, groundwater DOC
concentrations are low. The relative contribution of this older recalcitrant pool
is limited by the amount of soluble carbon which elutes through the overlying
soil column. The second pool is composed of recently fixed and potentially more
microbially labile DOC leached from the A horizon or litter layer. The potential
contribution of this second pool is very high especially after leaffall.



26 K. M. G. Mostofa et al.
Allochthonous Humic Acids

Allochthonous humic acids in surface waters can be defined as molecularly het-
erogeneous and supramolecular, with molecular weight ranging from less than
500 to over 300,000 Daltons. The largest fraction is found in the range larger
than 300,000 Daltons. They are optically active, typically refractory to microbial
degradation, photolytically reactive, biogenic, and yellow-colored organic acids.
They are insoluble and form precipitates at pH < 2 (MacFarlane 1978; Hayase and
Tsubota 1983; Sutton and Sposito 2005; Steelink 2002; Aiken and Malcolm 1987;
Aiken and Gillam 1989; Schulten and Schnitzer 1998). Allochthonous humic acids
of various origin (soil, bog peat, sewerage sludge) have relatively high contents
of organic N to organic C, i.e. they have relatively low C:N atomic ratio (8-51).
Standard SRHA (1S1011H and 2S101H) have C:N = 44-45. Allochthonous
humic acids also have relatively low contents of O and organic P, high contents
of S, relatively high aromaticity (30-40 % of total C) and relatively low contents
of aliphatic C (~30-47 %) compared to fulvic acids (Malcolm 1985; Wetzel 1983;
McKnight et al. 2001; Meyers-Schulte and Hedges 1986; Ma et al. 2001; Mclntyre
et al. 2005; Frimmel 2004; Aiken and Malcolm 1987; Abbt-Braun and Frimmel
1990; Abbt-Braun et al. 1991; THSS 2011; Senesi 1990). It has been shown that
the contents of aromatic and other functional groups are very variable depending
on the different sources of humic acids and their photobiogeochemical changes
in natural waters. The aromaticity of humic acids is very low (~15 %) in marine
waters (Malcolm 1990).

Allochthonous humic acids have a supramolecular structure composed of a
variety of functional groups (or fluorophores), such as aromatic carboxylic and di-
carboxylic acids, aromatic OH groups including phenols (or catechols) and phe-
nolic acids, aliphatic or carbohydrate OH, aldehyde or aliphatic ketones, amide/
amino groups, peptides, esters (COOR) or benzene-containing methoxylates, poly-
methylenes (—CH,-), hydroxycoumarin-like structures, chromone, xanthone, qui-
none, O, N, S, and P-atom-containing functional groups attached to aromatic and
aliphatic carbon, methylated forms of para-coumaric, ferrulic, vanillic and syringic
acids, pyrrole, indole, imidazole and pyridine groups (Malcolm 1985; Sutton and
Sposito 2005; Steelink 2002; Lambert and Lankes 2002; Leenheer and Croué 2003;
Stevenson 1982; Schulten and Schnitzer 1998; Laane 1984; Mao et al. 1998; Hu
et al. 2000; Mabhieu et al. 2000, 2002; Zang et al. 2000; Kujawinski et al. 2009;
Piccolo 2002; Vairavamurthy and Wang 2002; Abe and Watanabe 2004; Schmidt-
Rohr et al. 2004; Guignard et al. 2005; Fiorentino et al. 2006). A typical humic acid
containing 0.2 % reduced sulphur has only 63 wmol g~! of thiol sites (Bloom et al.
2001). Amino acids, amino sugars, ammonium (NH4 ) and nucleic acid bases make
up 46-53 % of the N associated with humic acids (Schnitzer 1985). Depending
on the elemental compositions of C, H, O, and N, an empirical formula for humic
acids has been proposed as CjoHj205N and a representative molecular formula as
C7,H7,039N4-8H,0 (Steelink 2002; Schnitzer and Khan 1978; Paciolla et al. 1998).

The stable carbon isotope (313C) fractionation of standard SRHA is —27.7 %o,
which indicates that they are most likely derived from higher plant matter (IHSS
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2011). Note that Standard HAs of Elliot Soil have 313C = —22.6 %o; Pahikee peat
have 813C = —26.0 %o, and Leonardite have $13C = —23.8 %o. Reference HAs
of Suwannee River have 8'3C = —28.2 %o, Pahikee peat have 8'°C = —26.3 %,
Nordic Lake have 8!*C = —27.8 %, and Summit Hill soil have 8!°C = —26.3 %o
(IHSS 2011). In addition, carbon isotope composition of dissolved humic and ful-
vic acids shows that the A'*C values are ranged from —247 to 4+26 %o whilst the
average values are —170 & 79 %o for humic acid and —44 + 73 %o for fulvic
acid (Nagao et al. 2011). This suggests that the residence time of fulvic acid in the
watershed is being shorter than that of humic acid (Nagao et al. 2011).

4.1.3 Definition of Autochthonous Fulvic Acids and Chemical
Nature of Autochthonous DOM

The key autochthonously produced biochemical organic groups or substances
(Mostofa et al. 2009a) identified in natural waters can be classified as: autoch-
thonous fulvic acids (C-like and M-like) of algal (cyanobacteriam) or phy-
toplankton origin; carbohydrates such as uranic acids, amino sugars and
neutral sugars including free mono-, oligo-. lipopoly-, exopoly-, homopoly-, and
heteropolysaccharides; nitrogen-containing organic compounds including amino
acids, proteins, amines, amides, urea, purines, pyrimidines, peptides, polypep-
tides, pyrrole, and indole; lipids, including saturated, monounsaturated, polyun-
saturated, branched-chain and odd-chain fatty acids (mostly composed of oleic
acid, arachidonic acid, eicosapentanoic acid, linoleic acid, docosahexaenoic acid,
cis-vaccenic acid, iso- and anteiso-C5 and Cp7 fatty acids, polyunsaturated Cs»
and Cyo fatty acids, high molecular-weight, straight-chain (Cas4, Cz6, C28,C30)
fatty acids; organic acids including mono-, di- and tri-carboxylic acids, glycol-
late, and hydroxamate; allelopathic compounds. There are also steroidal alcohols
(sterols) such as 24-methyl-cholesta-5,24(28)-dien-3/3-ol, 24-ethylcholest-5-en-
3/3-ol, cholesta-5,22E-dien-3f3-ol, cholest-5-en-3/3-ol, cholesta-5,22-dien-3/3-ol,
27-Nor-24-methylcholesta-5,22-dien-3f3-0l,  4a,23,24-trimethyl-5a-cholest-22E-
en-3f-ol (dinosterol), 24-methylcholesta-5,22-dien-3/3-0l, 24-ethylcholesta-5,22E-
dien-3f3-ol, 24-ethylcholesta-5-en-3f3-ol, 24-ethylcholesta-5,24(28)E-dien-3/3-ol,
24-n-propylcholesta-5,24(28)E-dien-3/3-ol, 3-methyllidene-7,11,15-trimethylhexa-
decan-1,2-diol (phytyldiol); vanillyl and syringyl phenols including vanillin, ace-
tovanillone, vanillic acid, syringaldehyde, acetosyringone and syringic acid from
lignin-derived oxidation products; bisnorhopane and various alkenones such as
four polyunsaturated C37 and C3zg methyl- and ethyl- alkenones, 6,10,14-trimeth-
ylpentadecan-2-one; pigments including melanin, mycosporine-like amino acids
(shinorine, palythine, porphyra-334, palythene and usujirene); carotenoids (dia-
dinoxanthin, zeaxanthin, myxoxanthophyll, and echinenone); algal toxins (mostly
cyanobacterial toxins produced from blue—green algae) including microccystins,
nodularins, anatoxins, cylindrospermopsin, and saxitoxins; red tide toxins includ-
ing brevetoxins (Parlanti et al. 2000; Mostofa et al. 2009b; Zhang et al. 2009;
Xiao and Wu 2011; Coble 2007; Norrman et al. 1995; Hanamachi et al. 2008;
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Richardson 2007; Singh and Singa 2002; Miller et al. 2002; Hama et al. 2004;
McCallister et al. 2006; Prince et al. 2008). Most of these autochthonous sub-
stances have been extensively discussed in earlier studies (Mostofa et al. 2009a).

“Autochthonous fulvic acids” of algal or phytoplankton origin are molecularly
heterogeneous, with molecular weight ranging from less than 100 to over 1,898
Daltons. They are optically active, biogenic, highly photoreactive, microbially
refractory and yellow-colored organic acids (Mostofa et al. 2009b, Mostofa KMG
et al., unpublished data; Zhang et al. 2009; Johannessen et al. 2007; Amon and
Benner 1994; McKnight et al. 1991, 1994; Ogawa et al. 2001; Aoki et al. 2004,
2008; Nagai et al. 2005; Williams and Druffel 1987; Fimmen et al. 2007; Barber
1968; Ogura 1972). Autochthonous fulvic acids or DOM in freshwater and seawa-
ter have relatively high contents of dissolved organic N compared to organic C, i.e.
low C:N atomic ratios (ca. 8-36, but lower in surface waters and higher in deeper
waters). They are rich in S, highly aliphatic in nature and have low contents of
aromatic carbon (ca. 5-21 % of total carbon) (Wetzel 1983; McKnight et al. 1991,
1994, 1997, 2001; Ogawa et al. 1999, 2001; Meyers-Schulte and Hedges 1986;
Aluwihare et al. 2002; Fimmen et al. 2007; McCallister et al. 2006; Nissenbaum
and Kaplan 1972; Carder et al. 1989; Karl et al. 1991; Midorikawa and Tanoue
1996, 1998; McCarthy et al. 1997; Engel and Passow 2001; Carlson et al. 2000;
Church et al. 2002). Autochthonous fulvic acids have higher nitrogen content
(C:N = 8-36) than allochthonous standard fulvic and humic acids (C:N = 44-78).
This may indicate that autochthonous fulvic acids are less refractory than alloch-
thonous fulvic and humic acids, probably because autochthonous DOM has fewer
aromatic compounds and relatively more proteins and lipids, which decreases
its carbon to nitrogen ratio compared to allochthonous DOM (McCallister et al.
2006). Cyanobacteria may contain significant quantities of lipids (fats and oil)
which are esters of fatty acids and alcohols that comprise a large group of struc-
turally distinct organic compounds including fats, waxes, phospholipids, glycolip-
ids etc. (Singh and Singa 2002). The lipids of some cyanobacterial species are
also rich in essential fatty acids such as the Cjg linoleic (18:2w6) and y-linolenic
(18:3w3) acids and their Cy derivatives, eicosapentaenoic acids (20:5w3) and
arachidonic acid (20:4w6) (Singh and Singa 2002). These fatty acids are essential
components of the diet of humans and animals and are becoming important feed
additives in aquaculture (Borowitzka 1988).

Spectroscopic studies of isolated autochthonous fulvic acids show that they
are composed of methylated isomers of hydroxy-benzenes and hydroxy-benzoic
acids, aliphatic acids, carbohydrate OH, protein amide and amine groups; they
also contain Schiff-base derivatives (-N = C-C = C-N-), fatty acid methyl esters
(heptanedioic acid, octanedioic acid, nonanedioic acid, methyl tetradecanoate,
12-methyl-tetradecanoic acid, 7-hexadecenoic acid, and hexadecanoic acid), N- and
S-containing amino and sulfidic functional groups. The latter include 3-(methylthio)-
propanoic acid; dimethyl sulfone; N,N-dimethyl-2-butanamine, N-methyl pro-
line; N-methyl aniline; 3-piperidinemethanol; 1-methyl-2,5-pyrrolidinedione;
1-methyl-2-piperidinone; caprolactam; 3-ethyl-1,3-dimethyl-2,5-pyrrolidinedione;
2-amino-5,6-dihydro-4,4,6-trimethyl-4  H-1,3-oxazine;  3-ethyl-2,6-piperidinedi-
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one; 1,3,5-trimethyl-1,3,5-triazine-2,4,6-trione;  1,3-dimethyl-2,4-pyrimidinedione;
2-methyl-isoindole-1,3-dione; 5-methoxy-2-methyl-indole; 1,3,5-trimethyl-2,4-py-
rimidinedione; and  3,3-dimethyl-4-[(2-methoxycarbonyl)ethyl]-2,5-dione-pyrro-
lidine (McKnight et al. 1997; Fimmen et al. 2007; Laane 1984; Borowitzka 1988;
Wershaw 1992; Xue and Sigg 1993; Xue et al. 1995). The aromatic compounds pre-
sent in autochthonous DOM originate from intracellular quinones in the chloroplasts
and mitochondria of algae and bacteria (McKnight et al. 1997; McKnight and Aiken
1998; Klapper et al. 2002).

Algal toxins such as as microcystins and nodularins have high molecular
weight and cyclic peptide structures and are hepatotoxic; anatoxins, cylindrosper-
mopsin and saxitoxins have heterocyclic alkaloid structures. Anatoxins and saxi-
toxins are neurotoxic, while cylindrospermopsin is hepatotoxic (Richardson 2007).
On the other hand, red tide toxins such as brevetoxins have heterocyclic polyether
structures and are neurotoxic. Note that bacteria, algae and their exudates also
consist of a mosaic of functional groups such as amino, phosphoryl, sulthydryl
and carboxylic groups. The net charge on the cell wall depends on the pH of the
medium (Filella 2008). Algae and bacteria have no lignin-like components in their
molecular structure (McKnight et al. 1997; McKnight and Aiken 1998; Opsahl and
Benner 1998), thus the low aromaticity of autochthonous fulvic acids can reflect
the lower content of moieties with sp?-hybridized carbon in cell wall material and
in other components of microbial cells (McKnight et al. 1994).

Algal- or phytoplankton-derived autochthonous fulvic acids can absorb light to
a lesser extent (by approximately 3—5 times) than allochthonous fulvic acids. They
show a progressive increase in absorbance with decreasing wavelength that is typi-
cal of fulvic acids (McKnight et al. 1991, 1994). However, the autochthonous ful-
vic acids (C-like and M-like) of algae or phytoplankton origin can exhibit higher
fluorescence intensity at peak C-region than at peak A-region, which is an opposite
behavior compared to allochthonous fulvic acids (C-like and M-like) of terrestrial
plant origin (Fig. 1; McKnight et al. 2001; Mostofa et al. 2009b). Autochthonous
fulvic acids can persist with ages up to 3,000 yr in the desert lakes in Antarctica
(McKnight et al. 1991, 1994).

The stable carbon isotope (3'3C) fractionation of autochthonous DOM of algal
or phytoplankton origin ranges from —17.2 to 23.7 %o in lake and marine envi-
ronments (Thurman 1985a; Raymond and Bauer 2001a; Nissenbaum and Kaplan
1972). The 8!3C values of algae or phytoplankton shows high variation in fresh-
water [—(18.3-34.6 %o)] and sea water [—(18-24.2 %o0)] (Mostofa KMG et al.,
unpublished data; McCallister et al. 2004; McKnight et al. 1997; Fry and Sherr
1984; Anderson and Arthur 1983; Sigleo and Macko 1985; Yoshioka et al. 1989;
Currin et al. 1995; Yoshioka 1997; Lehmann et al. 2004). In addition, 313C shows
high variations between benthic microalgae [—(12—18 %o0)]; benthic marsh micro-
algae [—(23.7-27.7 %0)]; C-4 salt marsh plants [—(12-14 %o0)]; C-3 freshwater/
brackish marsh plants [—(23-26 %0)]; submerged macrophytes [—(21.7-22.2 %o)];
emergent macrophytes (—26 %o); marsh macrophytes [—(23.3-28.9 %o)]; marsh
OM [—(22.3-26.4 %o0)]; and freshwater grass leachate such as Peltandra virgi-
nica [—(29.6 %o0)] (McCallister et al. 2004; Raymond and Bauer 2001a, c; Caraco
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et al. 1998; Fry and Sherr 1984; Currin et al. 1995; Sullivan and Moncreiff 1990).
Depending on the origin of DOM from these algae and plants, there can be found
variable carbon isotope ratios for DOM in natural waters.

The autochthonous DOM of algal or phytoplankton origin is usually very suit-
able for bacterial use, as suggested by the pattern of increased bacterial produc-
tion with increased primary production (Cole et al. 1988). Autochthonous DOM is
in fact relatively labile (Sgndergaard and Middelboe 1995; Kirchman et al. 1991).
However, autochthonously derived DOC may become persistent over time (Ogawa
et al. 2001; Fry et al. 1996; Tranvik and Kokalj 1998). Laboratory studies have
shown that natural assemblages of marine bacteria become rapidly able (in <48 h)
to utilize labile compounds (glucose, glutamate) and produce refractory DOM that
can persist for more than a year (Ogawa et al. 2001). It has also been shown that
only 10-15 % of the bacterially derived DOM is identified as hydrolysable amino
acids and sugars, which is a characteristic nature of marine DOM (Ogawa et al.
2001). Moreover, the higher concentrations of DON observed in total DOM during
the summer period than in winter (Fellman et al. 2009; Vazquez et al. 2011) are
most likely accounted for by the produced autochthonous DOM in natural waters.

4.2 Molecular Size Distribution of DOM

The molecular size distribution of DOM is significantly variable in natural waters
(Table 1). One of the techniques for isolating DOM in natural waters is tangen-
tial flow ultrafiltration (also called cross-flow ultrafiltration). The results show that
the contributions of the various fractions to total DOC are 21-65 % for the frac-
tion <1 kDa, 44-68 % for <5 kDa, 57-65 % for <10-12 kDa. Moreover, they are
41 % for 1-30 kDa, 32-56 % for 1 kDa—0.1 wm, 67-84 % for 1 kDa-0.45 pm,
and 0.1-16 % for 0.1-0.45 or 0.1-GF/F pwm in rivers (Table 1) (Yoshioka et al.
2007; Guéguen et al. 2002, 2006; Martin et al. 1995; Mannino and Harvey 2000;
de Zarruk et al. 2007; Wu and Tanoue 2001; Wu et al. 2003; Waiser and Robarts
2000; Huguet et al. 2010; Carlson et al. 1985). In lakes, the relative abundances of
various DOM fractions are 42-73 % for <1 kDa, 54-79 % for <5 kDa, 21-43 %
for 5 kDa—0.1 wm, and 0-2 % for 0.1-0.45 pwm (Table 1) (Yoshioka et al. 2007,
Guéguen et al. 2002; Wu and Tanoue 2001; Wu et al. 2003; Waiser and Robarts
2000). In estuaries or lagoons, the contributions are 26-98 % for <1 kDa, 11-25 %
for 1-3 kDa, 63-75 % for <10 kDa, 25-31 % for 1-30 kDa, 2-45 % for 1 kDa—
0.2 wm, 22-48 % for 3 kDa—0.2 uwm, 14-20 % for 30 kDa-0.2 wm, and 1-2 %
for 30 kDa—0.2 pum (Table 1) (Hagedorn et al. 2004; Mannino and Harvey 2000;
Guéguen et al. 2002; Waiser and Robarts 2000; Huguet et al. 2010). In coastal
and open oceans, the contributions of the relative DOM fractions are 30-85 % for
<1 kDa (30-70 % in coastal waters, 49-85 % in the open ocean), 23-53 % for
the fraction between 1 kDa and 10 kDa, 3—19 % for the fraction between 10 kDa
and 0.1-0.2 pm, 15-70 % for the fraction between 1 kDa and 0.2 pm, 85 % for
the fraction between 1.8 kDa and 0.2 wm (Table 1) (Buesseler et al. 1996; Druon
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et al. 2010; Midorikawa and Tanoue 1998; Carlson et al. 1985; Sugimura and
Suzuki 1988; Guo et al. 1994, 1995, 1996; Santschi et al. 1995; Guo and Santschi
1996, 1997a; Mopper et al. 1996). These results demonstrate that the contribution
of the lower MW fraction (<1-10 kDa) is relatively low in rivers and that it sig-
nificantly increases in lakes, coastal waters and the open ocean. Comparison of
molecular fractions between surface (epilimnion) and deep (hypolimnion) waters
shows that the molecular size fraction of <1-5 kDa in deep water is often more
important than in the surface waters of lakes and oceans (Table 1) (Yoshioka et al.
2007; Wu and Tanoue 2001; Wu et al. 2003; Mopper et al. 1996). It is suggested
that either microbial degradation of DOM or new releases of DOM from micro-
bial respiration of organic matter in deeper waters are responsible for the high
contents of the low molecular size fractions of DOM in natural waters. An addi-
tional implication is that significant microbial or biological degradation of DOM
and organic matter occurs in deep waters. The high percentage of colloidal DOC
or colloidal organic carbon included in the >1 kDa to 0.45 wm range suggests that
colloids are the predominant phase in bulk DOC transported by rivers (Guéguen
et al. 2006; Benner and Hedges 1993; Guo and Santschi 1997b; Guéguen and
Dominik 2003).

The optical and chemical characteristics of the molecular size fractions of
DOM show that truly dissolved DOM (<1-10 kDa) includes fulvic acid (59-96 %
on the basis of fluorescence), total hydrolyzed amino acids (51-63 %), tryp-
tophan (free tryptophan has a molecular weight of 0.2 kDa) and total dissolved
carbohydrates (10-20 %). In contrast, the DOM fraction between >1-10 kDa and
0.2-0.45 pm or 0.1-GF/F includes fulvic acid (5-22 % on the basis of fluores-
cence), total dissolved carbohydrates (80-90 %) and total hydrolyzed amino acids
(29-42 %). The DOM fraction of 0.1 pwm-GF/F (0.45-0.7 pm) includes protein-
like or tryptophan-like or bacterial cells or phytoplankton cells, total hydrolyzed
amino acids (7-11 %) and fulvic acid (2-8 % on the basis of fluorescence) (Liu
et al. 2007; Guéguen et al. 2006; McCarthy et al. 1996; Midorikawa and Tanoue
1998; Wu and Tanoue 2001; Wu et al. 2003; Pakulski and Benner 1992; Skoog and
Benner 1997; Boehme and Wells 2006). The contributions to the molecular size
fractions of sedimentary fulvic acid extracted from Tokyo Bay sediment samples
are 44.8 % for <1 kDa, 3.5 % for 10 kDa, 31.8 % for 50 kDa, 14.6 % for 100 kDa
and 5.3 % for 300 kDa. The corresponding contributions of humic acid are 2.4 %
for <1 kDa, 0.8 % for 10 kDa, 5.3 % for 50 kDa, 16.1 % for 100 kDa and 75.4 %
for 300 kDa (Hayase and Tsubota 1983, 1985). This suggests that allochthonous
fulvic acid is mostly composed of low molecular size fractions (<1-10 kDa) whilst
allochthonous humic acid is mostly composed of high molecular size fractions,
>300 kDa (Hayase and Tsubota 1983, 1985; Rashid and King 1969; MacFarlane
1978). Therefore, molecular size fractions could be a useful indicator to distin-
guish between fulvic and humic acids in DOM in a variety of natural waters.

These results also imply that allochthonous fulvic acid of terrestrial origin or
the autochthonous fulvic acid (C-like) of algal or phytoplankton origin can primar-
ily undergo photoinduced and microbial in situ degradation, which can decrease
the molecular size and increase as a consequence the low molecular size fraction
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of DOM (Yoshioka et al. 2007; Amon and Benner 1994; Corin et al. 1996; Amador
et al. 1989; Leenheer and Croué 2003; Opsahl and Benner 1998; Boehme and
Wells 2006; Mopper et al. 1991; Senesi et al. 1991; Allard et al. 1994; Benner and
Biddanda 1998; Mopper and Kieber 2002). The autochthonous fulvic acid (C-like) of
algal or phytoplankton origin can show the fluorescence excitation-emission (Ex/Em)
maxima of peak C in a longer wavelength region (Ex/Em = 340-370/434-480 nm),
whilst the autochthonous fulvic acid (M-like) can show its Ex/Em maxima in a
shorter wavelength region (290-330/358—434 nm) compared to allochthonous fulvic
acids (standard SRFA at Ex/Em = 325-345/442-462 nm in Milli-Q and Seawater)
(Parlanti et al. 2000; Mostofa et al. 2009b; Zhang et al. 2009; Vihitalo and Jarvinen
2007; Yamashita and Jaffé 2008; Nakajima 2006; Murphy et al. 2008; Balcarczyk
et al. 2009). Note that autochthonous fulvic acids (C-like and M-like) are defined
on the basis of the similarity with the fluorescence properties of allochthonous ful-
vic acids (C-like and M-like) for both freshwater and marine environments (for a
detailed explanation see the FDOM chapter: “Fluorescent Dissolved Organic Matter
in Natural Waters”).

Humic-like fluorescence is a key component in DOM size fractions between
~15 and 150 kDa. A bathychromic shift (blue shift) of the humic fluorescence
peak is often detected with decreasing molecular size, and interestingly the maxi-
mum in humic fluorescence moves to lower excitation and emission wavelengths
in estuarine waters (Boehme and Wells 2006). Blue-shift phenomena are generally
observed in field studies (Coble 1996; Mostofa et al. 2005a, b, 2007a, b; Moran
et al. 2000; Burdige et al. 2004; de Souza-Sierra et al. 1994; Komada et al. 2002).

The molecular size distribution of DOM plays significant roles in various kinds
of physical, photoinduced and biological processes in natural waters. They are
listed below.

(i) The bioreactivity of POM and DOM decreases along a continuum of larger to
smaller sizes. Diagenetic processes lead to the formation of structurally com-
plex LMW compounds that are more resistant to biodegradation (Amon and
Benner 1994, 1996; Hama et al. 2004; Mannino and Harvey 2000; Harvey
and Mannino 2001; Benner 2002; Loh et al. 2004; Zou et al. 2004; Seitzinger
et al. 2005; Kaiser and Benner 2009). This hypothesis is termed as size-
reactivity continuum model and is based on the results of size-fractionation
experiments that demonstrate that bacterial utilization of (HMW) DOM is
typically higher compared to (LMW) DOM (Amon and Benner 1994). It has
also been shown that neutral sugars and amino sugars are considerably more
bioreactive than amino acids in all organic matter size fractions of DOM in
deep mesopelagic waters (Kaiser and Benner 2009). Furthermore, nonspecific
enzyme reactions can lead to secondary products that are resistant to degrada-
tion (Ogawa et al. 2001). Products of such enzymatic degradations may not
resemble the structure of the original compounds, thereby reducing enzymatic
recognition and further biodegradation. In addition, size can affect the biore-
activity of individual organic matter fractions. Colloidal organic matter, which
is part of HMW DOM, is much less accessible to bacteria than particles larger
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than a few pm because it occupies a minimum between two different trans-
port regimes (Kaiser and Benner 2009; Kepkay 1994; Wells and Goldberg
1993). In fact, Brownian motion dominates transport of smaller colloids to
bacteria, whilst larger particles are primarily transported to bacteria by turbu-
lent shear (Kepkay 1994).

(i) Photoinduced and microbial processes that involve DOM, including fulvic
and humic acids, can produce biologically labile LMW organic substances
(e.g. organic acids) in natural waters (Moran and Zepp 1997; Carrick et al.
1991; Kieber et al. 1989, 1990; Corin et al. 1996; Mopper et al. 1991; Allard
et al. 1994; Mopper and Stahovec 1986; Backlund 1992). These LMW
organic compounds are important intermediates of the conversion of organic
substances such as carbohydrates, fats and proteins into CH4 and CO; in
aqueous media (Smith and Oremland 1983; Evans 1998; Xiao et al. 2009;
Wellsbury and Parkes 1995).

(iii) The absorption of natural sunlight is greatly dependent on the molecular size
of DOM and has a high biogeochemical importance in natural waters. For
example, fulvic and humic acids (humic substances) can absorb both vis-
ible and UV radiation (Kieber et al. 1990; Kramer et al. 1996; Sadtler 1968;
Strome and Miller 1978). Many low molecular weight organic acids photo-
generated from large CDOM or FDOM can only absorb in the UV-C range,
with no absorption of UV-B, UV-A or visible radiation (Carrick et al. 1991;
Kieber et al. 1990; Mopper et al. 1991; Sadtler 1968). Further details are
provided in the DOM degradation chapter (see chapter “Photoinduced and
Microbial Degradation of Dissolved Organic Matter in Natural Waters”).

4.3 Autochthonous Fulvic Acids and their Differences
with Allochthonous Fulvic Acids

The key component of autochthonous DOM is variously termed as marine humic-
like substances (Coble 1996), sedimentary fulvic acid (Hayase et al. 1987, 1988) or
marine fulvic acids (Malcolm 1990), which is contradictory. However, recent stud-
ies show that the two fluorescent components are primarily produced under either
photoinduced or microbial respiration (or assimilation) of algal (phytoplankton)
biomass (Mostofa et al. 2009b; Zhang et al. 2009; Stedmon and Markager 2005a).
PARAFAC modeling of EEM spectra of algal-originated DOM suggests that the
fluorescence peaks and the images of the first fluorescent component are similar
to those of allochthonous fulvic acid (Fig. 1). On the other hand, the fluorescence
peaks and the images of the second fluorescent component are similar to those of
marine humic-like substances (Coble 1996). However, the fluorescence intensity and
the peak positions of the first fluorescent component are quite different from EEM
spectra of standard fulvic acid, which justifies their being denoted with a new name.
To avoid the difficulties of indicating the two algal-originated fluorescent compo-
nents and considering the similarities of their EEM images with allochthonous
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fulvic acid, it is suggested to denote the first and the second fluorescent component
as ‘autochthonous fulvic acid (key component)’ and ‘autochthonous fulvic acid
(minor component)’, respectively. These names could be useful to denote the two
fluorescent components originated from algae or phytoplankton in fresh- and marine
waters in future research studies. The differences between autochthonous fulvic
acids and allocthonous fulvic acids and their identification are extensively discussed
in the next chapter, ‘Fluorescent dissolved Organic Matter in Natural Waters’.

5 Measurement, Distribution and Sources of DOM
in Natural Waters

Measurement of DOM

DOM is generally determined as dissolved organic carbon (DOC) concentration,
because of the predominant presence of organic carbon in all dissolved organic
substances included in bulk DOM. The amount of DOC in natural waters is deter-
mined using a high-temperature catalytic oxidation (HTCO) method developed
by Sugimura and Suzuki (Sugimura and Suzuki 1988). This technique is very
precise and rapid for the determination of non-volatile DOM in concentrations
between 0 and 2000 WM, compared to conventional wet chemical oxidation meth-
ods (Menzel and Vaccaro 1964; Jonathan 1973). In the HTCO method (Sugimura
and Suzuki 1988), the oxidation of DOM in water is carried out on a platinum
catalyst at 680 °C under an oxygen atmosphere after the sample has been freed
of inorganic carbon. The concentration of CO; generated is measured with a non-
dispersive IR gas analyzer. The determination can be carried out with a precision
of +2 % using a sample volume of 100-200 1.

Methodology for HTCO (Sugimura and Suzuki 1988): After collection of
water samples using polycarbonate bottles, water is filtered with precombusted
(450 °C) glass-fiber or any other filters (0.1-0.7 wm size). Triplicate samples
(15 ml) are stored in brown glass bottles (30 ml in volume). 25 pl of 6 N HCI
solution is added to remove dissolved inorganic carbon (DIC). These bottles are
sealed with Teflon-coated butyl-rubber stoppers and aluminum caps and stored in
a freezer (—40 °C). There is need to analyze the samples as soon as possible. For
sample measurement, DIC is firstly removed by bubbling the brown bottles with
pure air for approximately 15 min. After removing DIC, 200 1 of the water sam-
ple is injected into a TOC analyzer (e.g. TOC-5000A, Shimadzu, Kyoto, Japan).
Note that analytical blanks for the DOC measurement originating from the instru-
ment (system blank) and from pure water (e.g. Milli Q TOC, Millipore) are on
average in the range of 2—4 pM C and 6 pM C, respectively (Yoshioka et al.
2002a). The system blank is determined during sample measurement according to
the instrument software of the TOC 5000A. The system blank is generally used for
the correction of DOC concentration for samples. Potassium hydrogen phthalate is
generally used as a standard for calibration.
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5.1 Distribution and Sources of DOM in Natural Waters

DOM Contents in Stream, Rivers, Groundwater and Rainwater

DOC concentrations are very variable in different upstream locations of the
world (Table 2). Relatively low values such as 7-970 uM C are found in
Asia (Mostofa et al. 2005a, b, 2010, Mostofa KMG et al., unpublished data;
Hayakawa et al. 2004; Konohira and Yoshioka 2005) and 17-3300 uM C in
North America (Table 2) (McKnight et al. 1993, 2001; Volk et al. 1997; David
and Vance 1991; Fellman et al. 2009; Eckhardt and Moore 1990; Dosskey
and Bertsch 1994; Wahl et al. 1997; Cory et al. 2004; Meier et al. 2004;
Fahey et al. 2005; Raymond and Saiers 2010). Value found in Europe are a bit
higher (21-6250 pM C) (Stedmon et al. 2007b; Worrall et al. 2004a; Evans
et al. 2006; Chapman et al. 2001; Monteith and Evans 2005; Gielen et al. 2011).
Stream DOM is mostly released from the leaching of ground water in high mountain
areas that in Asia are densely shaded by coniferous-mixed forests or typical grassland.
In Europe-North America, the major sources of stream DOM are riparian vegetation,
woodland streams (major sources of detritus), wetlands, swamps, and peat-land.

DOC concentrations in rivers vary in different locations of the world (Table 2).
It has been found 32-2429 uM C in Asia (Mostofa et al. 2005b, 2007a, 2010,
Mostofa KMG et al., unpublished data; Yoshioka et al. 2002b, 2007; Ittekkot et al.
1985; Safiullah et al. 1987; Cauwet and Mackenzie 1993; Tao 1996; Zhang 1996;
Kao and Liu 1997; Zhang et al. 1999; Gao et al. 2002; Nagao et al. 2003; Ishikawa
et al. 2006; Yue et al. 2006; He et al. 2010); 83-833 wM C in Africa (Martins
and Probst 1991); ~50-3917 uM C in Europe (Vazquez et al. 2011; Eisma et al.
1982; Cadée 1987; Meybeck et al. 1988; Rostan and Cellot 1995; Elbe 1997; Lara
et al. 1998; Veyssy 1998; Duff et al. 1999; Abril et al. 2000, 2002; Baker 2001,
2002; Brodnjak-Voncina et al. 2002; Guéguen et al. 2002; Baker and Spencer
2004; Kaiser et al. 2004; Romani et al. 2004); 40-4167 wM C in North America
(Wu et al. 2005; Xie et al. 2004; McKnight et al. 2001; Alberts and Takacs 1999;
Guéguen et al. 2006; Morel and Gentili 2009; Raymond and Bauer 2001b;
Haines 1979; Newbern et al. 1981; Spiker 1981; Alberts et al. 1984; Findlay
et al. 1991; Perry and Perry 1991; Prahl et al. 1998; Crandall et al. 1999; Davis
et al. 2001; Biddanda and Cotner 2002; Repeta et al. 2002; Wang et al. 2004;
Zanardi-Lamardo et al. 2004; Schwede-Thomas et al. 2005; See and Bronk 2005;
Stepanauskas et al. 2005; Osburn et al. 2009); and ~108-7500 uM C in Latin
America (Raymond and Bauer 2001b; Richey et al. 1990; Depetris and Kempe
1993; Daniel et al. 2002). These results generally show that DOC concentra-
tions are relatively low in Asian and African Rivers and relatively high in Europe,
North and South America Rivers. The major sources of DOC in Asian Rivers
are natural ones such as leaching of groundwater in mountainous areas covered
by coniferous-mixed forests, deciduous conifer forest, grassland, irrigated grass-
land, and swamps, but also anthropogenic sources such as urban sewerage, indus-
trial and agricultural activities. In African Rivers, the major sources of DOC are
mostly from the typical rain forest belt, leaching and heterotrophic processes of
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newly flooded terrestrial vegetation, and leaching of organic matter from flood-
plain soils. In Latin American Rivers, the major sources of DOC are the dumping
of untreated urban sewage into the rivers, the leaching of DOM from humid ever-
green and deciduous forests, floodplains of ox-bows and ponds, seasonally humid
savannas and shrublands, as well as swamps. The sources of DOC in European
Rivers may be natural such as wetlands, swamps and peat-land or anthropogenic
such as industrial activities and sewerage. The major sources in North America
that account for the high DOC levels are natural (wetlands, swamps, marshlands,
ground water of mountainous areas covered by riparian vegetation ecosystems)
and anthropogenic (agricultural, sewerage and industrial effluents).

In groundwater, DOC concentrations are 16-424 pM C in Asia, 183-842 uM
C in Australia, 42-15333 M C in Europe, 8-8333 uM C in North America,
100-3000 in Brazil, 1108 4+ 217-14167 £ 6333 uM C in Botswana, and finally
167-7500 M C in soil solution in North America and Europe (Table 2) (Thurman
1985a; Mostofa et al. 2007a, Mostofa KMG et al., unpublished data; Buckau et al.
2000; Bertilsson et al. 1999; McIntyre et al. 2005; Mladenov et al. 2008; Meier
et al. 2004; Gielen et al. 2011; Crandall et al. 1999; Schwede-Thomas et al. 2005;
Pabich et al. 2001; Michalzik et al. 2001; Anawar et al. 2002; Richey et al. 2002;
Bradley et al. 2007). The results of the available studies show that DOC concen-
trations in groundwater are significantly higher in Europe, North America, South
America, and African regions than in Asia. High ground-water DOC concentra-
tions are directly related to the high DOC concentrations in surface waters and
high infiltration rates (Mladenov et al. 2007).

In rainwater, DOC concentrations are substantially varied among different coun-
tries, such as 25-3675 pM C in China, 217 uM C in Brazil, 4-1908 .M C in USA,
28-1078 in Europe, 161 pM C in a continental location, and 23 pM C in a marine
location (Table 2) (Likens et al. 1983; Guggenberger and Zech 1993; Sakugawa
et al. 1993; Willey et al. 2000; Ciglasch et al. 2004; Avery et al. 2006; Kieber
et al. 2006; Santos et al. 2009a, b; Southwell et al. 2010; Miller et al. 2008;
Mostofa KMG et al., unpublished data; Xu et al. 2008; Pan et al. 2010). Rainwater
DOC concentrations are significantly high in China and Europe, but relatively low
in USA, and lower in marine locations than in continental ones. These results sug-
gest that DOC concentrations in rainwater are mostly affected by the atmospheric
organic contaminants, which generally derive from the surrounding environments.

DOM Contents in Lakes, Wetland and Swamps

DOC concentrations are significantly variable in lakes situated among differ-
ent continents: 804133 wM C in Asia (Table 2) (Yoshioka et al. 2002a, 2007; Fu
et al. 2010; Mostofa et al. 2005a, Mostofa KMG et al., unpublished data;
Hayakawa et al. 2003, 2004; Sugiyama et al. 2004; Ishikawa et al. 2006; Rae et al.
2001); approximately 21-710 uM C in Latin America (Morris et al. 1995; Farjalla
et al. 20006); approximately 59-3750 uM C in Europe (Bertilsson and Tranvik
2000; Lu et al. 2007; Worrall et al. 2004a; Evans et al. 2006; Monteith and Evans
2005; Guéguen et al. 2002; Larsen et al. 2011); and approximately 70-27500 pM
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C in North America (Morris et al. 1995; Pace and Cole 2002; Hudson et al. 2003;
Wu et al. 2005; Cammack et al. 2004; McKnight et al. 1997; Allard et al. 1994;
Waiser and Robarts 2000; Biddanda and Cotner 2002; Repeta et al. 2002; Schwede-
Thomas et al. 2005; Curtis and Prepas 1993; Curtis and Schindler 1997; Arts et al.
2000; Biddanda et al. 2001; Kelly et al. 2001; Xenopoulos et al. 2003; Molot et
al. 2004; Brooks et al. 2007). The general results of DOC concentrations studies
in lakes show some characteristic phenomena (Table 2): (i) relatively low DOC
concentrations have been found in Asia, but lakes situated Indonesia and North-
East China shows high contents of DOC. (ii) Lakes situated in Europe and North
America show relatively high DOC values. DOC concentrations in Saline lakes are
significantly higher than in non-Saline lakes situated in the Prairies and Alberta in
Canada. Boreal lakes often show high contents of DOC. This is interesting because
the boreal region contains roughly 30 % of the global lakes and their water is rich
in OM (Molot and Dillon 1996; Downing et al. 2006; Benoy et al. 2007).

A large lake database (7,514 lakes from 6 continents) shows that mean DOC
concentrations are 632 + 16 puM C, ranging from 8 uM C to 27667 wM C (Sobek
et al. 2007). In 87 % of the lakes DOC was between 83 and 1667 uM C, whilst
8.3 % of the lakes had concentrations lower than 83 WM C. Lakes between 1667
and 3333 pM C are relatively few (4.2 %), and only 0.4 % of the lakes had DOC
concentrations above 3333 pM C (Fig. 2a). In 55 % of the lakes DOC concentra-
tion was above 417 wM C, which is suggested to be a threshold value for the tran-
sition between net autotrophy and net heterotrophy in lakes (Sobek et al. 2007;
Jansson et al. 2000; Prairie et al. 2002). Several hypotheses are considered based
on DOC concentration and terrestrial vegetation (Sobek et al. 2007). First, arctic
lakes are generally characterized by low DOC concentrations where land-cover
types are wooded tundra to bare desert and correspond to an annual mean temper-
ature of <—4 °C (Fig. 2b). Second, boreal lakes display a tendency toward higher
DOC concentration if the land-cover types are deciduous and mixed boreal forest
to deciduous conifer forest, which corresponds to an annual mean temperature of
0.5- 4 °C (Fig. 3b). Third, lakes on the northern Great Plains in Saskatchewan
and Canada show the highest DOC concentrations (~80 to ~10500 pM C) and
the land-cover types are cool grasses, shrubs, cool crops and towns (Fig. 3c).
Fourth, Fig. 2b shows that DOC concentrations for lakes situated in the warmer
climate zones (average mean annual temperature >17.4 and <22.3 °C) reach rela-
tively high values (approximately 80-3300 wM C) for land-cover types including
broadleaf crops, corn and cropland and conifer forests (Fig. 2b). Correspondingly,
DOC concentrations for lakes situated in the low warmer climate zones (average
mean annual temperature >8.0 and <13.3 °C) are relatively low (approximately
50-2000 pM C). Here typical land-cover types are crops, mixed and deciduous
broadleaf forests, cool and cool rain forests, grass, and shrubs. Fifth, Fig. 2b sug-
gests that DOC concentrations for lakes that experience relatively low annual
temperature (>1.5 and <4.3 °C) are relatively high (approximately 50-2100 uM
C), and the land-cover types are mostly woods, deciduous and mixed boreal for-
est, cool mixed forest, conifer boreal forest, narrow conifers and deciduous coni-
fer forests.
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Fig. 2 Box and whisker-plot of the distribution of DOC concentration (a) for all lakes, (b) for
lakes divided into different land-cover types, and (c¢) for lakes in Saskatchewan, Canada. In (b),
the land-cover types have been sorted according to the average mean annual temperature. The
boxes display the median and the quartiles, the whiskers represent the 10 and 90 % percentiles,
and the points represent the 5 and 95 % percentiles. Only land-cover types containing 10 or more
lakes are shown. The land-cover types “inland water” and “sea water” are omitted from the plot
because they are not indicative of climate or geography. Data source Sobek et al. (2007)

DOM Contents in Estuaries

DOC concentrations in estuaries are often lower than in lakes all over the world.
They reach 84-473 uM C in China (Chen and Gardner 2004; He et al. 2010);
283-558 WM C in Brazil (Dittmar and Lara 2001); 190-2046 uM C in the USA
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(Moran et al. 2000; Raymond and Bauer 2001a; Boyd and Osburn 2004; Hummel
and Findlay 2006); 133-453 pM C in Canada (Osburn et al. 2009); 76-1427 pM
C in Europe (Abril et al. 2002; Guéguen et al. 2002; Huguet et al. 2010; Baker
and Spencer 2004; Stedmon et al. 2003). DOC in estuaries is originated from both
autochthonous sources (algae or phytoplankton) and allochthonous sources such
as material of terrestrial plant origin.

DOM Contents in Coastal and Open Oceans

DOC concentrations are substantially higher (50-616 pM C) in coastal seawa-
ters than in the open ocean (40-117 uM C) (Table 2) (Ogawa and Tanoue 2003;
Mitra et al. 2000; Chen and Gardner 2004; Williams and Druffel 1987; Opsahl and
Benner 1998; Wang et al. 2004; Zanardi-Lamardo et al. 2004; Osburn et al. 2009;
Blough et al. 1993; Vodacek et al. 1995; Ferrari et al. 1996; Ferrari and Dowell
1998; Del Castillo et al. 1999, 2000; Mostofa KMG et al., unpublished data).
DOC concentrations in coastal waters are generally regulated by terrestrial or riv-
erine input, zooplankton feeding and algal or phytoplankton production (Lee and
Wakeham 1988; Lee and Henrichs 1993; Mann and Wetzel 1995; Hedges et al.
1997). Increased biomass of primary producers also plays a major role in regulat-
ing the DOM contents in coastal areas (Ittekkot 1982; Billen and Fontigny 1987;
Bronk et al. 1998). DOC concentrations in open oceans are relatively low and are
included in the range of 40—-117 WM C at epilimnion and 30-90 uM C at hypolim-
nion (Table 2) (Ogawa and Tanoue 2003). DOC values appear to be relatively uni-
form in most of the oceans, whilst in coastal areas the DOM pool becomes much
more heterogeneous because of terrestrial inputs. In open oceans, the DOC con-
centrations in epilimnetic layers follow the order of Arctic Ocean (70-107 pM
C) > subtropical zone (~80 uM C) > tropical (equatorial) and temperate zones
(60-70 pM C) > subarctic and subantarctic regions (50-60 uM C) > Antarctic
region (40-60 pM C) (Ogawa and Tanoue 2003). There are two main sources of
DOC in coastal oceans: allochthonous DOM of terrestrial origin and autochtho-
nous DOM of algal or phytoplankton origin. In open oceans, allochthonous DOM
contents are gradually decreased photolytically depending on the distance from
coastal areas, whilst autochthonous DOM is substantially increased (see the con-
tribution of DOM for detailed discussion). The three major sources of DOC in the
Arctic Ocean are in situ production (56 %), river run-off (25 %), and Pacific water
(19 %) (Kirchman et al. 1995).

6 Factors Affecting DOM in Natural Waters

DOM contents and its dynamics are mostly dependent on two issues: origin and/
or input, as well as its consequent mineralization by various environmental fac-
tors that are associated with the watershed activities of natural waters. The river-
groundwater interface can act as a source or sink for DOM, depending on the
volume and direction of flow, DOC concentrations and biotic activity (Brunke
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and Gonser 1997). The dynamics of lake DOM is greatly affected by specific
and regional factors such as pH of lake water, air temperature, solar radiation,
precipitation, sulfate deposition, DOC contents in the adjacent rivers, vegeta-
tion of the terrestrial ecosystem, and southern oscillation index (SOI) (Mostofa
et al. 2005a, 2009b; Hudson et al. 2003). A complex balance of abiotic and biotic
processes controls the molecular composition of marine DOM to produce signa-
tures that are characteristic of different environments (Kujawinski et al. 2009).
Therefore, the controlling factors affecting the origin and dynamics of both
allochthonous and autochthonous DOM in natural waters can be distinguished as:
(i) Types and nature of terrestrial plant material in soil; (i) Land management
and natural effects (precipitation, flood and drought); (iii) Effect of temperature;
(iv) Microbial processes; (v) Photoinduced processes; (vi) Photosynthesis in
natural waters; (vii) Metal ions complexation and salinity; and (viii) Global
warming.

6.1 Types and Nature of Terrestrial Plant Material in Soil

Allochthonous DOM is originated in soil by microbial degradation of leachable
organic carbon, which varies depending on the types and nature of terrestrial plant
communities, soil types and other regional effects (Mostofa et al. 2009a; Nakane
et al. 1997; Uchida et al. 1998, 2000; Moore et al. 2008; Tu et al. 2011; Kindler
et al. 2011; Duff et al. 1999; Michalzik et al. 2001; Rae et al. 2001; Cronan and
Aiken 1985; Frost et al. 2006; Johnson et al. 2006). The litter-rich surface soils
have relatively higher DOC concentration than the litter-lacking ones, which can
be distinguished because in the former case the 3'C values of DOC are closer to
the 3'3C of litter than to the 5'3C of organic carbon in forest soil (Tu et al. 2011).
In most temperate and boreal landscapes the DOC concentrations in inland waters
are regulated by a wide variety of watershed characteristics, including the quan-
tity and type of vegetation, watershed slope, and particularly the extent and nature
of wetlands (Kindler et al. 2011; Allard et al. 1994; Rae et al. 2001; Xenopoulos
et al. 2003; Frost et al. 2006; Engstrom 1987; Williamson et al. 2001; Rice 2002;
Canham et al. 2004; Winn et al. 2009).

DOC leaching from topsoils in the presence of different vegetation is largely
variable. Therefore, different values have been observed in the presence of grass-
lands (range 158-1425 pM C and mean: 667 pM C), croplands (range: 325-
1442 pM C and mean: 1000 puM C) and forests (range: 592-3592 uM C and
mean: 1917 uM C), but large variations have also been observed within land use
classes (Kindler et al. 2011). Under Cerrado vegetation, total organic C (TOC)
concentrations (filtered < ca. 1 pwm) found in the soil solution (ca. 417 uM C)
between 15 and 200 cm depth were lower than those usually found in the soil
of temperate forests (833-1667 uM C) (Michalzik et al. 2001; Lilienfein et al.
2001). TOC concentrations in the soil solution under Pinus are lower than under
Cerrado (Lilienfein et al. 2001). In uplands, soils derived from coniferous forests
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are much richer in DOC than those from hardwood stands or grass lands (Rae
et al. 2001; Cronan and Aiken 1985). Lakes with catchments containing 55-65 %
natural grassland and <30 % forest have low DOC concentration (<83 pM C),
whilst lakes in moderately forested (50-60 %) catchments have DOC concentra-
tions of 83-208 wM C, and those in densely forested (>70 %) catchments have
DOC concentrations of 667 WM C (Cronan and Aiken 1985). Forested wetlands,
particularly those with coniferous trees, are positively related to lake DOC, open-
water wetlands including lakes are inversely related to DOC, and scrub-shrub and
emergent wetlands are not related to DOC (Xenopoulos et al. 2003). Upstream
rivers covered by coniferous, deciduous or moxed-type forests have generally low
(~<200 pM C) DOC concentrations (Table 2) (Mostofa et al. 2005a, b; Sugiyama
et al. 2005). A model analysis has shown that the terrestrial land cover such as
conifer boreal forest and barren tundra strongly affects DOC in lakes (Sobek et al.
2007). The land cover type “conifer boreal forest” is positively related with lake
DOC, while “cool conifer forest” is negatively related to DOC. However, cool
conifer forest is confined to high altitude areas such as the Rocky Mountains and
the Alps, which may explain the relatively low DOC concentrations found in these
lakes (Sobek et al. 2007).

In polar desert lakes, DOM is generated autochthonously by microbial pro-
cesses in water, since there is no catchment vegetation (Rae et al. 2001). This
DOM thus differs from that of temperate latitudes by having a reduced ratio of
aromatic to aliphatic residues (McKnight et al. 1994). It has also been shown that
DOC from predominantly grassland catchments is qualitatively different in terms
of its UVR attenuation properties than DOC from a mainly forested catchment
(Rae et al. 2001). Therefore, the type and amount of terrestrial vegetation sur-
rounding a catchment plays a significant role in defining the concentration levels
of DOC in the catchment water. It is hypothesized that high ground-water DOC
concentrations are directly related to high DOC concentrations in surface waters
(Mladenov et al. 2007).

6.2 Land Management and Natural Effects (Precipitation,
Flood and Drought)

Land management and natural effects (precipitation, flood and drought) are
important factors for controlling DOM release from soil environments to natural
water catchments (Mostofa et al. 2005b, 2007a; Watts et al. 2001; Ittekkot et al.
1985; Safiullah et al. 1987; Newbern et al. 1981; Richey et al. 1990; Depetris and
Kempe 1993; Shaw 1979; Worrall et al. 2003; Worrall and Burt 2004; Yallop and
Clutterbuck 2009; Clutterbuck and Yallop 2010; Yallop et al. 2010). These pro-
cesses include several phenomena:

(i) DOC is largely released from soil into water during agricultural activities,
particularly in plantation and growing seasons of rice plants as well as other
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(ii)
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plantations through rainfall or water overflow (Mostofa et al. 2005a, 2007a).
Rapid photo- and microbial respiration or assimilation of soil OM might be
responsible for high releases of DOC into water during agricultural activities.
DOC concentrations are increased with afforestation in catchments (Ciglasch
et al. 2004; Neal et al. 1998, 2004). In addition, deforestation can reduce
evaporation and increase surface temperature. Changes in land-surface cover
can enhance the degradation of soil DOM and OM by both photoinduced
and microbial processes (Brandt et al. 2009; Rutledge et al. 2010; Raich and
Schlesinger 1992; Borges et al. 2008). Therefore, either afforestation or defor-
estation in soil environments can contribute to the rapid washout of allochtho-
nous DOM and OM to water catchments by precipitation or runoff.

(iii) Controlled heather burning as a management tool for red grouse (Lagopus

lagopus) husbandry in peat surface is often (but not always) identified as a
highly significant driver of spatial variance in DOC concentration in drain-
age water (Yallop and Clutterbuck 2009; Yallop et al. 2006, 2008; Ward et al.
2007; Worrall et al. 2007).

(iv) Increased precipitation and runoff can lead to higher DOC export from the

catchment into natural surface waters (Pace and Cole 2002; Zhang et al. 2010;
Monteith et al. 2007; Hongve et al. 2004; Sobek et al. 2007; Ciglasch et al.
2004; Gielen et al. 2011; Anderson et al. 1997; Evans et al. 1999). Total solar
radiation and precipitation can account for 49-84 % of the variation in the
long-term DOC patterns in various catchments (Zhang et al. 2010). The DOC
concentrations in Swedish lakes and streams have substantially increased dur-
ing the 1970-1980s, mostly due to higher precipitation (Tranvik and Jasson
2002). DOC concentrations vary from 4 puM C to 3675 uM C in rainwater,
which may largely affect the natural surface waters (Table 2) (Likens et al.
1983; McDowell and Likens 1988; Guggenberger and Zech 1993; Chebbi and
Carlier 1996; Willey et al. 2000, 2006; Ciglasch et al. 2004; Avery et al. 2006;
Kieber et al. 2006, 2007; Miller et al. 2009; Santos et al. 2009a, b; Southwell
et al. 2010; Pan et al. 2010). Factors affecting the variation in DOC concen-
trations are rainwater volume, season (winter, spring or summer), location of
the rain events, wind speed, storm trajectory, and the air mass pathways dur-
ing precipitation. During highly rainy seasons, DOC concentrations are sig-
nificantly increased through flushing of organic-rich waters from upper soil
horizons, agricultural and forest runoff, primary production and subsequent
flooding of the ox-bow or flood-plain lakes, through lake out-flowing into the
nearby catchment waters (Mostofa et al. 2005b; Ittekkot et al. 1985; Safiullah
et al. 1987; Ishikawa et al. 2006; Newbern et al. 1981; Richey et al. 1990;
Depetris and Kempe 1993; Mulholland 2003). Leaching and heterotrophic
processing of newly flooded terrestrial vegetation, leaching of organics from
floodplain soil and catchment areas can also affect the DOC concentrations
(Wetzel 1992; Duff et al. 1999; Mladenov et al. 2007; Reche et al. 1999). The
flow path of water in the catchment after precipitation is an important factor
that can reduce soil erosion (Sobek et al. 2007), thereby reducing the rapid
washout of allochthonous DOM, POM and nutrients to water catchments.
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Many studies observe that DOC export is positively correlated with runoff,
and two issues are involved (Sobek et al. 2007): First, the carbon budget of
the studied landscapes is not in steady state, i.e., increased runoff exports
more DOC than is produced in soil, which implies that observed increases are
temporary. Second, changes in runoff are concomitant to changes in leachable
organic carbon stocks in soil. High runoff indicates a high water table, which
favors DOC leaching and hampers microbial degradation due to anoxia and
humification. In addition, the negative relationship between runoff and lake
DOC concentration indicates that when high runoff prevails over extended
periods of time, the leachable soil organic carbon pool will eventually be
reduced (Sobek et al. 2007).

(v) Severe drought seasons can either greatly decrease or increase the DOC lev-
els in natural water (Watts et al. 2001; Meier et al. 2004; Shaw 1979; Worrall
et al. 2003, 2005, 2006; Worrall and Burt 2004; Ward et al. 2007). DOC con-
centrations in shallow groundwater are very low (1558 wM C) under drought
condition compared to spring samples (2583 wM C). Correspondingly, the
properties of DOM are largely different (Meier et al. 2004). Such differences
may be attributed to biogeochemical changes in the DOM pool over the sum-
mer and fall seasons under drought conditions. Studies show that runoff char-
acteristics and flow-paths within peat soils change as a result of severe drought,
which could increase DOC concentrations in runoff water (Evans et al. 1999;
Holden and Burt 2002).

In addition, releases of allochthonous DOM are largely dependent on several
catchment properties such as drainage ratio (catchment : lake area), proportion
of wetlands, proportion of upstream lakes, watershed slope, altitude, catchment
area, % peat cover, water area, wetland cover, and soil C:N ratio in the catchment
(Sobek et al. 2007; Eckhardt and Moore 1990; Xenopoulos et al. 2003; Rasmussen
et al. 1989; Kortelainen 1993; Hope et al. 1997; Aitkenhead and McDowell 2000).
The export of DOC from catchments is often related to the organic carbon stocks
in the catchment soils (Hope et al. 1994; Aitkenhead et al. 1999). Studies show
that DOC fluxes are small: 0.8 £ 0.2 % relative to gross primary productivity,
1.0 £ 0.3 % relative to ecosystem respiration, and (2.4 £ 0.4 %) relative to soil
respiration, when the DOC fluxes are considered relative to the gross ecosystem
carbon fluxes in a specific catchment (Gielen et al. 2011).

6.3 Effect of Temperature

Temperature can affect DOM in two ways: First, water temperature (WT), linked
with solar radiation, is one of the most important variables in the production of
autochthonous DOM in natural waters because it affects the physical, pho-
toinduced, microbial and ecological processes (Mostofa et al. 2009a; Sobek et
al. 2007; Gielen et al. 2011; Gudasz et al. 2010). The mineralization of organic
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carbon in lake sediments exhibits a strong positive relationship with temperature,
which suggests that increasing temperature would lead to increased mineraliza-
tion of OM in natural waters (Gudasz et al. 2010). As already seen, the distribution
of DOC concentrations for various lakes (7500 lakes from 6 continents; Fig. 2)
(Sobek et al. 2007) does not show a simple relationship between DOC and tem-
perature, because the DOC values are affected by both temperature and the sur-
rounding vegetation. However, autochthonous DOM is often higher in lake waters
where the water temperature (WT) is higher. For example, WT in the surface water
of Lake Baikal is generally lower (4-16 °C: summer period) compared to Lake
Biwa (10-28.7 °C: summer period), although the DOC levels are almost similar:
88-114 uM C at 0-1400 m depth and 76-135 uM C at 0-80 m at central basins,
respectively, during the summer stratification period (Weiss et al. 1991; Mostofa
et al. 2005a; Yoshioka et al. 2002a; Goldman et al. 1996). However, autochtho-
nous production in Lake Biwa is significantly higher (3—-82 %) than in Lake Baikal
(6-35 %) (Table 2) (Mostofa et al. 2005a; Yoshioka et al. 2002a; Sugiyama et al.
2004). Autochthonous production is not observed in a region where the WT is very
low (ca. <0 °C) and, at the same time, chlorophyll a (Chl a) production does not
occur in the upper water column (Bussmann and Kattner 2000) However, a little
increase in WT may produce a little amount of Chl a with a corresponding increase
in autochthonous DOM in natural waters (Wheeler et al. 1996, 1997; Bussmann
and Kattner 2000; Melnikov and Pavlov 1978; Tremblay et al. 2006). Low WT
may affect the DOM contents by several pathways (Mostofa et al. 2009a): (i)
Photoinduced degradation of surface DOM is less effective due to low solar effects
at low WT and air temperature. This may result in low contents of photoprod-
ucts, such as DIC, CO,, HyO,, LMW organic substances and so on, which subse-
quently decreases photosynthesis and primary production. The result is a decrease
of autochthonous DOM production in natural waters. (ii) Mineralization of DOM
by photoinduced degradation becomes significantly low at low WT, which may
preserve the DOM in natural waters and lead to increased allochthonous DOM
contents.

An increase in air temperature can significantly enhance DOC export from soil
to surface water by increasing soil respiration and mineralization of plant organic
material (Mostofa et al. 2005a, b; Monteith et al. 2007; Raymond and Saiers 2010;
Gielen et al. 2011; Evans et al. 1999, 2002; Gudasz et al. 2010; Newson et al.
2001). This can lead to DOM leaching from groundwater to stream or riverbeds
or lakes, and the DOC concentrations are linearly increased with increasing tem-
perature in natural waters. Coherently, the DOC leaching from forest catchments
to streams is significantly enhanced during the summer season. It has been shown
that releases of DOM in upstream waters of forest mountainous origin are much
higher (28-84 %) during summer than in winter season. This has been estimated
during monthly samplings in four upstream rivers and the releases were highest
(52-84 %) in forest soils at upstream sites of Kurose River than in forest gran-
ite mountain (28-31 %) in Lake Biwa watershed (Mostofa et al. 2005a, b). It is
suggested that increased temperature during the summer season can lead to higher
microbial activity and enhanced decomposition of organic matter or peat, which
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increases production of DOC. Increases in temperature can also induce higher
drawdown of water tables in summer, increasing the depth of the zone where oxi-
dation and production of DOC take place (Evans et al. 1999). In the UK, the latter
effects would probably be exacerbated by the decreased summer rainfall over the
last 40 years (Burt et al. 1998). It is suggested that the effect of increased tempera-
ture on water tables can account for between 10 and 20 % of the increase in DOC
concentration (Worrall et al. 2004b, 2007; Cole et al. 2002).

6.4 Microbial Processes

Microbial processes have two important effects on OM (DOM and POM). First
microbial respiration or assimilation of OM into algal or phytoplankton bio-
mass or bacterial biomass can release autochthonous DOM in deep water (Mostofa
et al. 2009a, b, 2011; Zhang et al. 2009; Yamashita and Jaffé¢ 2008; Fu et al. 2010;
Rochelle-Newall and Fisher 2002a; Yamashita and Tanoue 2004; Aoki et al. 2008;
Stedmon and Markager 2005a; Stedmon et al. 2007a). This process can give an
important contribution to autochthonous DOM in natural waters. Second, microbial
processes can change the molecular structure of DOM components and their opti-
cal properties, either absorption properties of CDOM or fluorescence properties of
FDOM (Moran et al. 2000; Mostofa et al. 2007a; Hur 2011). Such properties will
be discussed in chapters “Photoinduced and Microbial Degradation of Dissolved
Organic Matter in Natural Waters”, ““Colored and Chromophoric Dissolved Organic
Matter in Natural Waters”, and “Fluorescent Dissolved Organic Matter in Natural
Waters”. Microbial degradation can mineralize DOC by approximately 0-85 % in
natural waters (see chapter “Colored and Chromophoric Dissolved Organic Matter in
Natural Water””). High molecular weight protein-like structures in plant-derived DOM
are degraded primarily through physical-chemical and microbial processes (Scully
et al. 2004). Microbial activity is significantly stimulated by the photoproducts of read-
ily assimilable nitrogen compounds such as ammonium and amino acids (Bushaw
et al. 1996; Jgrgensen et al. 1998). Under N-limiting conditions, nitrogenous photo-
products can significantly increase the rates of bacterial growth in natural waters
(Bushaw et al. 1996). Microbial degradation depends on several key factors, such as
occurrence and nature of microbes; sources of DOM and the quantity of its fermenta-
tion products; temperature; pH; and sediment depth (see chapter “Photoinduced and
Microbial Degradation of Dissolved Organic Matter in Natural Waters”).

6.5 Photoinduced Processes

Photoinduced processes have two effects on OM (DOM and POM): First, photo-res-
piration or assimilation of POM can release autochthonous DOM in surface waters
(Mostofa et al. 2009b, 2011; Harvey et al. 1995; Fu et al. 2010; Rochelle-Newall
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and Fisher 2002a; Hiriart-Baer and Smiith 2005). This process can give a signifi-
cant contribution to autochthonous DOM in natural waters. Second, solar radiation
causes changes in the molecular structure of DOM and decomposes its functional
groups. This effect can be detected chemically as mineralization of DOC, by
approximately 0-54 % during irradiation times ranging from hours to months.
It can also be detected optically as alteration of either chromophoric dissolved
organic matter (CDOM) or fluorescent dissolved organic matter (FDOM) (see
chapters “Photoinduced and Microbial Degradation of Dissolved Organic Matter
in Natural Waters”, “Colored and Chromophoric Dissolved Organic Matter in
Natural Waters”, and “Fluorescent Dissolved Organic Matter in Natural Waters”).
Photoinduced degradation can also reduce the mean molecular size of the high
molecular weight DOM (Lovley and Chapelle 1995; Lovley et al. 1996; Yoshioka et
al. 2007; Amador et al. 1989), which subsequently produces low molecular weight
(LMW) intermediates (Lovley et al. 1996; Wetzel et al. 1995; Amon and Benner
1994; Dahlén et al. 1996). This process ultimately ends up in mineralization with
formation of e.g. COS, CO, CO,, DIC, ammonium and gaseous hydrocarbons
(Miller and Zepp 1995; Miller 1998; Johannessen and Miller 2001; Ma and Green
2004; Xie et al. 2004; Johannessen et al. 2007; Gennings et al. 2001; Clark et al.
2004). Photoinduced degradation generally occurs in the mixing zone and decreases
with an increase in water depth (Bertilsson and Tranvik 2000; Ma and Green 2004;
Vihitalo et al. 2000; Mostofa et al. 2005a; Granéli et al. 1996). The photoreactivity
of fluorescent DOM is greatly decreased when passing from freshwater to marine
waters, but deep waters in lakes or marine environments are often more sensitive
to photoinduced degradation processes than surface waters (Mostofa et al. 2011).
Similar effects have been observed as far as photomineralization is concerned
(Vione et al. 2009). Photoinduced degradation is significantly affected by several
key factors, such as solar radiation, water temperature, effects of total dissolved
Fe and photo-Fenton reaction, occurrence and quantity of NO,~ and NO3™ ions,
molecular nature of DOM, water pH and alkalinity, dissolved oxygen (O;), water
depth, physical mixing in the surface mixing zone, increased UV-radiation during
ozone hole events, global warming, and salinity (see chapter ‘“Photoinduced and
Microbial Degradation of Dissolved Organic Matter in Natural Waters”).

6.6 Photosynthesis in Natural Waters

Autochthonous production of DOM in natural waters is mostly accompanied by
photosynthesis (Takahashi et al. 1995; Hamanaka et al. 2002; Marafion et al. 2004).
Photosynthetically produced POM (mostly algae or phytoplankton) and the related
release of new DOM are significantly influenced by several key factors, such as
high precipitation (Freeman et al. 2001a; Tranvik and Jasson 2002; Hejzlar et al.
2003; Zhang et al. 2010), nitrogen deposition (Pregitzer et al. 2004; Findlay 2005),
sulfate (SO427) deposition (Zhang et al. 2010; Evans et al. 2006; Monteith et al.
2007), and changes in total solar UV radiation or an increase in temperature due to
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global warming (Freeman et al. 2001a; Zhang et al. 2010; Sinha et al. 2001; Sobek
et al. 2007; Rastogi et al. 2010). The increase in temperature driven by solar radia-
tion is effective in inducing photoinduced and microbial processes of OM (includ-
ing DOM and POM) as well as in enhancing photosynthesis. This is consistent with
data from the Central England Temperature Record (Parker et al. 1992), showing
that mean summer temperatures across England were 0.66 °C higher during the
1990s than in the preceding 30 years. Model studies predict that the production
of new DOM due to photosynthetic processes from winter to summer would vary
from 6 to 60 %, due to a large seasonal variation in light intensity (Anderson and
Williams 1998; Bratback and Thingstad 1985). The factors affecting the photosyn-
thesis in natural waters are discussed in detail in chapter “Photosynthesis in Nature:
A New Look”.

6.7 Metal Ions Complexation and Salinity

Metal ions can complex the DOM functional groups (fulvic and humic acids of
vascular plant origin, autochthonous fulvic acids of algal or phytoplankton origin,
tryptophan, protein, algae and so on) and can induce structural changes (e.g. molec-
ular conformation or rigidity) and formation of aggregates. Complexation would
thus change the outer appearance of the molecule and its optical properties, such
as absorption properties of CDOM and fluorescence properties of FDOM, either
increasing or decreasing them (Mostofa et al. 2009a, 2011; Lead et al. 1999; Wang
and Guo 2000; Koukal et al. 2003; Mylon et al. 2003; Wu et al. 2004; Lamelas
and Slaveykova 2007; Lamelas et al. 2009; Fletcher et al. 2010; Reiller and Brevet
2010; Sachs et al. 2010; Da Costa et al. 2011). Correspondingly, salinity can also
affect the DOM components in seawater, both structurally and optically, modifying
them in comparison to freshwater (Nakajima 2006; Blough et al. 1993; del Vecchio
and Blough 2002; Boyd et al. 2010). Complexation of metal ions and the effect
of salinity are extensively discussed in Chapters ‘“Photoinduced and Microbial
Degradation of Dissolved Organic Matter in Natural Waters”, “Fluorescent
Dissolved Organic Matter in Natural Waters”, and “Complexation of Dissolved
Organic Matter with Trace Metal Ions in Natural Waters”.

6.8 Global Warming

Global warming may affect DOM in two ways: First, global warming could fur-
ther enhance atmospheric CO;, because of elevated net primary productivity
and increases root exudation of DOC in soil environments (Freeman et al.
2001b, 2004; Lavoie et al. 2005; Fenner et al. 2007a, b; Wolf et al. 2007; Kang
et al. 2001; Tranvik and Jasson 2002; Monteith et al. 2007; Evans et al. 2002;
Dorodnikov et al. 2011). This process ultimately leaches allochthonous DOM
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into the aquatic ecosystem. Second, global warming may accelerate the pho-
toinduced and microbial decomposition of DOM to produce compounds such
as H>O,, CO,, DIC, NO3—, PO43_, NH4+, LMWDOM and so on (Mostofa and
Sakugawa 2009; Johannessen and Miller 2001; Ma and Green 2004; Xie et al.
2004; Johannessen et al. 2007; Palenik and Morel 1988; Kotsyurbenko et al.
2001; Lovley 2006). The availability of these compounds can enhance photosyn-
thesis and ultimately increase the primary and secondary production. These pro-
cesses can induce the formation of autochthonous DOM and are usually expected
to deteriorate the quality of natural waters. All these processes are extensively
discussed in chapter “Impacts of Global Warming on Biogeochemical Cycles in
Natural Waters”.

7 Possible Mechanisms for Increased and Declined DOM
Contents in Surface Waters

Production of autochthonous DOM is a well-known phenomenon in stagnant
surface waters, particularly in lakes and oceans. The corresponding increase
in autochthonous DOC is, on average, 0-102 % in lakes and 0-194 % in the
oceans’ epilimnion compared to the hypolimnion during the summer stratifica-
tion period (Table 2). Increased concentrations of DOC in surface waters are a
commonly observed phenomenon in North America and in North and Central
Europe including UK, the Czech Republic, Finland, Norway, Canada, USA and
so on (Hejzlar et al. 2003; Worrall et al. 2004a, 2007; Evans et al. 2005, 2006;
Monteith et al. 2007; Hongve et al. 2004; Monteith and Evans 2005; Larsen
et al. 2011; Clutterbuck and Yallop 2010; Yallop et al. 2010; Freeman et al. 2001b;
Bouchard 1997; Skjelkvale et al. 2001, 2005; Driscoll et al. 2003; Stoddard
et al. 2003; Vuorenmaa et al. 2006). The increase in DOC export also enhances
the export of humic DOC from upland peat catchments (Yallop et al. 2010). It
is estimated that the increase in mean DOC concentrations between the first and
last 5 years of monitoring in UK’s Acid Waters Monitoring Network (AWMN)
streams and lakes are 32135 % in 11 streams and 31-140 % in 11 lakes (Evans
et al. 2006; Monteith and Evans 2005). DOC in UK rivers arises from a num-
ber of sources including: decomposition of deep peat if present (McDonald et al.
1991), sewage (Eatherall et al. 2000), industrial point-source effluents (Tipping
et al. 1997) and products of early stages of plant decomposition (Palmer et al.
2001). The long-term trends of increasing or decreasing DOC concentration are
not evident in various lakes except at the Experimental Lakes Area, where an
increase in DOC is correlated with a decrease in summer total solar radiation and
an increase in summer precipitation (Zhang et al. 2010). The initial DOM contents
are also important to enhance the autochthonous production of DOC in aquatic
ecosystems. Moreover, several mechanisms have been suggested to explain the
enhancement of aquatic DOC including: increased terrestrial vegetation cover
in response to climate change (Larsen et al. 2011; Worrall et al. 2003; Freeman
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et al. 2001b; Stoddard et al. 2003; Evans et al. 2005) and associated increases in
enchytraeid worm activity (Cole et al. 2002; Carrera et al. 2009); increasing CO»-
mediated stimulation of primary productivity (Freeman et al. 2004); hydrological
change (Hongve et al. 2004; Evans et al. 2005); artificial peat drainage (Worrall et
al. 2003); the occurrence of severe drought events (Watts et al. 2001; Worrall and
Burt 2004); and the removal of decomposition-inhibiting phenolic compounds fol-
lowing prolonged water table drawdown (Freeman et al. 2001a). However, these
mechanisms are not sufficiently well documented yet to understand the increased
DOC concentrations in natural waters.

One of the possible mechanisms leading to increased DOC concentrations in
surface waters is the enhancement of photosynthesis. Two different processes are
involved, depending on the sources of DOM.

(i) The first issue is that increased soil respiration may increase the decompo-
sition rates of soil OM due to the effect of global warming. Furthermore,
elevated CO; enhances DOC supply in peat soils because of elevated net pri-
mary productivity and increased root exudation of DOC in soil environments
(Freeman et al. 2001b, 2004; Lavoie et al. 2005; Fenner et al. 2007a, b; Wolf
et al. 2007; Kang et al. 2001; Tranvik and Jasson 2002; Monteith et al. 2007;
Evans et al. 2002; Dorodnikov et al. 2011). This process ultimately leaches
allochthonous DOM into the aquatic ecosystem. The increased activity of
enchytraeid worms (the dominant invertebrates in upland peats) at higher
temperature increases the microbial activity in peat and enhances nutrient
mineralization (Cole et al. 2002). The mineralization of C- and N-containing
compounds would increase the losses of nitrate and DOC (Cole et al. 2002).

(i) The second issue is that the allochthonous DOM that is increasingly released
into surface waters can undergo photoinduced decomposition to generate
H»0;, CO; and DIC (dissolved CO,, HCO3, HCO3™, and C032‘), or micro-
bial degradation with production of HyO,, CO,, DIC, CHy, PO,3", NH4t
and so on (Lovley et al. 1996; Johannessen and Miller 2001; Ma and Green
2004; Xie et al. 2004; Johannessen et al. 2007; Palenik and Morel 1988; Clark
et al. 2004; Kotsyurbenko et al. 2001). Many of these compounds are able to
enhance photosynthesis (Mostofa et al. 2009a; Komissarov 1994, 1995, 2003;
Li et al. 2011; Li 1994; Zubkov and Tarran 2008; Beardall et al. 2009a, b;
Wu and Gao 2009; Liu et al. 2010). This process can fuel primary and sec-
ondary production, thereby leading to enhanced aquatic OM and DOM. In
fact, algae and phytoplankton can produce autochthonous DOM under both
photoinduced and microbial respiration or assimilation, which contributes
to increasing DOM in natural waters. Under elevated carbon dioxide levels,
the proportion of DOM derived from recently assimilated CO; is ten times
higher compared to the control cases (Freeman et al. 2004). In addition, new
DOC release is far more sensitive to environmental drivers that affect net pri-
mary productivity compared to decomposition alone (Freeman et al. 2004).



68 K. M. G. Mostofa et al.

Moreover, photosynthesis depends on several key factors that have already
been discussed and that could thus indirectly affect the occurrence of DOM
in natural waters (see also chapter “Photosynthesis in Nature: A New Look™).

On the other hand, declined concentrations of DOC have been observed in sev-
eral surface waters including south west of England, northern Scandanavia and
Italy (Worrall et al. 2004a, 2007; Schindler et al. 1996; Skjelkvale et al. 2001;
Bertoni et al. 2010; Minella et al. 2011). Of the 315 catchments examined in the
UK, 18 % (55 catchments) have shown significant decreases in DOC concentra-
tion over the last 10 years (Worrall et al. 2007). DOC concentrations in the epilim-
nion have decreased from 119 to 57 uM C (average values during 1980-1984 and
2000-2007, respectively). In lake Maggiore (Italy), chlorophyll a concentrations
averaged 5.9 jug 17! in the period 1980-1990, decreased to 4.0 g 1~ in the fol-
lowing decade (1990-2000) and underwent a further decrease (to 2.0 wg 171) in
the period 2000-2007 (Bertoni et al. 2010). The observed DOC decline is pre-
sumably caused by a decrease of total phosphorus and of the organic loadings to
the lake, because of a decrease of the anthropic impact. The consequences are a
decrease of in-lake productivity and pronounced changes in phytoplankton compo-
sition, including higher biodiversity, reduced biovolume and lower average com-
munity cell size (Bertoni et al. 1998, 2008; Callieri and Piscia 2002; Morabito and
OggioniA 2003; Salmaso et al. 2003; Rogora 2007).

The decline of DOC concentrations in surface waters would be linked to lower
photosynthesis and often to relatively low contents of DOM. The latter may also
be the result of low precipitation, which generally decreases to input of soil alloch-
thonous DOM to natural waters. Waters with low contents of DOM would produce
low amounts of photoinduced or microbial end products, which may significantly
decrease the primary and secondary production with a subsequent decline of
autochthonous DOM (see also chapter “Photosynthesis in Nature: A New Look™).
Low production of autochthonous DOM would further contribute to the decline
of DOC in natural waters. In fact, production of autochthonous DOM may some-
times offset the DOM decomposition by natural sunlight. For the same reason, soil
inputs of allochthonous humic substances to surface waters during the summer
stratification period may enhance photosynthesis and increase the autochthonous
DOM in natural waters.

In some cases, drought can increase the DOM levels (Freeman et al. 2001a;
Worrall and Burt 2008; Vazquez et al. 2011; Evans et al. 1999; Worrall et al. 2006;
Holden and Burt 2002, 2003). The mechanism behind this phenomenon is that
waters with high contents of DOM may undergo high photoinduced and microbial
DOM degradation under drought conditions. The related production of photoin-
duced and microbial end products may be responsible for enhancement of high
photosynthesis and, therefore, of high primary and secondary production. The
latter phenomenon would ultimately lead to increased DOM contents.

The autochthonous production of DOM depends on several factors in natu-
ral waters, and particularly in lakes and oceans (Table 2) (Mostofa et al. 2005a,
2009a; Fu et al. 2010; Ogawa and Ogura 1992; Mitra et al. 2000; Yoshioka et al.
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2002a; Hayakawa et al. 2003, 2004; Anderson and Williams 1998; Bushaw et al.
1996; Takahashi et al. 1995; Marafion et al. 2004). These factors can be summa-
rized as follows (Mostofa et al. 2009a): seasonal terrestrial riverine input; acidity
or alkalinity, conductivity and pH, the variation of which indicates major differ-
ences in water chemistry that could influence photoreaction rates as well as the
structure and speciation of organic matter. Other important factors are: anthropo-
genic activities; water transparency and the related light penetration through the
water column; standing stocks of carbon; stratification of the water column; stir-
ring/mixing of water by strong wind; photosynthetically active radiation (PAR)
and water temperature; microbial degradation of DOM; ecosystem metabolism
and bacterial growth; release of large amounts of dissolved organic compounds by
wetland and littoral macrophytes; vertical mixing of the water column due to tem-
perature effects; habitat structure and diversity.

8 Emerging Contaminants in Natural Waters

Emerging contaminants are generally detected in soil, sediment, air, water, aquatic
biota including fish, wildlife, terrestrial earthworms, and humans (Richardson 2003,
2007; Mottaleb et al. 2005, 2009; Richardson and Ternes 2005, 2011; Buser et al.
2006; Schmid et al. 2007; Farré et al. 2008; Kinney et al. 2008; Guo et al. 2009;
Ramirez et al. 2009; Citulski and Farahbakhsh 2010; Kumar and Xagoraraki 2010;
Pal et al. 2010; Yoon et al. 2010; Kleywegt et al. 2011; Yu et al. 2011; Daughton
and Ternes 1999; Keith et al. 2001; Heberer 2002; Balmer et al. 2004; Brooks et
al. 2005; Duedahl-Olesen et al. 2005). According to these studies, emerging con-
taminants (usually emerging organic contaminants) are typically defined as organic
substances that occur in very small amount (usually at concentration levels of nano-
grams to micrograms per liter), are persistent and have potential health effects on
organisms including humans, fish and wildlife, or other adverse ecological effects.
Such contaminants are either of anthropic origin (e.g. municipal, industrial, agricul-
tural and human activities and waste water treatment processes) or naturally pro-
duced, e.g. during the algal (or phytoplankton) blooms in surface water.

Emerging contaminants include a diverse group of organic compounds that
can be classified as pharmaceuticals, personal care products (PCPs), endocrine-
disrupting compounds (EDCs), steroids and hormones, drinking water disinfection
byproducts (DBPs), perfluorinated compounds (PFCs), brominated flame retardants
(including polybrominated diphenyl ethers), sucralose and other artificial sweeten-
ers, benzotriazoles, naphthenic acids, antimony, siloxanes, sunscreens/UV filters,
musks, algal toxins, perchlorate, dioxane, pesticides, ionic liquids or organic salts,
nanomaterials, gasoline additives and their transformation products, as well as
microorganisms (Richardson 2003, 2007; Mottaleb et al. 2005, 2009; Richardson
and Ternes 2005, 2011; Buser et al. 2006; Schmid et al. 2007; Farré et al. 2008;
Kinney et al. 2008; Guo et al. 2009; Ramirez et al. 2009; Citulski and Farahbakhsh
2010; Kumar and Xagoraraki 2010; Pal et al. 2010; Yoon et al. 2010; Kleywegt
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et al. 2011; Yu et al. 2011; Daughton and Ternes 1999; Keith et al. 2001; Heberer
2002; Balmer et al. 2004; Brooks et al. 2005; Duedahl-Olesen et al. 2005).

It is estimated that approximately 3000 different substances are used as phar-
maceutical ingredients, including painkillers, antibiotics, antidiabetics, beta-
blockers, contraceptives, lipid regulators, antidepressants and impotence drugs
(Richardson and Ternes 2011). Pharmaceuticals that arise concern for possible
chronic toxicity are salicylic acid, diclofenac, propranolol, clofibric acid, carba-
mazepine, atenolol, bezafibrate, cyclophosphamide, ciprofloxacin, furosemide,
hydrochlorothiazide, ibuprofen, lincomycin, ofloxacin, ranitidine, salbutamol,
sulfamethoxazole, diltiazem, acetaminophen, chloramphenicol, florfenicol, thia-
mphenicol and fluoxetine (Pal et al. 2010; Richardson and Ternes 2011; Hoeger
et al. 2005; Carlsson et al. 2006; Pomati et al. 2006; Kim et al. 2007; Lai et al. 2009).

Occurences of various hormones in natural waters as priority drinking water contam-
inants are estriol [E3], estrone, progesterone, 17a-ethinylestradiol [EE2], 17a-estradiol,
17B-estradiol [E2], testosterone, androstenedione, equilenin, equilin, mestranol,
and norethindrone (Pal et al. 2010; Richardson and Ternes 2011). Synthetic musk
compounds have diverse chemical structures, such as nitroaromatic groups includ-
ing musk xylene (1-tert-butyl-3,5-dimethyl-2,4,6-trinitrobenzene) and musk ketone
(4-tert-butyl-2,6-dimethyl-3,5-dinitroacetophenone); polycyclic structures including
T-acetyl-1,1,3,4,4,6-hexamethyl-1,2,3 4-tetrahydronaphthalene (AHTN; trade name,
tonalide),  1,3,4,6,7,8-hexahydro-4,6,6,7,8,8-hexamethylcyclopenta-(g)-2-benzopyran
(HHCB; trade name, galaxolide), 4-acetyl-6-tert-butyl-1,1-dimethylindan (ADBI; trade
name, celestolide), dihydropentamethylindanone (DPMI; trade name, cashmeran), and
5-acetyl-1,1,2,3,3,6-hexamethylindan (AHMI, trade name phantolide). They are stud-
ied in waters, waste sludge and air (Richardson and Ternes 2011; Gomez et al. 2009;
Wombacher and Hornbuckle 2009; Clara et al. 2011; Ramirez et al. 2011). It has been
shown that galaxolide is the most abundant musk detected in wastewater, reaching up to
2069 and 1432 ng L~ in influents and effluents, respectively.

Siloxanes include cyclic siloxanes, octamethylcyclotetrasiloxane (D4), deca-
methylcyclopentasiloxane (D5), dodecamethylcyclohexasiloxane (D6), tetra-
decamethylcycloheptasiloxane (D7) and linear siloxanes (Richardson and Ternes
2011; Kierkegaard et al. 2011). Approximately 600 different pesticides are
applied annually in the US, whilst in Japan more than 450 active products are dis-
tributed annually among 5,400 commercial products. The two countries are key
pesticide users in the world (Chen et al. 2007; Guo et al. 2009; Majewski et al.
2000; Derbalah et al. 2003; Qiu et al. 2005). Several pesticide degradation prod-
ucts are also of concern, such as: alachlor ethanesulfonic acid (ESA), alachlor
oxanilic acid (OA), acetochlor ESA, acetochlor OA, metolachlor ESA, meto-
lachlor OA, 3-hydroxycarbofuran, terbufos sulfone, alachlor ESA and OA, ace-
tochlor ESA and OA, metolachlor ESA and OA, thiophenol and phenyl disulfide
from dyfonate hydrolysis; 4-chloro-2-methylphenol and 4-chloro-2-methyl-6-ni-
trophenol from [(4-chloro-2-methylphenoxy)acetic acid] (MCPA) phototrans-
formation; desphenyl-chloridazon (DPC) and methylated-DPC of N-chloridazon
degradation (Richardson and Ternes 2011; Buttiglieri et al. 2009; Chiron et al.
2009; Wang et al. 2010).
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Benzotriazoles and other benzo-related contaminants are detected in water,
the most common being benzotriazole, tolyltriazole, benzothiazoles, and ben-
zosulfonamides in waters (Richardson and Ternes 2011; Jover et al. 2009; van
Leerdam et al. 2009; Matamoros et al. 2010). Perfluorinated compounds (PFCs)
include perfluorooctane sulfonate (PFOS), perfluorooctanoic acid (PFOA) and
a number of structurally-related compounds such as fluorinated telomer alco-
hols (FTOHs), perfluorobutanoic acid (PFBA), perfluorohexanoic acid (PFHxS),
Perfluorobutanesulfonate (PFBS), perfluoropropane sulfonate (PFPrS), perfluoro-
ethane sulfonate (PFEtS), perfluorooctane sulfonamide (PFOSA), N-ethyl perfluo-
rooctane sulfonamide acetate (N-EtFOSAA), perfluorododecanoic acid (PFDoDa),
perfluoroundecanoic acid (PFUnDa), perfluorodecanoic acid (PFDA), perfluorono-
nanoic acid (PFNA), perfluoroheptanoic acid (PFHpA), perfluorohexanoic acid
(PFHxA), perfluoropentanoic acid (PFPeA), and perfluoropropanoic acid (PFPrA).
They are mostly volatile and subject to metabolism or degradation that leads to the
formation of their persistent sulfonate and carboxylic acid forms (Richardson and
Ternes 2011; Andersen et al. 2008; Farré et al. 2008; Shi et al. 2008; Mak et al. 2009).

Perchlorate is mostly found as an impurity of sodium hypochlorite (liquid bleach)
and as ammonium perchlorate (Richardson and Ternes 2011). Ionic liquids are com-
posed of cationic or anionic polar headgroups with accompanying alkyl side chains.
The cationic head groups include imidazolium, pyridinium, pyrrolidinium, morpho-
linium, piperidium, quinolinium, quaternary ammonium, and quaternary phosphonium
moieties. The anionic head groups include tetrafluoroborate (BFs~), hexafluoro-
phosphate (PFg"), bis(trifluoromethylsulfonyl)-imide [(CF3SO;)2 N7], dicyanamide
[(CN),NT], chloride, and bromide (Richardson and Ternes 2011; Pham et al. 2010).

The chemical structures of nanomaterials are highly varied, including fuller-
enes, nanotubes, quantum dots, metal oxanes, TiO, nanoparticles, nanosilver, and
zerovalent iron nanoparticles (Richardson and Ternes 2011). Artificial sweeten-
ers in natural waters mainly include sucralose, acesulfame, cyclamate, saccharin,
aspartame, neotame, and neohesperidin dihydrochalcone (NHDEC) (Richardson
and Ternes 2011; Scheurer et al. 2009).

Toxins of blue—green algal origin commonly occur as microcystins, nodularins,
anatoxins, cylindrospermopsin, and saxitoxins, while red tide toxins are detected
as brevetoxins in natural waters (Richardson and Ternes 2011; dos Anjos et al.
2006; Wood et al. 2006; Zhao et al. 2006b; Smith et al. 2011). Saxitoxin variants
recorded in cyanobacteria include decarbamoyl derivatives (dc), gonyautoxins
(GTX); neosaxitoxin (neoSTX), N-sulphonocarbamoyl toxins (C-toxins), saxitoxin
(STX) and a class of toxins produced by Lyngbya wollei (Humpage et al. 2010).
Furthermore, chlorination of microcystin-LR and of cylindrospermopsin can give
several byproducts, which are identified as chloro-microcystin, chloro-dihydroxy-
microcystin, dichloro-dihydroxy-microcystin, trichlorohydroxy-microcystin, and
several dihydroxy-microcystins (Merel et al. 2009).

Endocrine disrupting compounds or chemicals (EDCs) can disrupt the devel-
opment of the endocrine system and of organs that respond to endocrine signals
in organisms. These organisms can be indirectly exposed during prenatal and/or
early postnatal life and the effects of exposure during development are permanent
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and irreversible (Colborn 1993). In addition, transgenerational exposure can
result from the exposure of the mother to a chemical at any time throughout her
life before producing offspring, due to persistence of EDCs in body fat. EDCs
can then be mobilized during egg laying or pregnancy and lactation (Colborn
1993). EDC:s include pesticides and their metabolites, DDT and its metabolites,
pentachlorophenol (PCP), alkylphenols (e.g. penta- to nonylphenols, 4-tert-
octylphenol) polychlorinated compounds (e.g. polychlorinated dibenzo-p-di-
oxins, polychlorinated dibenzofurans, and polychlorinated biphenyls: PCBs),
bisphenolic compounds (phenylphenol and bisphenol A), polybrominated diphe-
nyl ethers, nematocides, naphthenic acids, pharmaceuticals (diethylstilbestrol),
triclosan  (2,4,4'-trichloro-2’ 4/-trichloro-2/-hydroxydiphenyl ether), phthalate
esters (e.g. benzylbutyl phthalate, diethylhexyl phthalate, diphenylphthalate), ster-
oids (e.g. ethynyl estradiol, 17f-estradiol, diethylstilbestrol), natural estrogens
(e.g. 17B-sitosterol, estriol, estrone), natural androgens (e.g. testosterone), natural
phytoestrogens (soy, alfalfa and clover), naturally occurring compounds (lignans,
coumestans, isofavones, mycotoxins), parabenes (hydroxybenzoate derivatives),
organotins, and inorganic metal ions (cadmium, lead, mercury, antimony, uranium)
(Citulski and Farahbakhsh 2010; Richardson and Ternes 2011; Colborn 1993;
Bolger et al. 1998; Servos 1999; Petrovi¢ et al. 2001; Rhind 2002; Montgomery-
Brown et al. 2003; Rudel et al. 2003; Ishibashi 2004; Kimura et al. 2004; Auriol et
al. 2006; Diamanti-Kandarakis et al. 2009; Xu et al. 2011).

Microorganisms of concern are Cryptosporidium, Giardia, E. coli, pathogens, aer-
omonas, coliphages, viruses, total coliforms, Helicobacter pylori, enterococci, E. coli
0157:H7 and HIN1 (swine flu) (Liu et al. 2009, 2010; Richardson and Ternes 2011;
Yaiiez et al. 2009; Li et al. 2010; Vikesland and Wigginton 2010; Wildeboer et al. 2010).

8.1 Sources of Emerging Contaminants in the Aquatic
Environment

Emerging contaminants are commonly derived from three major sources
(Richardson 2003, 2007; Mottaleb et al. 2005, 2009; Richardson and Ternes 2005,
2011; Buser et al. 2006; Schmid et al. 2007; Farré et al. 2008; Kinney et al. 2008;
Guo et al. 2009; Ramirez et al. 2009; Citulski and Farahbakhsh 2010; Kumar and
Xagoraraki 2010; Pal et al. 2010; Yoon et al. 2010; Kleywegt et al. 2011; Yu et al.
2011; Daughton and Ternes 1999; Keith et al. 2001; Heberer 2002; Balmer et al.
2004; Brooks et al. 2005; Duedahl-Olesen et al. 2005): (i) anthropogenic sources
including atmospheric deposition but very often involving the effluents released
by municipal, industrial, agricultural, and human activities, waste-water treatment
processes, and so on; (ii) natural sources, including most notably the algal blooms
in surface water; and (iii) photoinduced and microbial alteration of organic sub-
stances during transport from rivers to lakes, oceans or other water sources.

The key point sources of pharmaceuticals are discharge of wastes and drugs
from hospitals; discharge of expired and consumed drugs from household;
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wastewater and solid wastes discharge from pharmaceutical industries; hormones
and antibiotics used in aquacultures; hormones and drugs used in livestock; com-
pounds excreted from the human body in the form of non-metabolized parent
molecules or as metabolites after ingestion and subsequent excretion, as well as
the disposal of unused or expired medicinal products (Pal et al. 2010; Herndndez
et al. 2007; Pérez and Barcel6 2007a, b; Nakada et al. 2008). The percentage of
parent compound from the human body is 6-39 or >70 % for various antibiotics,
6-39 or <5 % for analgesics and anti-inflammatory drugs, <5 % for antiepilep-
tic drugs (e.g. Carbamazepine), <0.5 or 50-90 % for beta-blockers, and 40-69 %
for blood lipid regulators such as bezafibrate (Pal et al. 2010; Mompelat et al.
2009). The key entry route for pharmaceutical contaminants into natural waters is
the point-source release from wastewater treatment plants (Daughton and Ternes
1999; Heberer 2002). Pharmaceuticals can also enter surface waters by run-off
from fields treated with digested sludge (Farré et al. 2008). Veterinary drugs and
their metabolites are transported through leaching or run-off from livestock slur-
ries when liquid manure is sprayed on agricultural field waters (Farré et al. 2008).
Personal care products (PCPs) (e.g. fragrances) can be discharged into aquatic
ecosystems through shower waste and finally from waste water treatment plants
(Farré et al. 2008; Rimkus and Wolf 1996; Kifferlein et al. 1998; Smital et al.
2004; Peck 2006). UV filters used in sunscreens, cosmetics, and other PCPs are
persistent in chlorinated water. Several halogenated by-products have been iden-
tified, which can cause endocrine and developmental toxicity and estrogenicity
(Kunz and Fent 2006; Negreira et al. 2008; Schmitt et al. 2008). Synthetic musk
compounds are widely used as fragrance additives in many personal care prod-
ucts, such as cleaning agents, air fresheners, house-hold products, perfumes,
lotions, sunscreens, and laundry detergents (Richardson and Ternes 2011; Rimkus
and Wolf 1996; Kifferlein et al. 1998; Smital et al. 2004). Steroids are excreted
in urine of humans as more hydrophilic glucuronides and sulfates, and free ster-
oids and conjugates are detected in sewage influent and effluent (Ascenzo et al.
2003; Reddy et al. 2005). Livestock wastes are potential sources of endocrine dis-
rupting compounds and of steroidal estrogen hormones such as estradiol, estrone
and estriol in natural waters (Raman et al. 2001; Hanselman et al. 2003; Furuichi
et al. 2006). Steroids were detected in more than 86 % of water samples from
creeks where the cattle had direct access to the water (Kolodziej and Sedlak 2007).
Sources and pathways of xenohormone uptake by humans are mostly inhala-
tion (e.g., from indoor air), dermal absorption (e.g., from personal care products),
and ingestion of food (Wagner and Oehlmann 2009). Another source of xenobiot-
ics in foodstuff is the substances migrating from the packaging material, which can
accumulate in the foodstuff. A variety of additives, such as stabilizers, antioxidants,
coupling agents and pigments are used to optimize the properties of packaging mate-
rials, which include for instance durability, elasticity and color (Lau and Wong 2000;
Casajuana and Lacorte 2003; Zygoura et al. 2005; Fankhauser-Noti et al. 2006).
Dioxane is a high production chemical that is used as solvent stabilizer in the
manufacture and processing of paper, cotton, textile products, automotive coolants,
cosmetics and shampoos, as well as a stabilizer in 1,1,1-trichloroethane (TCA), a
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popular degreasing solvent (Richardson 2007; Richardson and Ternes 2011; Lee
et al. 2011). Siloxanes are widely used in PCPs and in a number of household
products, such as cosmetics, deodorants, soaps, hair conditioners, hair dyes, car
waxes, baby pacifiers, cookware, cleaners, furniture polishes, and water-repellent
windshield coatings (Richardson and Ternes 2011; Kierkegaard et al. 2011).

Ammonium perchlorate is used in solid propellants for rockets, missiles, fireworks
and highway flares. It can also be added in drinking water treatment processes as an
impurity of sodium hypochlorite (liquid bleach), and is present as naturally-occuring
perchlorate in fertilizers (e.g., Chilean nitrate). Formation of perchlorate can also take
place upon reaction of chlorine radicals with ozone in the troposphere during the sum-
mer periods (Richardson and Ternes 2011; Parker 2009; Furdui and Tomassini 2010).

Benzotriazoles are complexing agents that are mostly used as anticorrosives or
corrosion inhibitors (e.g., in engine coolants, aircraft deicers and antifreezing lig-
uids), as UV-light stabilizers for plastics, for silver protection in dish-washing liquids,
as anti-foggants in photography, and in aircraft de-icing/anti-icing fluids (ADAFs).
These compounds are responsible for acute Microtox activity (Richardson 2007,
Lovley 2006; Cancilla et al. 1997). They are soluble in water, resistant to biodegrada-
tion, and are only partially removed in wastewater treatment (Richardson 2007).

Naphthenic acids are a complex mixture of alkylsubstituted acyclic and cyclo-
aliphatic carboxylic acids that dissolve in water at neutral or alkaline pH and have
surfactant-like properties (Richardson and Ternes 2011). The key sources of naph-
thenic acids are the residual tailing water left over from the extraction of crude
oil from oil sands, coal deposits, and petroleum industries (Richardson 2007;
Richardson and Ternes 2011; Headley et al. 2009; Scott et al. 2009). PFCs are
widely used in fabrics and carpets, paints, adhesives, waxes, polishes, metals, elec-
tronics, fire-fighting foams and caulks, as well as grease-proof coatings for food
packaging such as microwave popcorn bags, French fry boxes, hamburger wrap-
pers, and so on (Richardson and Ternes 2011).

Pesticides are generally released from agricultural fields to rivers or nearby waters
by surface runoff, induced by either atmospheric precipitation or overflow and drain-
age of agricultural field waters (Wang et al. 2007; Guo et al. 2009; Richards and Baker
1993; Majewski et al. 2000; Derbalah et al. 2003; Qiu et al. 2005). However, the new
sources of dichlorodiphenyltrichloroethane (DDT) are mostly connected with con-
tinuing illegal applications of technical DDT, use of technical DDT-containing anti-
fouling paint in commercial fishing boat maintenance, and presence of DDT residues
in dicofol, although its use is internationally forbidden (Wang et al. 2007; Guo et al.
2009; Qiu et al. 2005). Nonylphenol polyethoxylates (NPEOs) and alkylphenol eth-
oxylates (AEOs) are non-ionic surfactants, which are widely used in household, clean-
ing products, paints, pesticides, and industrial processes such as paper and petroleum
production (Farré et al. 2008; Fairchild et al. 1999; Strynar and Lindstrom 2008).

Ionic liquids have unique properties including tunable viscosity, miscibility,
and electrolytic conductivity. These properties make them useful for many appli-
cations, such as organic synthesis and catalysis, production of fuel cells, batteries,
coatings, oils, nanoparticles, as well as other chemical engineering and biotechnol-
ogy applications (Richardson and Ternes 2011).
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Algal toxins are produced during algal or cyanobacterial blooms in natural
waters (Richardson and Ternes 2011; dos Anjos et al. 2006; Wood et al. 2006;
Zhao et al. 2006b; Smith et al. 2011).

Emerging pollutants can be altered in the environment by direct and indirect
photolysis, hydrolysis, other chemical processes, biodegradation, sorption, vola-
tilization and dispersion, or by a combination of these processes. Environmental
transformation can either contribute to the complete removal of the organic con-
taminants, or produce transformation intermediates that can sometimes occur
in the environment at higher levels than the parent compound and that can be as
toxic or more toxic (Scully et al. 1988; Jensen and Helz 1998; Jameel and Helz
1999; Mitch et al. 2003; Strynar and Lindstrom 2008; Boxall et al. 2004; Gurr and
Reinhard 2006; Jahan et al. 2008).

8.2 Transport of Emerging Contaminants in the Aquatic
Environment

Once released into the environment, emerging contaminants are transported into dif-
ferent aquatic organisms, sediments and plants, depending on the emission routes as
well as their physico-chemical properties such as water solubility, vapor pressure and
polarity (Guo et al. 2009; Richardson and Ternes 2011; Daughton and Ternes 1999;
Farré et al. 2008; Epel and Smital 2001). Emerging contaminants are generally per-
sistent, have a wide range of hydrophilicity/hydrophobicity, and many of them are
liable to bioaccumulation and biomagnification in organisms and plants when present
in the aquatic environment (Guo et al. 2009; Richardson and Ternes 2011; Daughton
and Ternes 1999; Farré et al. 2008; Epel and Smital 2001). Aquatic organisms includ-
ing fish can accumulate emerging contaminants in certain body tissues. This phe-
nomenon can take place either directly by bioaccumulation and biomagnification
from water or by uptake of food such as OM (e.g. algae), sediments in water bed,
small aquatic plants and so on, which have come in contact with the contaminants.
Emerging contaminants are mostly transmitted to humans through food con-
sumption, particularly fish and seafood (Wong et al. 2002; Meng et al. 2007).
Synthetic musks are potential candidates as substrates or inhibitors of multixeno-
biotic resistance (MXR) transporters (Daughton and Ternes 1999; Epel and Smital
2001). The multixenobiotic resistance (MXR) in aquatic organisms is mediated
by the transport activity of transmembrane proteins belonging to the ATP-binding
cassette (ABC) superfamily. These proteins are primarily involved in the active,
ATP-dependent transport of biological molecules across plasma membranes
(Smital et al. 2004; Higgins et al. 1988; Dean et al. 2001). The P-glycoprotein
(P-gp) detected in ABC can transport drugs, xenobiotic compounds, antican-
cer agents including the vinca alkaloids and anthracyclines, drugs against human
immunodeficiency virus (HIV), fluorophores as well as typical environmental pol-
lutants (Smital et al. 2004; Dang 1972; Juliano and Ling 1976; Smital and Kurelec
1998; Bard 2000; Litman et al. 2001). Various transmembrane transport proteins



76 K. M. G. Mostofa et al.

can thus cause a rapid efflux of a wide variety of potentially toxic xenobiotics out
of the cells of aquatic organisms. This is a ‘first line of defense’ against endog-
enous and exogenous toxicants (Smital et al. 2004; Kurelec 1992; Epel 1998).

However, some environmental chemicals act as specific MXR inhibitors and
have the potential to block the active efflux of xenobiotics, thereby causing a sig-
nificant increase of their intracellular accumulation. The main consequence of
inhibition is an increase in chemosensitivity of aquatic organisms toward the many
xenobiotics that are typically present in aquatic environments (Smital et al. 2004).
Based on these considerations, otherwise innocuous environmental chemicals can
be seen as a new class of environmentally hazardous chemicals that are termed as
MXR inhibitors or chemosensitizers (Smital et al. 2004).

Perchlorate is a very water-soluble and environmentally stable anion, which can
accumulate in plants (including lettuce, wheat, and alfalfa) and can thus contribute
to exposure in humans and animals (Richardson and Ternes 2011).

8.2.1 Toxicological Impacts of Emerging Contaminants

Emerging contaminants and their transformation byproducts have adverse effects
on the health of aquatic organisms (including algae, bacteria and fish), of animals
and humans, as well as aquatic ecological effects (Guo et al. 2009; Kumar and
Xagoraraki 2010; Pal et al. 2010; Derbalah et al. 2003; Scully et al. 1988; Jensen
and Helz 1998; Jameel and Helz 1999; Mitch et al. 2003; Pomati et al. 2006; Farré
et al. 2008; Fairchild et al. 1999; Boxall et al. 2004; Jahan et al. 2008; McLeese
et al. 1981; Ahel et al. 1987; Tyler et al. 1998; Scott and Jones 2000; Oberdorster
and Cheek 2001; Cleuvers 2004; Ferrari et al. 2004; Bedner and MacCrehan 2006;
Owen et al. 2007). Their effects can be characterized using seven attributes: preva-
lence, frequency of detection, removal, bioaccumulation, ecotoxicity (for fish, daph-
nid, and algae aquatic indicator species), pregnancy effects, and health effects. The
latter attribute was characterized using seven sub-attributes: carcinogenicity, muta-
genicity, impairment of fertility, central nervous system action, endocrine effects,
immunotoxicity, and developmental effects (Kumar and Xagoraraki 2010).
Production of byproducts such as trihalomethanes (THMs), N-nitrosodimeth-
ylamine (NDMA), and organic chloramines in conventional and advanced
wastewater treatment plants arises considerable concern. These compounds are
in fact extremely toxic and carcinogenic to human beings and aquatic organ-
isms, and have been found in drinking and natural waters (Scully et al. 1988;
Jensen and Helz 1998; Jameel and Helz 1999; Mitch et al. 2003; Farré et al.
2008). Transformation products of some organics are often more persistent than
the corresponding parent compounds, and can cause greater toxicity (Boxall
et al. 2004). For example, the major biodegradation product of nonylphenol ethox-
ylates, nonylphenol, is much more persistent than the parent compounds and has
estrogenic properties (Jahan et al. 2008). Pharmaceuticals and their transformation
byproducts show acute toxicity to bacteria, algae, invertebrates, fish, mussels, and
human embryonic cells (Guo et al. 2009; Kumar and Xagoraraki 2010; Pal et al.
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2010; Derbalah et al. 2003; Scully et al. 1988; Jensen and Helz 1998; Jameel and
Helz 1999; Mitch et al. 2003; Pomati et al. 2006; Farré et al. 2008; Fairchild et al.
1999; Boxall et al. 2004; Jahan et al. 2008; McLeese et al. 1981; Ahel et al. 1987;
Tyler et al. 1998; Scott and Jones 2000; Oberdorster and Cheek 2001; Cleuvers
2004; Ferrari et al. 2004; Bedner and MacCrehan 2006; Owen et al. 2007). It has
been shown that low part per trillion (10-100 ng L™!) concentrations of steroidal
estrogen hormones can adversely affect the reproductive biology of aquatic wild-
life such as fish, turtles and frogs, by disrupting the normal function of their endo-
crine systems (Tyler et al. 1998; Oberdorster and Cheek 2001). The sex hormones
(mainly estrogens and androgens) are of very high potential concern, followed by
cardiovascular drugs, antibiotics and antineoplastics, the latter being used to cure
abnormal tissue growth (neoplasms) (Sanderson et al. 2004).

Ethylene dibromide (EDB) is among the most commonly detected contami-
nants in groundwater. It is classified as a probable human carcinogen and is highly
persistent in water (Richardson 2007). 1,4-Dioxane is also a widespread contami-
nant in groundwater and is a probable human carcinogen (Richardson 2007). The
transformation intermediates of nonylphenol ethoxylates (NPEOs) and alcohol
ethoxylates (AEOs), in addition to the endocrine disrupting properties, are highly
toxic and refractory and can cause hazards to aquatic ecosystems (Derbalah et al.
2003; Fairchild et al. 1999; McLeese et al. 1981; Ahel et al. 1987; Scott and Jones
2000). DDT and its metabolites can damage the nervous system, reproductive sys-
tem, and liver. It is also a potential human carcinogen that can cause liver cancer
(Guo et al. 2009). Ionic liquids are toxic, and their toxicity can widely vary among
organisms and trophic levels (Pham et al. 2010).

EDCs have potential effects on organisms (microorganisms, wildlife, animals,
and humans) including: androgenic, estrogenic, anti-estrogenic and anti-andro-
genic properties; disruption of the development of vital systems such as the endro-
crine, reproductive, immune, and thyroid functions; sexual differentiation of the
brain during fetal development; cognitive and motor function. Many of them are
also suspected carcinogens (Richardson and Ternes 2011; Colborn 1993; Rhind
2002; Jansen et al. 1993; Nimrod and Benson 1996; Hansen 1998; Langer et al.
1998; Helleday et al. 1999; Vine et al. 2000; Moore et al. 2001; Fenton 2006).
EDCs can have transient and persistent effects on mammary gland development
depending on dose, exposure parameters and on whether exposure occurs during
critical periods of gland growth or differentiation (Fenton 2006). Adverse effects
from these abnormal developmental patterns include the presence of carcin-
ogen-sensitive structures in the gland, in greater numbers or for longer periods.
Inhibited functional differentiation can also be observed, leading to malnutrition or
increased mortality of the offspring (Fenton 2006). Individually, adverse effects of
EDCs exposure are detected on sperm production in rats and humans and reduc-
tions in Sertoli cell number in sheep (Carlsen et al. 1995; Toppari et al. 1996; Lee
et al. 1999; Sweeney et al. 2000). Reductions in embryo survival and consequent
effects on the reproductive rate in females are observed for many mammalian and
bird species (IEH) (IEH 1999). Finally, human health is adversely affected by con-
sumption of food contaminated by EDCs.
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Currently, algal toxins or red tide toxins produced during algal blooms in lakes,
estuaries and oceans are responsible for adverse effects, including the increasing
incidence of loss of phytoplankton competitor motility, inhibition of photosynthe-
sis and of enzymes, membrane damage, large fish Kkills, shellfish poisoning, deaths
of livestock and wildlife, as well as illness and death in humans associated with
the consumption of contaminated shellfish (Richardson 2007; Prince et al. 2008;
Negri et al. 1995; Landsberg 2002; Legrand et al. 2003; Llewellyn 2006; Etheridge
2010). It has been shown that saxitoxin and its analogues are the only neurotoxins
identified in Anabaena circinalis from the Murray Darling River. There an exten-
sive A. circinalis bloom in 1991 resulted in the death of over 1600 stock (Humpage
et al. 1994; Bowling and Baker 1996; Steffensen et al. 1999). The mechanisms
behind the effects of harmful algal blooms on organisms will be discussed in chap-
ter “Photosynthesis in Nature: A New Look”. Finally, microorganisms are respon-
sible for outbreaks of waterborne illness that have killed millions of people over
the last few decades all over the world (Richardson and Ternes 2011).

8.3 Methodologies and Techniques of Emerging
Contaminants (Pharmaceuticals and Personal
Care Products) Detection

The liquid chromatography-tandem mass spectrometry (LC-MS/MS) screen-
ing method described here has been developed to target 23 pharmaceuticals and
2 metabolites with differing physicochemical properties in fish tissue by Ramirez
and his colleagues (Ramirez et al. 2007). In this method, analysis of pharmaceuti-
cals and their metabolites in fish tissue is conducted using reversed-phase separa-
tion of target compounds with a C18 column and a nonlinear gradient, consisting
of 0.1 % (v/v) formic acid and methanol. A 1:1 mixture of 0.1 M aqueous acetic
acid (pH 4) and methanol is identified as optimal, resulting in extraction recoveries
for 24 of 25 compounds exceeding 60 % among 10 solvents tested. Eluted ana-
lytes are then introduced into the mass analyzer using positive or negative electro-
spray ionization. Note that moderate-polarity solvents are generally observed to be
most effective at removing target analytes from tissue.

Sample collection and preservation (Ramirez et al. 2007): Fish (Lepomis sp.)
were sampled from Pecan Creek (impacted by pharmaceuticals) and Clear Creek
(not impacted by contaminants) streams to serve as test and reference specimens,
respectively. Lateral fillets were dissected from fish collected at both sites and
homogenized using a Tissuemiser (Fisher Scientific, Fair Lawn, NJ) set to rotate
at 30,000 rpm. Pecan creek homogenates were stored individually, while Clear
Creek homogenates were composited into a single sample. All tissues were stored
at —20 °C prior to analysis.

Preparation of analytical sample (Ramirez et al. 2007): Approximately
1.0 g of tissue was combined with 8 mL of extraction solvent [a 1:1 mixture of
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0.1 M aqueous acetic acid (pH 4) and methanol] in a 20mL borosilicate glass vial
(Wheaton; VWR Scientific, Rockwood, TN), and the mixture was homogenized
using a Tissuemiser (Fisher Scientific) at 30,000 rpm. Five surrogates (100.0 pg/
mL in acetonitrile) were added to each sample: acetaminophen-ds (454 ng), fluox-
etine-dg (636 ng), diphenhydramine-d3 (8.9 ng), carbamazepine-dig (38.5 ng),
and ibuprofen-'3C3 (789 ng). Samples were shaken vigorously and mixed on a
rotary extractor for 5 min. Following extraction, samples were rinsed into 50-mL
polypropylene copolymer round-bottomed centrifuge tubes (Nalge Co.; Nalgene
Brand Products, Rochester, New York) using 1 mL of extraction solvent and cen-
trifuged at 16,000 rpm for 40 min at 4 °C. The supernatant was decanted into
18-mL disposable borosilicate glass culture tubes (VWR Scientific), and the
solvent was evaporated to dryness under a stream of nitrogen at 45 °C using a
Zymark Turbovap LC concentration workstation (Zymark Corp., Hopkinton,
MA). Samples were reconstituted in 1 mL of mobile phase, and a constant amount
of the internal standards 7-aminoflunitrazapam-d7 (100 ng) and meclofenamic
acid (1000 ng) was added. Prior to analysis, samples were sonicated for 1 min and
filtered using Pall Acrodisc hydrophobic Teflon Supor membrane syringe filters
(13 mm diameter; 0.2 pm pore size; VWR Scientific, Suwanee, GA).

LC-MS/MS detection (Ramirez et al. 2007): A Varian ProStar model 210
binary pump equipped with a model 410 autosampler was used to detect the ana-
lytes, which were separated on a 15 cm x 2.1 mm (5 pm, 80 A) Extend-C18 col-
umn (Agilent Technologies, Palo Alto, CA) connected with an Extend-C18 guard
cartridge 12.5 mm x 2.1 mm (5 pm, 80 A) (Agilent Technologies). A binary
gradient consisting of 0.1 % (v/v) formic acid in water and 100 % methanol was
employed to achieve chromatographic separation, whereas the time-scheduled
elution program was as follows (min): 0, 2, 7, 12, 21 28, 34, 45, 50, 51, 65. The
mobile-phase composition for 0.1 % formic acid was 93, 93, 85, 85, 52, 52, 41, 2,
2, 93, 93 and for methanol was 7, 7, 15, 15, 48, 48, 59, 98, 98, 7, 7, respectively.
Additional chromatographic parameters were as follows: injection volume, 10 pL;
column temperature, 30 °C; flow rate, 350 pL. min~!. Eluted analytes were moni-
tored by MS/MS using a Varian model 1200L triple-quadrupole mass analyzer
equipped with an electrospray interface (ESI).

Each compound was infused individually into the mass spectrometer at a con-
centration of 1 wg mL~! in aqueous 0.1 % (v/v) formic acid at a flow rate of 10
wL min~! for determining the best ionization mode (ESI + or —) and optimal
MS/MS transitions for target analytes. All analytes were initially tested using both
positive and negative ionization modes while the first quadrupole was scanned
from m/z 50 to [M + 100]. This can enable identification of the optimal source
polarity and the most intense precursor ion for each compound. Once these param-
eters have been defined, the energy at the collision cell was varied, while the third
quadrupole was scanned to identify and optimize the intensity of product ions for
each compound. Additional instrumental parameters held constant for all analytes
were as follows: nebulizing gas, N> at 60 psi; drying gas, N> at 19 psi; tempera-
ture, 300 °C; needle voltage, 5000 V ESI+ , 4500 V ESI-; declustering potential,
40 V; collision gas, argon at 2.0 mTorr.
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Extraction Recoveries (Ramirez et al. 2007): All samples were analyzed by
LC-MS/MS, and individual analyte recoveries were calculated using the following
equation:

Recovery = (Ax1/Ais1) / (Ax2/Ars2) x 100%

where Ax1, A1s1, Ax2, and Agsy represent peak areas for the analyte (X) and inter-
nal standard (IS) in groups 1 and 2 samples, respectively.

Identification of Pharmaceuticals Using LC-MS/MS
(Ramirez et al. 2007):

A LC-MS/MS total ion chromatogram resulting from analysis of clean
tissue (non-affected by contaminants) spiked with a mixture of stand-
ard pharmaceuticals is depicted in Fig. 3. Peak identifications for pharma-
ceuticals in the chromatogram are as follows: (1) acetaminophen-ds, (2)
acetaminophen, (3) atenolol, (4) cimetidine, (5) codeine, (6) 1,7-dimeth-
ylxanthine, (7) lincomycin, (8) trimethoprim, (9) thiabendazole, (10) caf-
feine, (11) sulfamethoxazole, (12) 7-aminoflunitrazepam-d; (+IS), (13)
metoprolol, (14) propranolol, (15) diphenhydramine-d3, (16) diphenhydramine,
(17) diltiazem, (18) carbamazepine-djg, (19) carbamazepine, (20) tylosin, (21)
fluoxetine-dg, (22) fluoxetine, (23) norfluoxetine, (24) sertraline, (25) erythromy-
cin, (26) clofibric acid, (27) warfarin, (28) miconazole, (29) ibuprofen-13C3, (30)
ibuprofen, (31) meclofenamic acid (-IS), and (32) gemfibrozil. Three factors were
presumably considered in selecting the target analytes (Table 3): First, number of
prescriptions dispensed in the United States during 2005 (RxList 2005). Second,
variability in structure, physicochemical properties, and therapeutic use. Third, rel-
ative frequency of occurrence in soils, sediments, and biosolids. The frequency of
detection of various PPCPs in analyzed sediment, soil, and biosolid samples (64—
100 %) is typically much higher than in water (5 %). This may be due to variation
in physicochemical properties favoring compound partitioning from water to solid
environmental matrixes. Compounds residing in sediment may then be taken up by
aquatic organisms via ingestion (Furlong et al. 2004; Brooks et al. 2005; Ramirez
et al. 2007).

Optimized MS/MS transitions and collision energies employed for detection and
quantitation of each analyte are presented in Table 3, along with the molecular struc-
ture and most common therapeutic use for each analyte. With the exception of eryth-
romycin, selected precursors represent the molecular ion [M + H]* or [M — H]~ for
each analyte. The most abundant precursor for erythromycin was found to be the
[M + H — HyOJ " ion at m/z 716. Selected product ions generally represent the most
abundant fragment observed for each precursor at the noted collision energy. Once
suitable MS/MS transitions have been identified for each analyte, an aqueous mix-
ture of reference standards was employed to optimize chromatographic parameters.
A nonlinear gradient consisting of 0.1 % (v/v) formic acid and methanol resulted in
near baseline resolution of the majority of analytes in ~50 min (Fig. 3). A 15-min
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Fig. 3 LC-MS/MS total ion chromatogram resulting from analysis of clean tissue spiked with
a mixture of pharmaceutical standards. Peak identifications are as follows: (1) acetaminophen-
d4, (2) acetaminophen, (3) atenolol, (4) cimetidine, (5) codeine, (6) 1,7-dimethylxanthine, (7)
lincomycin, (8) trimethoprim, (9) thiabendazole, (10) caffeine, (11) sulfamethoxazole, (12) 7
aminoflunitrazepam-d; (+IS), (13) metoprolol, (14) propranolol, (15) diphenhydramine-d3,
(16) diphenhydramine, (17) diltiazem, (18) carbamazepine-djo, (19) carbamazepine, (20) tylo-
sin, (21) fluoxetine-dg, (22) fluoxetine, (23) norfluoxetine, (24) sertraline, (25) erythromycin,
(26) clofibric acid, (27) warfarin, (28) miconazole, (29) ibuprofen—”Cg, (30) ibuprofen, (31)
meclofenamic acid (-IS), and (32) gemfibrozil. Data source Ramirez et al. (2007)

isocratic hold (93:7 formic acid—methanol) was added to the end of each run to
allow for column equilibration between injections. While the majority of analytes
were eluted as single peaks, erythromycin was consistently eluted as two partially
resolved peaks, which are attributed to differing retention characteristics for pre-
sumed Stereoisomers (Vanderford et al. 2003; Yang and Carlson 2004). In addition,
isotope effects on retention behavior were often observed for carbamazepine-d;y and
fluoxetine-dg (peaks 18 and 19, Fig. 3). The observed retention time for carbamaze-
pine-djo (30.08 min) was shorter than that observed for carbamazepine (30.53 min)
by almost 30 s. Correspondingly, a 20-s difference in retention time was observed
for fluoxetine-dg (34.58 min) relative to that observed for fluoxetine (34.93 min),
although it is not evident in Fig. 3 due to coelution of norfluoxetine (35.13 min).
Finally, isotope effects were not observed for acetaminophen (peaks 1 and 2) and
diphenhydramine (peaks 15 and 16, Fig. 3) due to a lower degree of deuterium sub-
stitution and decreased resolution at shorter retention times. Four compounds such as
diphenhydramine, diltiazem, carbamazepine, and norfluoxetine were detected in fish
environmental samples (affected by contaminants; Fig. 4a), which were confirmed by
comparing the results of the fish samples unaffected by contaminants and spiked with
known amounts of their respective standards (Fig. 4b). The concentrations of these
pharmaceuticals were 0.66-1.32 ng g~! for diphenhydramine, 0.11-0.27 ng g~! for
diltiazem, 0.83—-1.44 ng g~ for carbamazepine, and 3.49-5.14 ng g~ for norfluox-
etine detected in 11 of 11 contaminated environmental fish samples.
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(a) Diphenhydramine
256> 167
256> 152
Diltiazem Carbmazepine
415>=178 237> 194
415> 150 237> 165
Norfluoxetine
296> 134
25 ' % ' 3 min
(b)
237>194
237> 165
Diphenhydramine
256 > 167
256>152  Diliazem
415> 178
415150
Norfluoxetine
296> 134
25 i M ’ 35 mn

Fig. 4 LC-MS/MS reconstituted ion chromatograms displaying analyte-specific quantitation and
qualifier ions monitored for (a) a tissue extract from a fish (Lepomis sp.) that is affected by con-
taminants and (b) an extract from fish tissue (not affected by contaminants) spiked with known
amounts of diphenhydramine (1.6 ng g~ '), diltiazem (2.4 ng g~'), carbamazepine (16 ng g 1),
and norfluoxetine (80 ng g~ !). The higher m/z fragment is more intense in all cases. Data source
Ramirez et al. (2007)

Identification of Personal Care Products Using GC-MS/MS (Mottaleb
etal. 2009)

Two gas chromatography-mass spectrometry (GC-MS) methods have been
described for simultaneous determination in fish of ten extensively used per-
sonal care products (PCPs) such as benzophenone, 4-methylbenxylidine camphor
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(4-MBC), m-toluamide, galaxolide, tonalide, musk xylene, musk ketone, celes-
tolide, triclosan, octocrylene and two alkylphenol surfactants such as p-octyl-
phenol and p-nonylphenol. These methods consisted of extraction, clean-up,
derivatization and analysis by gas chromatography—mass spectrometry with
selected ion monitoring (GC-SIM-MS) or gas chromatography—tandem mass
spectrometry (GC-MS/MS) techniques (Mottaleb et al. 2009). To assess recovery
of target compounds from 1-g tissue homogenates, acetone was selected as opti-
mal solvent for extracting compounds with dissimilar physicochemical properties
from fish tissue. Initial experiments confirmed that GC—SIM-MS could be applied
for analysis of lean fillet tissue (<1 % lipid) without gel-permeation chromatog-
raphy (GPC), and this approach was applied to assess the presence of target ana-
Iytes in fish fillets collected from a regional effluent-dominated stream in Texas,
USA. Benzophenone, galaxolide, tonalide, and triclosan were detected in 11 of 11
environmental samples at concentrations ranging from 37 to 90, 234 to 970, 26
to 97, and 17 to 31 ng g~, respectively. However, performance of this analytical
approach declined appreciably with increasing lipid content of analyzed tissues.
Successful analysis of samples with increased lipid content was enabled by add-
ing GPC to the sample preparation protocol and monitoring analytes with tandem
mass spectrometry. Both analytical approaches were validated using fortified fil-
let tissue collected from locations expected to be minimally impacted by anthro-
pogenic influences. Average analyte recoveries ranged from 87 % to 114 % with
RSDs <11 % and from 54 % to 107 % with RSDs <20 % for fish tissue contain-
ing <1 % and 4.9 % lipid, respectively. Statistically derived method detection lim-
its (MDLs) for GC-SIM-MS and GC-MS/MS methodologies ranged from 2.4 to
16 ng g~!, and from 5.1 to 397 ng g~ !, respectively (Mottaleb et al. 2009). In
a following study, improvement of the MDL has been observed between 12 and
38 ng g~ ! by the GC-MS/MS methodology for the same PCPs using 2.0-2.5 g of
fish (Subedi et al. 2011).

9 Does DOM Act as Energy Source for Living Organisms
and Aquatic Ecosystem?

The concentration levels of DOC in groundwater are very variable: they reach
16424 uM C in Asia, 42-15333 uM C in Europe, 8-2333 uM C in North America,
1108 4 217-14167 £ 6333 M C in Botswana (Africa), 1003000 wM C in Brazil
(South America) (Table 2) (Mostofa et al. 2007a, Mostofa KMG et al., unpub-
lished data; Buckau et al. 2000; Bertilsson et al. 1999; Mclntyre et al. 2005; Meier
et al. 2004; Crandall et al. 1999; Schwede-Thomas et al. 2005; Pabich et al. 2001;
Michalzik et al. 2001; Anawar et al. 2002; Richey et al. 2002; Bradley et al. 2007).
Groundwater is the main source of drinking water for many developing and devel-
oped countries, including the USA. Groundwater has the advantage over surface
water of being usually free of suspended solids, bacteria and other disease-causing
microorganisms (Mostofa et al. 2009a). Interestingly, upland areas make up 30 %
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of the surface of Great Britain, but supply over 70 % of its drinking water (Watts
et al. 2001). Therefore, all the people uptake a certain amount of DOC everyday from
drinking water. According to the level of DOC in groundwater and considering an
average water intake of 2 liters per day for adults (which can rise to ~5 liters for man-
ual labor at high temperature), on average, every person intakes per day ~50-800 wM
C in Asia, ~100-30000 uM C in Europe and 20-5000 uM C in the U.S.A. The inter-
esting question that arises is that these DOC contents are significant energy sources
for human beings and for the other living organisms. Before addressing this question,
it is important to examine which substances make up DOM in natural waters.

The contribution of humic substances (hydrophobic acids) in groundwater is
very variable in different countries, and is approximately included in the range
of 12-98 % (1-80 % of fulvic acid and 2-97 % of humic acid). The contribu-
tion of hydrophilic fractions is 1-82 % (Buckau et al. 2000; Bertilsson et al. 1999;
Peuravuori and Pihlaja 1999; Leenheer et al. 1974; Thurman 1985c; Ford and
Naiman 1989; Schiff et al. 1990; Wassenaar et al. 1990; Malcolm 1991; Grén et al.
1996; Christensen et al. 1998; Mclntyre et al. 2005; Mladenov et al. 2008). Along
with the humic substances, hydrophilic compounds (acidic, basic and neutral) and
carbohydrates (mainly polysaccharides, ~1-10 %) are also present in groundwater
(Thurman 1985a; Peuravuori and Pihlaja 1999; Artinger et al. 2000). The intake
of DOC by every person is approximately 20-30000 M C, or 0.2-360 mg C L~!
per day, for the average hydration of a human body in the case of groundwater.

It is generally well-known that carbohydrates can produce energy for all living
organisms. The sources of carbohydrates and humic substances are the same vas-
cular plant material. DOM with its content of organic C and N is a thermodynamic
anomaly that provides a major source of energy to drive aquatic and terrestrial
ecosystems (Tranvik 1992; Salonen et al. 1992; Wetzel 1984, 1992; Hedges et al.
2000; Berner 1989). Energy changes (4) such as supply (+) or consumption (—)
of energy in the aquatic environment generally occur during the photoinduced and
microbial degradation of DOM and organic matter, during the microbial loop and
the photosynthesis (Mostofa et al. 2009a; Komissarov 1994, 1995, 2003; Miller
and Moran 1997; Li et al. 2011; Sherr and Sherr 1989; Carrick et al. 1991; Jones
1992; Tranvik 1992; Wetzel 1984, 1992). In addition, terrestrial DOM represents
a source of allochthonous energy for heterotrophs in receiving lakes, rivers, reser-
voirs, estuaries and coastal oceans (Mostofa et al. 2009a; Wetzel 1992; Smith and
Hollibaugh 1993; Kemp et al. 1997; Pace et al. 2004; Aller and Blair 2006). It has
been shown that DOM makes up 47 % of the energy which enters and 70 % of the
energy which leaves the groundwater ecosystem (Fisher and Likens 1973). It has
also been shown that undisturbed groundwater basins export only small amounts
of energy (~1 %) from the upland regions, while the ramaining 99 % of forest
production is consumed terrestrially (Fisher and Likens 1972, 1973). It is therefore
concluded that the DOM including humic substances can act as energy source and
are vital for all living organisms (Mostofa et al. 2009a). Note that DOM in drink-
ing water can play a negligible energetic role for humans, due to the uptake of a
substantially lower amount of organic carbon compared to foods (e.g. boiled rice,
vegetables, fish, meat and so on) and beverages (e.g. fruit juices, alcohol, etc.).
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Humic substances (humic and fuvic acids) are extensively applied as bio-
medicines to decrease the gastric damage induced by ethanol, to protect organ-
isms against cell-wall disruption, to maintain antibacterial and antiviral properties,
decrease viral respiratory illness, and to protect against cancer and related can-
cer-causing viruses (Brzozowski et al. 1994; Klocking et al. 2002; Pefia-Méndez
et al. 2005). On the other hand, humic acid is a toxic factor for many mammalian
cells and can be involved in the so-called humic acid-induced cytotoxicity (Pefia-
Méndez et al. 2005; Ho et al. 2003).

10 Scope of the Future Research

After the development of an effective method for TOC analysis in 1988, DOM
has been mostly determined in developed countries since 1990 to date, but fewer
studies have been carried out in developing countries. Considering the impor-
tance of DOM, it is important to determine its levels in natural water in develop-
ing countries, also considering that the DOC concentrations in many watersheds
have changed (either increased or decreased) over the last few decades. Moreover,
emerging contaminants and their transformation byproducts are extensively exam-
ined currently, but only limited information is available on their ecotoxicological
impacts on the aquatic environments.

Some important research demands for future challenges are the follow-
ing: (i) Determination of concentration levels of DOM in important rivers and
lakes in developing countries. (ii) Extraction of autochthonous fulvic acids from
algae or phytoplankton under both photorespiration by natural sunlight or arti-
ficial light, and microbial respiration or assimilation under dark incubation.
(iii) Characterization of the extracted autochthonous fulvic acids to examine the
presence of functional groups, elemental composition, and possible molecular
structure with reference to standard Suwannee River Fulvic Acid and Humic Acid.
(vi) Investigation on lakes having reduced DOC contents, using incorporation of ter-
restrial soils in lake surface waters. (v) Investigation on lakes having increased DOC
contents, trying to reduce photosynthesis and primary production in the lake surface
waters. (vi) Joint chemical and toxicological evaluation of emerging contaminants and
their transformation byproducts, for important end points and target organs and effects
such as mutagenicity, carcinogenicity, hepatotoxicity, nephrotoxicity, immunotoxicity,
neurotoxicity, developmental neurotoxicity and pharmacokinetics (Farré et al. 2008).

Nomenclature

ABC ATP binding cassette

ADAFs Aircraft deicing/antiicing fluids
AEOs Alkylphenol ethoxylates

BF, Tetrafluoroborate

CDOM Colored and chromopheric dissolved organic matter
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(CF3S0,)2N~
(CN)2N™
DBPs

DDT

DIC

DOC
DOM
DON
DOP
EDB
EDC
EEM
FDOM
FTOHs
HIV
H,0,
THSS
LMW
MXR
OM
020_
HO*
NDMA
N-EtFOSAA
NHDEC
NPEOs
PAR
PCBs
PFe¢™
PFBA
PFCs
PFEtS
PFHxA
PFOA
PFOS
PFOSA
PFPeA
PFPrA
PFPrS
POM
PPCPs
PCPs
SRFA
SRHA

Bis(trifluoromethylsulfonyl)-imide
Dicyanamide

Disinfection byproducts (DBPs)
Dichlorodiphenyltrichloroethane

Dissolved inorganic carbon (DIC is defined jointly as dis

solved CO», H,CO3, HCO3™, and CO3%)
Dissolved organic carbon

Dissolved organic matter

Dissolved organic nitrogen

Dissolved organic phosphorus
Ethylene dibromide
Endocrine-disrupting compounds
Excitation-emission matrix
Fluorescent dissolved organic matter
Fluorinated telomer alcohols

Human immunodeficiency virus
Hydrogen peroxide

International humic substances society
Low molecular weight
Multixenobiotic resistance

Organic matter

Superoxide radical

Hydroxyl radical
N-nitrosodimethylamine

N-ethyl perfluorooctane sulfonamide acetate
Neohesperidin dihydrochalcone
Nonylphenol polyethoxylates
Photosynthetically available radiation
Polychlorinated biphenyls
Hexafluorophosphate
Perfluorobutanoic acid

Perfluorinated compounds
Perfluoroethane sulfonate
Perfluorohexanoic acid
Perfluorooctanoic acid
Perfluorooctane sulfonate
Perfluorooctane sulfonamide
Perfluoropentanoic acid
Perfluoropropanoic acid
Perfluoropropane sulfonate

Particulate organic matter
Pharmaceuticals, personal care products
Personal care products

Suwannee River Fulvic Acid
Suwannee River Humic Acid

K. M. G. Mostofa et al.
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THMs Trihalomethanes

TOC Total organic carbon

uv Ultraviolet

ImgL™! (1 x 1000)/12 =83 uM C
Problems

(1) Define the dissolved organic matter (DOM) and explain how does it differ
from organic matter?

(2) What are the major sources of DOM in natural waters?

(3) Explain the DOM functions shortly.

(4) Explain the origin of allochthonous DOM in soil and autochthonous DOM in
natural waters.

(5) What are the contributions of humic substances (fulvic and humic acids) in
groundwater, rivers, lakes and oceans?

(6) Explain the redox behavior of fulvic and humic acids.

(7) Define the allochthonous fulvic and humic acids, and the autochthonous ful-
vic acids. What are the chemical differences among these classes of humic
substances?

(8) Why does the molecular size of DOM decrease from rivers to lakes and from
lakes to oceans?

(9) What are the controlling factors that affect the DOM contents in natural
waters? Explain the two most important factors that affect DOM in natural
waters.

(10) Explain the possible mechanisms for the increased or declined DOM con-
tents in surface waters.

(11) What are the emerging contaminants? Explain the sources, transportation
and toxicological effects of these contaminants in the aquatic environments.

(12) How does DOM act as energy source for living organisms and aquatic
ecosystems?

Acknowledgments We are particularly grateful to Dr. Liu Cong-Qiang, Professor and
Academician; Dr. Hu Ruizhong, Professor and Director General; Dr. Wang Shijie, Professor
and Vice-director; Dr. Feng Xin Bin, Professor and Vice Director; Prof. Yun Liu, Prof. Xiao
Tangfu, Dr. Li Xiao-Dong, Dr. Ding Hu of Institute of Geochemistry, Chinese Academy of
Sciences; Mrs. Asma Mostofa and Mrs. Rafia Khatun for their kind assistances, constant support
and inspiration during the preparations of the primary and final draft of the manuscripts. This
work was financially supported by the Institute of Geochemistry, the Chinese Academy of
Sciences, China. This work was partly supported by Center for Innovation and Entrepreneurship,
Northwest Missouri State University, USA; Atmospheric and Ocean Research Institute, The
University of Tokyo, Japan; University of Turin and Centro Interdipartimentale NatRisk,
1-10095 Grugliasco (TO), Italy; Kyoto University, Japan; and Chinese Research Academy of
Environmental Sciences, China. This chapter acknowledges Ramirez AJ, Mottaleb MA, Brooks
BW, Chambliss CK, 2007, Analysis of Pharmaceuticals in Fish Using Liquid Chromatography-
Tandem Mass Spectrometry, Analytical Chemistry, 79 (8), 3155-3163. Copyright (2007)
Americal Chemical Society; reprinted from Journal of Chromatography A, 1216 (5), Mottaleb
MA, Usenko S, O’Donnell JG, Ramirez AJ, Brooks BW, Chambliss CK, Gas chromatography—
mass spectrometry screening methods for select UV-filters, synthetic musks, alkylphenols, an



92 K. M. G. Mostofa et al.

antimicrobial agent, and an insect repellent in fish, 815-823, Copyright (2009), with permission
from Elsevier; and copyright (2007) by the Association for the Sciences of Limnology and
Oceanography, Inc.

References

Abbt-Braun G, Frimmel FH (1990) Restmetallgehalte isolierter Huminstoffe aus Erde, Moor und
Deponie. Acta Hydrochim Hydrobiol 18:649-656

Abbt-Braun G, Frimmel FH, Lipp P (1991) Isolation of organic substances from aquatic and ter-
restial systems—Comparison of some methods. Z Wasser Abwasser Forsch 24:285-292

Abe T, Watanabe A (2004) X-ray photoelectron spectroscopy of nitrogen functional groups in
soil humic acids. Soil Sci 169:35-43

Abril G, Etcheber H, Borges AV, Frankignoulle M (2000) Excess atmospheric crbon dioxide
transported by rivers into the Scheldt Estuary. Comptes Rendus 1I’Académie des Sciences
Série I1a 330:761-768

Abril G, Nogueira M, Etcheber H, Cabecadas G, Lemaire E, Brogueira MJ (2002) Behaviour of
organic carbon in nine contrasting European estuaries. Estuar Coast Shelf Sci 54:241-262

Ahel M, Conrad T, Giger W (1987) Persistent organic chemicals in sewage effluents. 3.
Determination of nonylphenoxy carboxylic acids by high-resolution gas chromatography/
mass spectrometry and high-performance liquid chromatography. Environ Sci Technol
21:697-703

Aiken GR, Gillam AH (1989) Determination of molecular weights of humic substances by ultra-
centrifugation. In: Hayes MB, MacCarthy P, Malcolm RL (eds) Humic substances II. In
search of structure. Wiley, New York, pp 515-544

Aiken GR, Malcolm RL (1987) Molecular weight of aquatic fulvic acids by vapor pressure
osmometry. Geochem Cosmochim Acta 51:2177

Aiken GR, McKnight DM, Wershal RL, MacCarthy P (1985) Humic substances in soil, sediment
and water. Wiley, New York

Aitkenhead JA, McDowell WH (2000) Soil C:N ratios as a predictor of annual riverine DOC flux
at local and global scales. Global Biogeochem Cycles 14:127-138

Aitkenhead JA, Hope D, Billett MF (1999) The relationship between dissolved organic carbon
in stream water and soil organic carbon pools at different spatial scales. Hydrol Process
13:1289-1302

Alberts JJ, Takdcs M (1999) Importance of humic substances for carbon and nitrogen transport
into southeastern United States estuaries. Org Geochem 30:385-395

Alberts JJ, Giesy JP, Evans DW (1984) Distribution of dissolved organic carbon and metal-
binding capacity among ultrafilterable fractions isolated from selected surface waters of the
southeastern United States. Environ Geol Water Sci 6:91-101

Allard B, Arsenie I (1991) Abiotic reduction of mercury by humic substances in aquatic sys-
tem—an important process for the mercury cycle. Water Air Soil Pollut 56:457-464

Allard B, Borén H, Pattersson C, Zhang G (1994) Degradation of humic substances by UV irra-
diation. Environ Int 20:97-101

Aller RC, Blair NE (2006) Carbon remineralization in the Amazon-Guianas tropical mobile
mudbelt: a sedimentary incinerator. Cont Shelf Res 26:2241-2259

Aluwihare LI, Repeta DJ, Chen RF (2002) Chemical composition and cycling of dis-
solved organic matter in the Mid-Atlantic Bight. Deep Sea Res Part II Top Stud Oceanogr
49:4421-4437

Amado AM, Cotner JB, Suhett AL, de Assis Esteves F, Reinaldo Luiz Bozelli RL, Farjalla VF
(2007) Contrasting interactions mediate dissolved organic matter decomposition in tropical
aquatic ecosystems. Aquat Microb Ecol 49:25-34

Amador JA, Alexander M, Zika RG (1989) Sequential photochemical and microbial degradation
of organic molecules bound to humic acid. App Environ Microb 55:2843-2849



Dissolved Organic Matter in Natural Waters 93

Amon RMW, Benner R (1994) Rapid cycling of high-molecular-weight dissolved organic matter
in the ocean. Nature 369:549-552

Amon RMW, Benner R (1996) Bacterial utilization of different size classes of dissolved organic
matter. Limnol Oceanogr 41:41-51

Amy GL, Collins MR, Kuo CJ, King PH (1987) Comparing gelpermeation chromatography and
ultrafiltration for the molecularweight characterization of aquatic organic-matter. ] Am Water
Works Assoc 79:43-49

Anawar HM, Akai J, Mostofa KMG, Safiullah S, Tareq SM (2002) Arsenic Poisoning in ground-
water: health risk and geochemical sources in Bangladesh. Environ Int 27:597-604

Andersen ME, Butenhoff JL, Chang SC, Farrar DG, Kennedy GL Jr, Lau C, Olsen GW, Seed J,
Wallace KB (2008) Perfluoroalkyl acids and related chemistries—Toxicokinetics and modes
of action. Toxicol Sci 102:3-14

Anderson TF, Arthur MA (1983) Stable isotopes of oxygen and carbon and their application to
sedimentologic and paleoenvironmental problems. In: Arthur MA, Anderson TF, Kaplan
IR, Veizer J, Land LS (eds) Stable isotopes in sedimentary geology. Society of Economic
Paleontologists and Mineralogists, Tulsa, pp 1-151

Anderson TR, Williams PJleB (1998) Modelling the seasonal cycle of dissolved organic carbon
at station E1 in the English Channel. Estuar Coastal Shelf Sci 46:93-109

Anderson SP, Dietrich WE, Torres R, Montgomery DR, Loague K (1997) Concentration-discharge
relationships in runoff from a steep, unchanneled catchment. Water Resour Res 33:211-225

André C, Choppin GR (2000) Reduction of Pu(V) by humic acid. Radiochim Acta 88:613-616

Annual Report 2004 (2005) Monitoring and research in Lake Kinneret Yigal Allon Kinneret.
Limnological Laboratory IOLR report T7/2005, pp 75-76

Aoki S, Fuse Y, Yamada E (2004) Determinations of humic substances and other dissolved
organic matter and their effects on the increase of COD in Lake Biwa. Anal Sci 20:159-164

Aoki S, Ohara S, Kimura K, Mizuguchi H, Fuse Y, Yamada E (2008) Characterization of fluoro-
phores released from three kinds of lake phytoplankton using gel chromatography and fluo-
rescence spectrophotometry. Anal Sci 24:1461-1467

Artinger R, Buckau G, Geyer S, Fritz P, Wolf M, Kim JI (2000) Characterization of groundwater
humic substances: influence of sedimentary organic carbon. Appl Geochem 15:97-116

Arts MT, Robarts RD, Kasai F, Waiser MJ, Tumber VP, Plante AJ, Rai H, De Lange HJ (2000)
The attenuation of ultraviolet radiation in high dissolved organic carbon waters of wetlands
and lakes on the northern Great Plains. Limnol Oceanogr 45:292-299

Ascenzo GD, Di Corcia a, Gentili A, Mancini R, Mastropasqua R, Nazzari M, Samperi R (2003)
Fate of natural estrogen conjugates in municipal sewerage transport and treatment facilities.
Sci Total Environ 302:199-209

Auriol M, Filali-Meknassi Y, Tyagi RD, Adams CD, Surampalli RY (2006) Endocrine disrupting
compounds removal from wastewater, a new challenge. Process Biochem 41:525-539

Avery GB, Kieber RJ, Witt M, Willey JD (2006) Rainwater monocarboxylic and dicarboxylic
acid concentrations in southeastern North Carolina, USA as a function of air mass back tra-
jectory. Atmos Environ 40:1683-1693

Backlund P (1992) Degradation of aquatic humic material by ultraviolet light. Chemosphere
25:1869-1878

Bade DL (2004) Ecosystem carbon cycles: whole-lake fluxes estimated with multiple isotopes.
University of Wisconsin, Thesis, Madison

Baker A (2001) Fluorescence excitation-emission matrix characterization of some sewage
impacted rivers. Environ Sci Technol 35:948-953

Baker A (2002) Fluorescence excitation-emission matrix characterization of some farm wastes:
implications for water quality monitoring. Water Res 36:189-194

Baker A, Spencer RGM (2004) Characterization of dissolved organic matter from source to sea
using fluorescence and absorbance spectroscopy. Sci Total Environ 333:217-232

Balcarczyk KL, Jones JB Jr, Rudolf Jaffe’ R, Maie N (2009) Stream dissolved organic matter
bioavailability and composition in watersheds underlain with discontinuous permafrost.
Biogeochemistry 94:255-270



94 K. M. G. Mostofa et al.

Ballaré CL, Caldwell MM, Flint SD, Robinson SA, Bornman JF (2011) Effects of solar ultra-
violet radiation on terrestrial ecosystems Patterns, mechanisms, and interactions with climate
change. Photochem Photobiol Sci 10:226-241

Balmer ME, Poiger T, Droz C, Romanin K, Bergqvist P-A, Muller MD, Buser H-A (2004)
Occurrence of methyl triclosan, a transformation product of the bacericide triclosan, in fish
and from various lakes in Switzerland. Environ Sci Technol 38:390-395

Barber RT (1968) Dissoved organic carbon from deep waters resists microbial oxidation. Nature
220:274

Bard SM (2000) Multixenobiotic resistance as a cellular defense mechanism in aquatic organ-
isms. Aquat Toxicol 48:357-389

Baron J, McKnight DM, Denning AS (1991) Sources of dissolved and particulate organic
material in Loch ValeWatershed, Rocky Mountain National Park, Colorado, USA.
Biogeochemistry 15:89-110

Baxter RM, Carey JH (1983) Evidence for photochemical generation of superoxide ion in humic
waters. Nature 306:575-576

Beardall J, Sobrino C, Stojkovic S (2009a) Interactions between the impacts of ultraviolet
radiation, elevated CO2, and nutrient limitation on marine primary producers. Photochem
Photobiol Sci 8:1257-1265

Beardall J, Stojkovic S, Larsen S (2009b) Living in a high CO2 world: impacts of global climate
change on marine phytoplankton. Plant Ecol Divers 2:191-205

Beck KC, Reuter JH, Perdue EM (1974) Organic and inOrg Geochemof some coastal plain rivers
of the southeastern United States. Geochim Cosmochim Acta 38:341-364

Bedner M, MacCrehan WA (2006) Transformation of acetaminophen by chlorination produces
the toxicants 1,4-benzoquinone and N-acetyl-p-benzoquinone imine. Environ Sci Technol
40:516-522

Benner R (2002) Chemical composition and reactivity. In: Hansell DA, Carlson CA (eds)
Biogeochemistry of marine dissolved organic matter. Academic Press, Amsterdam, pp
59-85

Benner R, Biddanda B (1998) photochemical transformations of surface and deep marine dis-
solved organic matter: effects on bacterial growth. Limnol Oceanogr 43:1373-1378

Benner R, Hedges JI (1993) A test of the accuracy of freshwater DOC measurements by
high temperature catalytic oxidation and UV-promoted persulfate oxidation. Mar Chem
41:161-166

Benner R, Kaiser K (2003) Abundance of amino sugars and peptidoglycan in marine particulate
and dissolved organic matter. Limnol Oceanogr 48:118-128

Benner R, Pakulski JD, McCarthy M, Hedges JI, Hatcher PG (1992) Bulk chemical characteris-
tics of dissolved organic matter in the ocean. Science 255(5051):1561-1564

Benoy G, Cash K, McCauley E, Wrona F (2007) Carbon dynamics in lakes of the boreal forest
under a changing climate. Environ Rev 15:175-189

Berner RA (1989) Biogeochemical cycles of carbon and sulfur and their effect on atmospheric
oxygen over Phanerozoic time. Palacogeogr Palacoclimatol Palacoecol 73:97-122

Bertilsson S, Jones JB (2003) Supply of dissolved organic matter to aquatic ecosystems: autoch-
thonous sources. In: Findlay SEG, Sinsabaugh RL (eds) Aquatic ecosystems: interactivity of
dissolved organic matter. Academic Press, San Diego, pp 3-24

Bertilsson S, Tranvik LJ (1998) Photochemically produced carboxylic acids as substrates for
freshwater bacterioplankton. Limnol Oceanogr 43:885-895

Bertilsson S, Tranvik LJ (2000) Photochemically transformation of dissolved organic matter in
lakes. Limnol Oceanogr 45:753-762

Bertilsson S, Stepanauskas R, Cuadros-Hansson R, Granéli W, Wikner J, Tranvik LJ (1999)
Photochemically induced changes in bioavailable carbon and nitrogen pools in a boreal
watershed. Aquat Microb Ecol 19:47-56

Bertoni R, Callieri C, Morabito G, Pinolini ML, Pugnetti A (1998) Quali-quantitative changes in
organic carbon production during the oligotrophication of Lake Maggiore, Italy. Verh Int Ver
Limnol 26:300-304



Dissolved Organic Matter in Natural Waters 95

Bertoni R, Callieri C, Caravati E, Contesini M, Corno G, Manca D (2008) Indagini sull’ambiente
pelagico Carbonio organico e popolamenti batterici eterotrofi In CNR-ISE Ricerche
sull’evoluzione del Lago Maggiore Aspetti Limnologici Programma quinquennale 2003—
2007 Campagna 2007 e Rapporto quinquennale 2003—-2007. Commissione Internazionale per
la protezione delle acque italo-svizzere: 67-72

Bertoni R, Callieri C, Corno G, Rasconi S, Caravati E, Contesini M (2010) Long-term trends of
epilimnetic and hypolimnetic bacteria and organic carbon in a deep holo-oligomictic lake.
Hydrobiologia 644:279-287

Biddanda B, Benner R (1997) Carbon, nitrogen, and carbohydrate fluxes during the produc-
tion of particulate and dissolved organic matter by marine phytoplankton. Limnol Oceanogr
42:506-518

Biddanda BA, Cotner JB (2002) Love handles in aquatic ecosystems: the role of dissolved
organic carbon drawdown, resuspended sediments, and terrigenous inputs in the carbon bal-
ance of Lake Michigan. Ecosystems 5:431-445

Biddanda B, Ogdahl M, Cotner J (2001) Dominance of bacterial metabolism in oligotrophic rela-
tive to eutrophic waters. Limnol Oceanogr 46:730-773

Biers EJ, Zepp RG, Moran MA (2007) The role of nitrogen in chromophoric and fluorescent dis-
solved organic matter formation. Mar Chem 103:46-60

Billen G, Fontigny A (1987) Dynamics of a Phaeocystis dominated bloom in Belgian coastal
waters. 2. Bacterioplankton dynamics. Mar Ecol Prog Ser 37:249-257

Bloom PR, Bleam WEF, Xia K (2001) X-ray spectroscopy applications for the study of humic
substances. In: Clapp CE, Hayes MHB, Senesi N, Bloom PR, Jardine PM (eds) Humic sub-
stances and chemical contaminants. Soil Science Society of America, Madison, p 317

Blough NV, Zafiriou OC, Bonilla J (1993) Optical absorption spectra of waters from the Orinoco
River outflow: terrestrial input of colored organic matter to the Caribbean. J Geophys Res
98:2271-2278

Boehme J, Wells M (2006) Fluorescence variability of marine and terrestrial colloids: examining
size fractions of chromophoric dissolved organic matter in the Damariscotta River estuary.
Mar Chem 101:95-103

Bolger R, Wiese TE, Ervin K, Nestich S, Checovich W (1998) Rapid screening of environmental
chemicals for estrogen receptor binding capacity. Environ Health Perspect 106:551-557

Borges AV, Ruddick K, Schiettecatte L-S, Delille B (2008) Net ecosystem produc-
tion and carbon dioxide fluxes in the Scheldt estuarine plume BMC. Ecology 8:15.
doi:101186/1472-6785-8-15

Borowitzka MA (1988) Fats, oils and hydrocarbons. In: Borowitzka MA, Borowitzka LJ (eds)
Micro-algal biotechnology. Cambridge University Press, Cambridge, pp 257-287

Bouchard A (1997) Recent lake acidification and recovery trends in southern Quebec, Canada.
Water Air Soil Pollut 94:225-245

Bowling L, Baker P (1996) Major cyanobacterial bloom in the Barwon- Darling River, Australia,
in 1991, and underlying limnological conditions. Aust J Mar Freshw Res 47:643-657

Boxall ABA, Sinclair CJ, Fenner K, Kolpin D, Maund SJ (2004) When synthetic chemicals
degrade in the environment. Environ Sci Technol 38:368 A—375A

Boyd TJ, Osburn CL (2004) Changes in CDOM fluorescence from allochthonous and autoch-
thonous sources during tidal mixing and bacterial degradation in two coastal estuaries. Mar
Chem 89:189-210

Boyd TJ, Barham BP, Hall GJ, Schumann BS, Paerl RW, Osburn CL (2010) Variation in ultra-
filtered and LMW organic matter fluorescence properties under simulated estuarine mix-
ing transects: 2. Mixing with photoexposure. J Geophys Res 115:GO0F14. doi:101029/200
9JG000994

Braakhekke MC, Beer C, Hoosbeek MR, Reichstein M, Kruijt B, Schrumpf M, Kabat P (2011)
SOMPROF: a vertically explicit soil organic matter model. Ecol Model 222:1712-1730

Bradley C, A Baker A, Cumberland S, Boomer I, Morrissey I (2007) Dynamics of water move-
ment and trends in dissolved carbon in a headwater wetland in a permeable catchment.
Wetlands 27:1066-1080


http://dx.doi.org/101186/1472-6785-8-15
http://dx.doi.org/101029/2009JG000994
http://dx.doi.org/101029/2009JG000994

96 K. M. G. Mostofa et al.

Brandt LA, Bohnet C, King JY (2009) Photochemically induced carbon dioxide produc-
tion as a mechanism for carbon loss from plant litter in arid ecosystems. J Geophys Res
114(G2):G02004

Brassell SC, Comet PA, Eglinton G, Isaacson PJ, McEvoy J, Maxwell JR, Thompson ID, Tibbetts
PIJC, Volkman JK (1980) The origin and fate of lipids in the Japan Trench In: Douglas AG,
Maxwell JR (eds) Advances in Organic Geochemistry. Pergamon, Oxford, pp 375-392

Bratback G, Thingstad TF (1985) Phytoplankton-bacteria interactions: an apparent paradox?
analysis of a model system with both competition and commensalism. Mar Ecol Prog Ser
25:23-30

Braven J, Butler EI, Chapman J, Evens R (1995) Changes in dissolved free amino acid composi-
tion in seawater associated with phytoplankton populations. Sci Total Environ 172:145-150

Brodnjak-Voncina D, Dobenik D, Novie M, Zupan J (2002) Chemometrics characterisation of
the quality of river water. Analyt Chim Acta 462:87—-100

Bronk DA (2002) Dynamics of DON. In: Hansell DA, Carlson CA (eds) Biogeochemistry of
marine dissolved organic matter. Academic Press, San Diego, pp 153-249

Bronk DA, Glibert PM, Ward BB (1994) Nitrogen uptake, dissolved organic nitrogen release,
and new production. Science 265:1843-1846

Bronk DA, Glibert PM, Malone TC, Banahan S, Sahlsten E (1998) Inorganic and organic nitro-
gen cycling in Chesapeake Bay: autotrophic versus heterotrophic processes and relationships
to carbon flux. Aquat Microb Ecol 15:177-189

Brooks BW, Chambliss CK, Stanley JK, Ramirez AJ, Banks KE, Johnson RD, Lewis RJ (2005)
Determination of select antidipressants in fish from an effluent-dominated stream. Environ
Toxicol Chem 24:464-469

Brooks ML, Meyer JS, McKnight DM (2007) Photooxidation of wetland and riverine dis-
solved organic matter: altered copper complexation and organic composition. Hydrobiologia
579:95-113

Brown TL, Rice JA (2000) Effect of experimental parameters on the ESI FT-ICR mass spectrum
of fulvic acid. Anal Chem 72:384-390

Brown JN, Paxe’us N, Forlin L, Larsson JDG (2007) Variations in bioconcentration of human
pharmaceuticals from sewage effluents into fish blood plasma. Environ Toxicol Pharmacol
24:267-274

Brunke M, Gonser TOM (1997) The ecological significance of exchange processes between riv-
ers and groundwater freshwater. Biology 37:1-33

Brzozowski T, Dembinski A, Konturek S (1994) Influence of Tolpa Peat Preparation on gastro-
protection and on gastric and duodenal ulcers. Acta Pol Pharm 51:103-107

Buckau G, Antinger R, Geyer S, Wolf M, Fritz P, Kim JI (2000) Groundwater in situ generation
of aquatic humic and fulvic acid and the mineralization of sedimentary organic carbon. Appl
Geochem 15:819-832

Buesseler KO, Bauer JE, Chen RF, Eglinton TI, Gustafsson O, Landing W, Mopper K, Moran
SB, Santschi PH, VernonClark R, Wells ML (1996) An intercomparison of cross-flow filtra-
tion techniques used for sampling marine colloids: overview and organic carbon results. Mar
Chem 55:1-31

Buick R (2008) When did oxygenic photosynthesis evolve? When did oxygenic photosynthesis
evolve? Phil Trans R Soc B 363:2731-2743

Burdige DJ, Kline SW, Chen WH (2004) Fluorescent dissolved organic matter in marine sedi-
ment pore waters. Mar Chem 89:289-311

Burney CM, Davis PG, Johnson KM, Sieburth JMcN (1982) Diel relationships of microbial tropic
groups and in situ dissolved carbohydrate dynamics in the Caribbean Sea. Mar Biol 67:311-322

Burt TP, Adamson JK, Lane AMJ (1998) Long-term rainfall and streamflow records for north
central England: putting the Environmental Change Network site at Moor House, Upper
Teesdale, in context. Hydrol Sci J 43:775-787

Buser H-R, Balmer ME, Schmid P, Kohler M (2006) Occurrence of UV-filters 4-methylben-
zylidene camphor and octocrylene in fish from various Swiss rivers with inputs from waste-
water treatment plants. Environ Sci Technol 40:1427-1431



Dissolved Organic Matter in Natural Waters 97

Bushaw KL, Zepp RG, Tarr MT, Schulz-Jander D, Bourbonniere RA, Hodson RE, Miller WL,
Bronk DA, Moran MA (1996) Photochemical release of biologically available nitrogen from
aquatic dissolved organic matter. Nature 381:404-407

Bussmann I, Kattner G (2000) Distribution of dissolved organic carbon in the central Arctic
Ocean: the influence of physical and biological properties. J Mar Syst 27:209-219

Buttiglieri G, Peschka M, Fromel T, Muller J, Malpei F, Seel P, Knepper TP (2009)
Environmental occurrence and degradation of the herbicide n-chloridazon. Water Res
43:2865-2873

Cadée GC (1987) Organic carbon in the Ems River and estuary: a comparison of summer and
winter conditions In: Degens ET, Kempe S, Wei-Bin G (eds) Transport of carbon and min-
erals in major world rivers, SCOPE/UNEP Sonderbd 64 Mitt Geological-Palacontological
Institute and Museum of the University of Hamburg, pp 359-374

Cai W-J (2011) Estuarine and coastal ocean carbon paradox: CO2 sinks or sites of terrestrial car-
bon incineration? Annu Rev Mar Sci 3:123-145

Cai WJ, Pomeroy LR, Moran MA, Wang YC (1999) Oxygen and carbon dioxide mass balance
for the estuarine-intertidal marsh complex of five rivers in the southeastern US. Limnol
Oceanogr 44:639-649

Callieri C, Piscia R (2002) Photosynthetic efficiency and seasonality of autotrophic picoplankton
in Lago Maggiore after its recovery. Freshw Biol 47:941-956

Cammack WKL, Kalff J, Prairie YT, Smith EM (2004) Fluorescent dissolved organic matter in
lakes: relationships with heterotrophic metabolism. Limnol Oceanogr 49:2034—-2045

Cancilla DA, Holtkamp A, Matassa L, Fang X (1997) Isolation and characterization of
Microtox-active components from aircraft deicing/anti-icing fluids. Environ Toxicol Chem
16:430-434

Canham CD, Pace ML, Papaik MJ, Primack AGB, Roy KM, Maranger RJ, Curran RP, Spada
DM (2004) A spatially explicit watershed-scale analysis of dissolved organic carbon in
Adirondack lakes. Ecol Appl 14:839-854. doi:101890/02-5271

Caraco NF, Lapman G, Cole JJ, Limburg KE, Pace ML, D Fischer D (1998) Microbial assimila-
tion of DIN in a nitrogen rich estuary: implications for food quality and isotope studies. Mar
Ecol Prog Ser 167:59-71

Carder KL, Steward RG, Harvey GR, Ortner PB (1989) Marine humic and fulvic acids: their
effects on remote sensing of ocean chlorophyll. Limnol Oceanogr 34:68-81

Carlsen E, Giwercman A, Keiding N, Skakkeback NE (1995) Declining semen quality and
increasing incidence of testicular cancer: is there a common cause? Environ Health Perspect
103(Suppl 7):137-139

Carlson DJ, Brann ML, Mague TH, Mayer LM (1985) Molecular weight distribution of dis-
solved organic materials in seawater determined by ultrafiltration: a re-examination. Mar
Chem 16:155-171

Carlson CA, Hansell DA, Peltzer ET, Smith WO Jr (2000) Stocks and dynamics of dissolved
and particulate organic matter in the southern Ross Sea, Antarctica. Deep Sea Res I
47:3201-3225

Carlsson C, Johansson AK, Alvan G, Bergman K, Kuhler T (2006) Are pharmaceuticals potent
environmental pollutants? Part I: environmental risk assessments of selected active pharma-
ceutical ingredients. Sci Total Environ 364:67-87

Carpenter SR, Cole JJ, Kitchell JF, Pace ML (1998) Impact of dissolved organic carbon, phos-
phorus, and grazing on phytoplankton biomass and production in experimental lakes. Limnol
Oceanogr 43:73-80

Carrera N, Barreal ME, Gallego PP, Briones MJI (2009) Soil invertebrates control peat land C
fluxes in response to warming. Funct Ecol 23:637-648

Carrick HJ, Fahnenstiel GL, Stoermer EF, Wetzel RG (1991) Protozoan growth rates and trophic
couplings in Lake Michigan. Limnol Oceanogr 36:133-1345

Carrillo P, Medina-Sanchez JM, Villar-Argaiz M (2002) The interaction of phytoplankton and
bacteria in a high mountain lake: importance of the spectral composition of solar radiation.
Limnol Oceanogr 47:1294-1306


http://dx.doi.org/101890/02-5271

98 K. M. G. Mostofa et al.

Casajuana N, Lacorte S (2003) Presence and release of phthalic esters and other endocrine dis-
rupting compounds in drinking water. Chromatographia 57(9):649-655

Cauwet G, Mackenzie FT (1993) Carbon inputs and distribution in estuaries of turbid rivers: the
Yang Tze and Yellow rivers (China). Mar Chem 43:235-246

Chapman PJ, Edwards AC, Cresser MS (2001) The nitrogen composition of streams in upland
Scotland: some regional and seasonal differences. Sci Total Environ 265:65-83

Chebbi A, Carlier P (1996) Carboxylic acids in the troposphere, occurence, sources, and sinks: a
review. Atmos Environ 30:4233-4249

Chen RF, Gardner GB (2004) High-resolution measurements of chromophoric dissolved organic
matter in the Mississippi and Atchafalaya River plume regions. Mar Chem 89:103-125

Chen Z, LiY, Pan JM (2004) Distributions of colored dissolved organic matter and dissolved
organic carbon in the Pearl River Estuary, China. Cont Shelf Res 24:1845-1856

Chen G, Huang L, Tan Y, Yin J, Wang H, Huang H, Zou K, Li R (2007) Antibacterial substance
from mucus of a scleractinian coral, Symphyllia gigantea. Acta Oceanol Sinica 26:140-143

Chiron S, Comoretto L, Rinaldi E, Maurino V, Minero C, Vione D (2009) Pesticide By-Products
in the Rhone Delta (Southern France) The Case of 4-Chloro-2-methylphenol and of its
Nitroderivative. Chemosphere 74:599-604

Christensen JB, Jensen DL, Gr¢n C, Filip Z, Christensen TH (1998) Characterization of the dis-
solved organic carbon in landfill leachate-polluted groundwater. Water Res 32:125-135

Christman RF, Oglesby RT (1971) Microbiol degradation and the formation of humus. In:
Sarkanen KV, Ludwig CH (eds) Lignins: occurrence, Formation, structure and reactions.
Wiley-Interscience, New York, pp 769-796

Church MJ, Ducklow HW, Karl DM (2002) Multiyear increases in dissolved organic matter
inventories at Station ALOHA in the North Pacific Gyre. Limnol Oceanogr 47:1-10

Ciglasch H, Lilienfein J, Kaiser K, Wilcke W (2004) Dissolved organic matter under native
Cerrado and Pinus caribaea plantations in the Brazilian savanna. Biogeochemistry 67:157-182

Citulski JA, Farahbakhsh K (2010) Fate of endocrine-active compounds during municipal biosol-
ids treatment: a Review. Environ Sci Technol 44:8367-8376

Clara M, Gans O, Windhofer G, Krenn U, Hartl W, Braun K, Scharf S, Scheffknecht C (2011)
Occurrence of polycyclic musks in wastewater and receiving water bodies and fate during
wastewater treatment. Chemosphere 82:1116-1123

Clark CD, Hiscock WT, Millero FJ, Hitchcock G, Brand L, Miller WL, Ziolkowski L, Chen RF,
Zika RG (2004) CDOM distribution and CO2 production on the Southwest Florida Shelf.
Mar Chem 89:145-167

Cleuvers M (2004) Mixture toxicity of the anti-inflammatory drugs diclofenac, ibuprofen, nap-
roxen and acetylsalicylic acid. Ecotoxicol Environ Saf 59:309-315

Cloern JE, Canuel EA, Harris D (2002) Stable carbon and nitrogen isotope composition of aquatic
and terrestrial plants of the San Francisco Bay estuarine system. Limnol Oceanogr 47:713-729

Clutterbuck B, Yallop AR (2010) Land management as a factor controlling dissolved organic car-
bon release from upland peat soils 2: changes in DOC productivity over four decades. Sci
Total Environ 408:6179-6191

Coble PG (1996) Characterization of marine and terrestrial DOM in sea water using excitation-
emission matrix spectroscopy. Mar Chem 52:325-336

Coble PG (2007) Marine optical biogeochemistry: the chemistry of ocean color. Chem Rev
107:402-418

Colborn T, vom Saal FS, Soto AM (1993) Developmental effects of endocrine-disrupting chemi-
cals in wildlife and humans. Environ Health Pespect 101:378-384

Cole JJ, Findlay S, Pace ML (1988) Bacterial production in fresh and saltwater ecosystems: a
cross system overview. Mar Ecol Prog Ser 43:1-10

Cole L, Bardgett RD, Ineson P, Adamson JK (2002) Relationships between enchytraeid worms
(Oligochaeta), climate change, and the release of dissolved organic carbon from blanket peat
in northern England. Soil Biol Biochem 34:599-607

Connolly JP, Coffin RB, Landeck RE (1992) Modeling carbon utilization by bacteria in natural
water systems. In: Hurst CJ (ed) Modelling the metabolic and physiologic activities of micro-
organisms. Wiley, Chichester, pp 249-276



Dissolved Organic Matter in Natural Waters 99

Conrad R (1999) Contribution of hydrogen to methane production and control of hydrogen con-
centrations in methanogenic soils and sediments. FEMS Microbiol Ecol 28:193-202

Cook RL, Mclntyre DD, Langford CH, Vogel HJ (2003) A comprehensive liquid-state hetero-
nuclear and multidimensional NMR study of Laurentian fulvic acid. Environ Sci Technol
37:3935-3944

Corin N, Backlund P, Kulovaara M (1996) Degradation products formed during UV-irradiation of
humic waters. Chemosphere 33:245-255

Cory RM, McKnight DM (2005) Fluorescence spectroscopy reveals ubiquitous presence of oxi-
dized and reduced quinines in dissolved organic matter. Environ Sci Technol 39:8142-8149

Cory RM, Green SA, Pregitzer KS (2004) Dissolved organic matter concentration and composi-
tion in the forests and streams of Olympic National Park, WA. Biogeochemistry 67:269-288

Cowie GL, Hedges JI (1994) Biochemical indicators of diagenetic alteration in natural organic
matter mixtures. Nature 369:304-307

Cowie GL, Hedges JI (1996) Digestion and alteration of the biochemical constituents of a dia-
tom (Thalassiosira weissflogii) ingested by an herbivorous zooplankton (Calanus pacificus).
Limnol Oceanogr 41:581-594

Crandall CA, Katz BG, Hirten JJ (1999) Hydrochemical evidence for mixing of river water
and groundwater during high-flow conditions, lower Suwannee River basin, Florida, USA.
Hydrogeol J 7:454-467

Cronan CS, Aiken GR (1985) Chemistry and transport of soluble humic substances in forested
watersheds of the Adirondack Park, New York. Geochim Cosmochim Acta 49:1697-1705

Currin CA, Newell SY, Pearl HW (1995) The role of standing dead Spartina alterniflora and
benthic microalgae in salt marsh food webs: considerations based on multiple stable isotope
analysis. Mar Ecol Prog Ser 121:99-116

Curtis PJ, Adams HE (1995) Dissolved organic matter quantity and quality from freshwater and
saline lakes in east-central Alberta. Biogeochemistry 30:59-76

Curtis PJ, Prepas EE (1993) Trends of dissolved organic carbon (DOC) concentrations from
freshwater to saltwater. Verh Int Ver Limnol 25:298-301

Curtis PJ, Schindler DW (1997) Hydrologic control of dissolved organic matter in low-order
Precambrian Shield lakes. Biogeochemistry 36:125-138

Da Costa F, Lubes G, Rodriguez M, Lubes V (2011) Study of the ternary complex formation
between vanadium(III), dipicolinic acid and small blood serum bioligands. J Solution Chem
40:106-117

Dahlén J, Bertilsson S, Pettersson C (1996) Effects of UV-A irradiation on dissolved organic
matter in humic surface waters. Environ Int 22:501-506

Dai KO, David M, Vance G (1996) Characterization of solid and dissolved carbon in a spruce-fir
Spodosol. Biogeochemistry 35:339-365

Daniel MHB, Montebelo AA, Bernardes MC, Ometto JPHB, De Camargo PB, Krusche AV,
Ballester MV, Victoria RL, Martinelli LA (2002) Effects of urban sewage on dissolved
oxygen, dissolved inorganic and organic carbon, and electrical conductivity of small
streams along gradient of urbanization in the Piracicaba River basin. Water Air Soil Poll
136:189-206

Danielsson LG (1982) On the use of filters for distinguishing between dissolved and particulate
fractions in natural waters. Water Res 16:179-182

Dang K (1972) Cross resistance between vinca alkaloids and anthracyclines in Ehrlich ascites
tumor in vivo, Cancer. Chemother Rep 56:701-708

Daughton CG, Ternes TA (1999) Pharmaceuticals and personal care products in the environment:
agents of subtle change? Environ Health Perspect 107:907-938

David MB, Vance GF (1991) Chemical character and origin of organic acids in streams and seep-
age lakes of central Maine. Biogeochemistry 12:17—41. doi:101007/BF00002624

Davidson EA, Janssens IA (2006) Temperature sensitivity of soil carbon decomposition and
feedbacks to climate change. Nature 440:165-173

Davis SE III, Childers DL, Day JW Jr, Rudnick DT, Sklar FH (2001) Nutrient dynamics in veg-
etated and unvegetated areas of a southern everglades mangrove creek. Estuar Coast Shelf
Sci 52:753-765


http://dx.doi.org/101007/BF00002624

100 K. M. G. Mostofa et al.

de Souza-Sierra MM, Donard OFX, Lamotte M, Belin C, Ewald M (1994) Fluorescence spec-
troscopy of coastal and marine waters. Mar Chem 47:127-144

de Zarruk KK, Scholer G, Dudal Y (2007) Fluorescence fingerprints and Cu2---complexing abil-
ity of individual molecular size fractions in soil- and waste-borne DOM. Chemosphere
69:540-548

Dean M, Rzhetsky A, Allikmets R (2001) The human ATP-binding cassette (ABC) transporter
superfamily. Genome Res 11:1156-1166

Deegan LA, Garritt RH (1997) Evidence for spatial variability in estuarine food webs. Mar Ecol
Prog Ser 147:31-47

del Castillo CE, Coble PG, Morell JM, Lopez JM, Corredor JE (1999) Analysis of the optical
properties of the Orinoco River Plume by absorption and fluorescence spectroscopy. Mar
Chem 66:35-51

del Castillo CE, Gilbes F, Coble PG, Muller-Karger FE (2000) On the dispersal of river-
ine colored dissolved organic matter over the West Florida Shelf. Limnol Oceanogr
45:1425-1432

del Vecchio R, Blough NV (2002) Photobleaching of chromophoric dissolved organic matter in
natural waters: kinetics and modeling. Mar Chem 78:231-253

Depetris PJ, Kempe S (1993) Carbon dynamics and sources in the Parand River. Limnol
Oceanogr 38:382-395

Derbalah ASH, Nakatani N, Sakugawa H (2003) Distribution, seasonal pattern, flux and con-
tamination source of pesticides and nonylphenol residues in Kurose River water, Higashi-
Hiroshima, Japan. Geochem J 37:217-232

Diamanti-Kandarakis E, Bourguignon JP, Giudice L et al (2009) Endocrine-disrupting chemicals:
an endocrine society scientific statement. Endocr Rev 30:293-342

Dittmar T, Lara RJ (2001) Driving forces behind nutrient and organic matter dynamics in a man-
grove tidal creek in north Brazil. Coast Shelf Sci 52:249-259

Dorodnikov M, Kuzyakov Y, Fangmeier A, Wiesenberg GLB (2011) C and N in soil organic mat-
ter density fractions under elevated atmospheric CO2: turnover vs stabilization. Soil Biol
Biochem 43:579-589

dos Anjos FM, Bittencourt-Oliveira MD, Zajac MP, Hiller S, Christian B, Erler K, Luckas B,
Pinto E (2006) Detection of harmful cyanobacteria and their toxins by both PCR amplifica-
tion and LC-MS during a bloom event. Toxicon 48:239-245

Dosskey MG, Bertsch PM (1994) Forest sources and pathways of organic matter transport to a
blackwater stream: a hydrologic approach. Biogeochemistry 24:1-19

Downing JA, Prairie YT, Cole JJ, Duarte CM, Tranvik LJ, Striegl RG, McDowell WH,
Kortelainen P, Caraco NF, Melack JM, Middelburg JJ (2006) The global abundance and size
distribution of lakes, ponds, and impoundments. Limnol Oceanogr 51:2388-2397

Driscoll CT, Driscoll KM, Roy KM et al (2003) Chemical response of lakes in the Adirondack
Region of New York to declines in acidic deposition. Environ Sci Technol 37:2036-2042

Druon JN, Mannino A, Signorini S, McClain C, Friedrichs M, Wilkin J, Fennel K (2010)
Modeling the dynamics and export of dissolved organic matter in the Northeastern US conti-
nental shelf. Estuar Coast Shelf Sci 88:488-507

Duan S, Bianchi TS (2007) Particulate and dissolved amino acids in the lower Mississippi and
Pearl Rivers (USA). Mar Chem 107:214-229

Duedahl-Olesen L, Cederberg T, Pedersen KH, Hgjgard A (2005) Synthetic musk fragrances in
trout from Danish fish farms and human milk. Chemosphere 61:422-431

Duff KE, Laing TE, Smol JP, Lean DRS (1999) Limnological characteristics of lakes located
across arctic treeline in northern Russia. Hydrobiol 391:205-222

Eatherall AE (1996) The role of carbon in river basins. LOIS working note no 7 institute of
hydrology Wallingford, p 53

Eatherall A, Warwick MS, Tolchard S (2000) Identifying sources of dissolved organic carbon on
the River Swale, Yorkshire. Sci Total Environ 251(252):173-190

Eckhardt BW, Moore TR (1990) Controls on dissolved organic carbon concentrations in streams,
southern Quebec. Can J Fish Aquat Sci 47:1537-1544



Dissolved Organic Matter in Natural Waters 101

Effler SW, Perkins M, Peng F, Strait C, Weidemann AD, Auer MT (2010) Light-absorbing com-
ponents in Lake Superior. J Great Lakes Res 36:656—-665

Eisma D, Cadée GC, Laane R (1982) Supply of suspended matter and particulate and dissolved
organic carbon from the Rhine to the Coastal North Sea. In: Degens ET (ed) Transport of
carbon and minerals in major world rivers, SCOPE/UNEP Sonderbd 52 Mitt Geological-
Palaeontological Institute and Museum of the University of Hamburg, pp 483-506

Elbe ARGE (1997) Wassergiitedaten der Elbe. Jahrliche Zahlentafeln, Hamburg, p 95

Elder J, Rybicki N, Carter V, Weintraub V (2000) Sources and yields of dissolved carbon in north-
ern Wisconsin stream catchments with differing amounts of peatland. Wetlands 20:113-125

Eloranta P (1978) Light penetration in different types of lakes in Central Finland. Holarct Ecol
1:362-366

Engebretson RR, von Wandruszka R (1994) Microorganization in dissolved humic acids. Environ
Sci Technol 28:1934-1941. doi:101021/es000602026

Engebretson RR, von Wandruszka R (1996) Quantitative approach to humic acid associations.
Environ Sci Technol 30:990-997. doi:101021/es950478g

Engel A, Passow U (2001) Carbon and nitrogen content of transparent exopolymer particles
(TEP) in relation to their Alcian Blue adsorption. Mar Ecol Prog Ser 219:1-10

Engstrom DR (1987) Influence of vegetation and hydrology on the humus budgets of Labrador
lakes. Can J Fish Aquat Sci 44:1306-1314. doi:101139/f87-154

Epel D (1998) Use of multidrug transporters as first lines of defense against toxins in aquatic
organisms. Comp Biochem Physiol A 120:23-28

Epel D, Smital T (2001) Multidrug-multixenobiotic transporters and their significance with
respect to environmental levels of pharmaceuticals and personal care products. In: Daughton
CG, Jones-Lepp TL (eds) Pharmaceuticals and personal care products in the environment sci-
entific and regulatory issues, vol 791. American Chemical Society, Washington, pp 244-263

Etheridge SM (2010) Paralytic shellfish poisoning: seafood safety and human health perspec-
tives. Toxicon 56:108-122

Evans AJ (1998) Biodegradation of 14C-labeled low molecular organic acids using three biom-
eter methods. J Geochem Explor 65:17-25

Evans MG, Burt TP, Holden J, Adamson JK (1999) Runoff generation and water table fluctuations in
blanket peat: evidence from UK data spanning the dry summer of 1995. J Hydrol 221:141-160

Evans CD, Freeman C, Monteith DT, Reynolds B, Fenner N (2002) Climate change—terrestrial
export of organic carbon: communication arising. Nature 415:862

Evans CD, Monteith DT, Cooper DM (2005) Long-term increases in surface water dissolved organic
carbon: observations, possible causes and environmental impacts. Environ Pollut 137:55-71

Evans CD, Chapman PJ, Clark JM, Monteith DT, Cresser MS (2006) Alternative explanations for
rising dissolved organic carbon export from organic soils. Glob Chang Biol 12:2044-2053

Fahey TJ, Siccama TG, Driscoll CT, Likens GE, Campbell J, Johnson CE, Battles JJ, Aber ID,
Cole JJ, Fisk MC, Groffman PM, Hamburg SP, Holmes RT, Schwarz PA, Yanai RD (2005)
The biogeochemistry of carbon at Hubbard Brook. Biogeochemistry 75:109-176

Fairchild WL, Swansburg OE, Arsenault JT, Brown SB (1999) Does an association between pes-
ticide use and subsequent declines in catch of Atlantic salmon (Salmo salar) represent a case
of endocrine disruption? Environ Health Perspect 107:349-358

Fankhauser-Noti A, Biedermann-Brem S, Grob K (2006) PVC plasticizers/additives migrating
from the gaskets of metal closures into oily food: Swiss market survey June 2005. Eur Food
Res Technol 223:447-453

Farias J, Rossetti GH, Albizzati ED, Alfano OM (2007) Solar degradation of formic acid: tem-
perature effects on the photo-Fenton reaction. Ind Eng Chem Res 46:7580-7586

Farjalla VF, Azevedo DA, Esteves FA, Bozelli RL, Roland F, Enrich-Prast A (2006) Influence of
hydrological pulse on bacterial growth and DOC uptake in a clear-water Amazonian Lake.
Microb Ecol 52:334-344

Farré M1, Pérez S, Kantiani L, Barcel6 D (2008) Fate and toxicity of emerging pollutants, their
metabolites and transformation products in the aquatic environment TrAC. Trends Anal
Chem 27:991-1007


http://dx.doi.org/101021/es00060a026
http://dx.doi.org/101021/es950478g
http://dx.doi.org/101139/f87-154

102 K. M. G. Mostofa et al.

Fellman JB, Hood E, Edwards RT, Jones JB (2009) Uptake of allochthonous dissolved organic
matter from soil and salmon in coastal temperate rainforest streams. Ecosystems 12:747-759.
doi:101007/s10021-009-9254-4

Fenner N, Freeman C, Lock MA, Harmens H, Reynolds B, Sparks T (2007a) Interactions
between elevated CO2 and warming could amplify DOC Exports from Peatland Catchments.
Environ Sci Tech 41:3146-3152

Fenner N, Ostle NJ, McNamara N, Sparks T, Harmens H, Reynolds B, Freeman C (2007b)
Elevated CO2 effects on peatland plant community carbon dynamics and DOC production.
Ecosystems 10:635-647

Fenton SE (2006) Endocrine-disrupting compounds and mammary gland development: early
exposure and later life consequences. Endocrinology 147:18-24

Ferrari GM, Dowell MD (1998) CDOM absorption characteristic with relation to fluorescence
and salinity in coastal areas of the Southern Baltic Sea. Estuar Coast Shelf Sci 47:91-105

Ferrari GM, Dowell MD, Grossi S, Targa C (1996) The relationship between the optical proper-
ties of chromophoric dissolved organic matter and total concentration of dissolved organic
carbon in the southern Baltic Sea region. Mar Chem 55:299-316

Ferrari B, Mons R, Vollat B, Fraysse B, Paxéus N, Giudice RL, Pollio A, Garric J (2004)
Environmental Risk Assessment of six human pharmaceuticals: are the current environmental
risk assessment procedures sufficient for the protection of the aquatic environment? Environ
Toxical Chem 23:1344-1354

Fichot CG, Miller WL (2010) An approach to quantify depth-resolved marine photochemical
fluxes using remote sensing: application to carbon monoxide (CO) photoproduction. Remote
Sens Environ 114:1363-1377

Field JA, Johnson CA, Rose JB (2006) What is emerging? Environ Sci Technol 40:7105

Filella M (2008) NOM site binding heterogeneity in natural waters: discrete approaches. J Mol
Liq 143:42-51

Filley TR, Cody GD, Goodell B, Jellison J, Noser C, Ostrofsky A (2002) Lignin demethylation
and polysaccharide decomposition in spruce sap wood degraded by brown rot fungi. Org
Geochem 33:111-124

Fimmen RL, Cory RM, Chin Y-P, Trouts TD, McKnight DM (2007) Probing the oxidation-reduc-
tion properties of terrestrially and microbially derived dissolved organic matter. Geochim
Cosmoch Acta 71:3003-3015

Findlay SEG (2005) Increased carbon transport in the Hudson River: unexpected consequence of
nitrogen deposition? Front Ecol Environ 3:133-137

Findlay S, Pace M, Lints D (1991) Variability and transport of suspended sediment, particu-
late and dissolved organic carbon in the tidal freshwater Hudson River. Biogeochemistry
12:149-169

Fiorentino G, Spaccini R, Piccolo A (2006) Separation of molecular constituents from a
humic acid by solid-phase extraction following a transesterification reaction. Talanta
68:1135-1142

Fisher SG, Likens GE (1972) Stream ecosystem: organic energy budget. Bioscience 22:33-35

Fisher SG, Likens GE (1973) Energy flow in Bear Brook, New Hampshire: an integrative
approach to stream ecosystem metabolism. Ecol Monogr 43:421-439

Flessa H, Ludwig B, Heil B, Merbach W (2000) The origin of soil organic C, dissolved organic
C and respiration in a long-term maize experiment in Halle, germany, determined by C-13
natural abundance. J Plant Nutr Soil Sci Z Pflanzenernahr Bodenkd 163(2):157-163

Fletcher KE, Boyanov MI, Homas SH, Wu Q, Kemner KM, Loffler FE (2010) U(VI) reduction
to mononuclear U(IV) by Desulfitobacterium species. Environ Sci Technol 44:4705-4709

Fogg GE (1983) The ecological significance of extracellular products of phytoplankton photo-
synthesis. Bot Mar 26:3-14

Ford TE, Naiman RJ (1989) Groundwater-surface water relationships in boreal forest watersheds:
dissolved organic carbon and inorganic nutrient dynamics. Can J Fish Aquat Sci 46:41-49

Freeman C, Ostle N, Kang H (2001a) An enzymic ‘latch’ on a global carbon store—a shortage of
oxygen locks up carbon in peatlands by restraining a single enzyme. Nature 409:149


http://dx.doi.org/101007/s10021-009-9254-4

Dissolved Organic Matter in Natural Waters 103

Freeman C, Evans CD, Monteith DT, Reynolds B, Fenner N (2001b) Export of organic carbon
from peat soils. Nature 412:785

Freeman C, Fenner N, Ostle NJ, Kang H, Dowrick DJ, Reynolds B, Lock MA, Sleep D, Hughes
S, Hudson J (2004) Export of dissolved organic carbon from peatlands under elevated carbon
dioxide levels. Nature 430:195-198

Freyer M, Walther C, Stumpf T, Buckau G, Fanghiinel T (2009) Formation of Cm humate complexes
in aqueous solution at pHc 3 to 55: the role of fast interchange. Radiochim Acta 97:547-558

Abbt-Braun G, Lankes U, Frimmel, F (2004) Structural characterization of aquatic humic sub-
stances—the need for a multiple method approach. Aquat Sci Res Across Bound 66(2):151-170

Froberg M, Berggren Kleja D, Hagedorn F (2007) The contribution of fresh litter to dissolved
organic carbon leaching from a coniferous forest floor. Eur J Soil Sci 58:108-114

Frost PC, Mack A, Larson JH, Bridgham SD, Lamberti GA (2006) Environmental controls of
UV-B radiation in forested streams of Northern Michigan. Photochem Photobiol 82:781-786.
doi:101562/2005-07-22-RA-619

Fry B, Sherr EB (1984) 13C Measurements as indicators of carbon flow in marine and freshwater
ecosystems. Contrib Mar Sci 27:13-47

Fry B, Hopkinson CS, Nolin A (1996) Long-term decomposition of DOC from experimental dia-
tom blooms. Limnol Oceanogr 41:1344—1347

Fu F-X, Zhang Y, Leblanc K, Safiudo-Wilhelmy SA, Hutchins DA (2005) The biological and
biogeochemical consequences of phosphate scavenging onto phytoplankton cell surfaces.
Limnol Oceanogr 50:1459-1472

Fu P, Mostofa KMG, Wu FC, Liu CQ, Li W, Liao H, Wang L, Wang J, Mei Y (2010) Excitation-
emission matrix characterization of dissolved organic matter sources in two eutrophic lakes
(Southwestern China Plateau). Geochem J 44:99-112

Fujii M, Murashige S, Ohnishi Y, Yuzawa A, Miyasaka H, Suzuki Y, Komiyama H (2002)
Decomposition of phytoplankton in seawater Part 1: kinetic analysis of the effect of organic
matter concentration. J Oceanogr 58:433-438

Fujiwara K, Ushiroda T, Takeda K, Kumamoto Y, Tsubota H (1993) Diurnal and seasonal distri-
bution of hydrogen peroxide in seawater of Seto Inland Sea. Geochem J 27:103-115

Fukami K, Simidu U, Taga N (1985) Microbial decomposition of phyto- and zooplankton in sea-
water I Changes in organic matter. Mar Ecol Prog Ser 21:1-5

Fukuda R, Ogawa H, Nagata T, Koike I (1998) Direct determination of carbon and nitrogen contents
of natural bacterial assemblages in marine environments. Appl Environ Microbiol 64:3352-3358

Furdui VI, Tomassini F (2010) Trends and Sources of Perchlorate in Arctic Snow. Environ Sci
Technol 44:588-592

Furlong ET, Kinney CA, Ferrer I, Werner SL, Cahill JD, Ratterman G (2004) Pharmaceuticals
and personal-care products in solids: Analysis and field results for sediment, soil and bio-
solid samples. Extended Abstracts of Papers, 228th ACS National Meeting, Division of
Environmental Chemistry 44:1320-1324

Furuichi T, Kannan K, Suzuki K, Tanaka S, Giesy JP, Masunaga S (2006) Occurrence of estro-
genic compounds in and removal by a swine farm waste treatment plant. Environ Sci Technol
40:7896-7902

Gagosian RB, Stuermer DH (1977) Cycling of biogenic compounds and their diagenetically
transformed products in seawater. Mar Chem 5:605-632

Gao Q, Tao Z, Shen C, Sun'Y, Yi W, Xing C (2002) Riverine organic carbon in the Xijiang River
(South China): seasonal variation in content and flux budget. Environ Geo 41:826-832

Gasparovic B, Cosovic B, Vojvodic V (1998) Contribution of organic acids to the pool of surface
active substances in model and marine samples using o-nitrophenol as an electrochemical
probe. Org Geochem 29:1025-1032

Gennings C, Molot LA, Dillon PJ (2001) Enhanced photochemical loss of DOC in acidic waters.
Biogeochemistry 52:339-354

Gielen B, Neirynck J, Luyssaert S, Janssens IA (2011) The importance of dissolved organic
carbon fluxes for the carbon balance of a temperate Scots pine forest. Agric For Meteorol
151:270-278


http://dx.doi.org/101562/2005-07-22-RA-619

104 K. M. G. Mostofa et al.

Goldman CR, Elser JJ, Richards RC, Reuters JE, Priscu JC, Levin AL (1996) Thermal stratifi-
cation, nutrient dynamics, and phytoplankton productivity during the onset of spring phyto-
plankton growth in Lake Baikal, Russia. Hydrobiologia 331:9-24

Gomez MJ, Gomez-Ramos MM, Aguera A, Mezcua M, Herrera S, Fernandez-Alba AR (2009) A
new gas chromatography/mass spectrometry method for the simultaneous analysis of target
and non-target organic contaminants in waters. J Chromatogr A 1216:4071-4082

Granéli W, Lindell M, Tranvik L (1996) Photo-oxidative production of dissolved inorganic car-
bon in lakes of different humic content. Limnol Oceanogr 41:698-706

Grgn C, Wassenaar L, Krogh M (1996) Origin and structures of groundwater humic substances
from three Danish aquifers. Environ Int 22:519-534

Grushnikov OP, Antropova ON (1975) Microbiological degradation of lignin. Russ Chem Rev
44:431. doi:10.1070/RC1975v044n05ABEH002352

Gudasz C, Bastviken D, Steger K, Premke K, Sobek S, Tranvik LJ (2010) Temperature-
controlled organic carbon mineralization in lake sediments. Nature 466:478-481

Guéguen C, Dominik J (2003) Partitioning of trace metals between particulate, colloidal and truly dis-
solved fractions in a polluted river: the Upper Vistula River (Poland). Appl Geochem 18:457-470

Guéguen C, Belin C, Dominik J (2002) Organic colloid separation in contrasting aquatic environ-
ments with tangential flow filtration. Water Res 36:1677-1684

Guéguen C, Guo L, Wang D, Tanaka N, Hung C-C (2006) Chemical characteristics and origin of
dissolved organic matter in the Yukon River. Biogeochemistry 77:139-155

Guggenberger G, Zech W (1993) Dissolved organic carbon control in acid forest soils of the
Fichtelgebirge (Germany) as revealed by distribution patterns and structural composition
analysis. Geoderma 59:109-129

Guignard C, Lemée L, Amblés A (2005) Lipid constituents of peat humic acids and humin
Distinction from directly extractable bitumen components using TMAH and TEAAc thermo-
chemolysis. Org Geochem 36:287-297

Guildford SJ, Hecky RE (2000) Total nitrogen, total phosphorus, and nutrient limitation in lakes
and oceans: is there a common relationship? Limnol Oceanogr 45:1213-1223

Guo L, Santschi PH (1996) A critical evaluation of the cross-flow ultrafiltration technique for
sampling colloidal organic carbon in seawater. Mar Chem 55:113-127

Guo L, Santschi PH (1997a) Isotopic and elemental characterization of colloidal organic matter
from the Chesapeake Bay and Galveston Bay. Mar Chem 59:1-15

Guo L, Santschi PH (1997b) Composition and cycling of colloids in marine environments. Rev
Geophys 35:17-40

Guo L, Coleman CH Jr, Santschi PH (1994) The distribution of colloidal and dissolved organic
carbon in the Gulf of Mexico. Mar Chem 45:105-119

Guo L, Santschi PH, Warnken KW (1995) Dynamics of dissolved organic carbon (DOC) in oce-
anic environments. Limnol Oceanogr 40:1392-1403

Guo L, Santschi PH, Cifuentes LA, Trumbore SE, Southon J (1996) Cycling of high-molecular-
weight dissolved organic matter in the Middle Atlantic Bight as revealed by carbon isotopic
(13C and 14C) signatures. Limnol Oceanogr 41:1242-1252

Guo Y, Yu H-Y, Zeng EY (2009) Occurrence, source diagnosis, and biological effect assessment
of DDT and its metabolites in various environmental compartments of the Pearl River Delta,
South China: a review. Environ Pollut 157:1753-1763

Gurr CJ, Reinhard M (2006) Harnessing Natural Attenuation of pharmaceuticals and hormones
in rivers. Environ Sci Technol 40:2872-2876

Hagedorn F, Saurer M, Blaser P (2004) A C-13 tracer study to identify the origin of dissolved
organic carbon in forested mineral soils. Eur J Soil Sci 55(1):91-100

Haiber S, Herzog H, Burba P, Gosciniak B, Lambert J (2001) Quantification of carbohydrate
structures in size fractionated aquatic humic substances by two-dimensional nuclear mag-
netic resonance. Environ Sci Technol 35:4289-4294

Haines EB (1979) Nitrogen pools in Georgia coastal waters. Estuaries 2:34-39

Hama T, Handa N (1987) Pattern of organic matter production by natural phytoplankton popula-
tion in a eutrophic lake 1 Intracellular products. Archiv Fiir Hydrobiologie 109:107-120


http://dx.doi.org/10.1070/RC1975v044n05ABEH002352

Dissolved Organic Matter in Natural Waters 105

Hama T, Handa N (1992) Diel variation of water-extractable carbohydrate composition of natural
phytoplankton populations in Kirnu-ura Bay. J Exp Mar Biol Ecol 162:159-176

Hama T, Yanagi K, Hama J (2004) Decrease in molecular weight of photosynthetic products of
marine phytoplankton during early diagenesis. Limnol Oceanogr 49:471-481

Hamanaka J, Tanoue E, Hama T, Handa N (2002) Production and export of particulate fatty
acids, carbohydrates and combined amino acids in the euphotic zone. Mar Chem 77:55-69

Hanamachi Y, Hama T, Yanai T (2008) Decomposition process of organic matter derived from
freshwater phytoplankton. Limnology 9:57-69

Hanselman TA, Graetz DA, Wilkie ANNC (2003) Manure-borne estrogens as potential environ-
mental contaminants: a review. Environ Sci Technol 37:5471-5478

Hansen L (1998) Stepping backward to improve assessment of PCB congener toxicities. Environ
Health Perspect 106:171-189

Hanson PC, Bade DL, Carpenter SR, Kratz TK (2003) Lake metabolism: relationships with dis-
solved organic carbon and phosphorus. Limnol Oceanogr 48:1112-1119

Harvey GR, Boran DA (1985) The geochemistry of humic substances in seawater. In: Aiken GR
et al (eds) Humic substances in soil, sediment and water. Wiley, New York, pp 233-247

Harvey HR, Mannino A (2001) The chemical composition and cycling of particulate and macro-
molecular dissolved organic matter in temperate estuaries as revealed by molecular organic
tracers. Org Geochem 32:527-542

Harvey HR, Tuttle JH, Bell JT (1995) Kinetics of phytoplankton decay during simulated sedi-
mentation: changes in biochemical composition and microbial activity under oxic and anoxic
conditions. Geochim Cosmochim Acta 59:3367-3377

Hata H, Kudo S, Yamano H, Kurano N, Kayanne H (2002) Organic carbon flux in Shiraho coral
reef (Ishigaki Island, Japan). Mar Ecol Prog Ser 232:129-140

Hayakawa K (2004) Seasonal variations and dynamics of dissolved carbohydrates in Lake Biwa.
Org Geochem 35:169-179

Hayakawa K, SugiyamaY (2008) Spatial and seasonal variations in attenuation of solar ultravio-
let radiation in Lake Biwa, Japan. J Photochem Photobiol B Biol 90:121-133

Hayakawa K, Sekino T, Yoshioka T, Maruo M, Kumagai M (2003) Dissolved organic carbon and flu-
orescence in Lake Hovsgol: factors reducing humic content of the lake water. Limnology 4:25-33

Hayakawa K, Sakamoto M, Kumagai M, Jiao C, Song X, Zhang Z (2004) Fluorescence spectro-
scopic characterization of dissolved organic matter in the water of Lake Fuxian and adjacent
rivers in Yunnan, China. Limnology 5:155-163

Hayase K, Tsubota H (1983) Sedimentary humic acid and fulvic acid as surface active sub-
stances. Geochim Cosmochim Acta 47:947-952

Hayase K, Tsubota H (1985) Sedimentary humic and fulvic acids as fluorescent organic materi-
als. Geochim Cosmochim Acta 49:159-163

Hayase K, Yamamoto M, Nakazawa I, Tsubota H (1987) Behavior of natural fluorescence in
Sagami Bay and Tokyo Bay, Japan—uvertical and lateral distributions. Mar Chem 20:265-276

Hayase K, Tsubota H, Sunada I, Goda S, Yamazaki H (1988) Vertical distribution of fluorescent
organic matter in the North Pacific. Mar Chem 25:373-381

He B, Dai MH, Zhai WD, Wang LF, Wang KJ, Chen JH, Lin JR, Han A, Xu YP (2010)
Distribution, degradation and dynamics of dissolved organic carbon and its major compound
classes in the Pearl River estuary. China Mar Chem 119:52-64

Headley JV, Peru KM, Barrow MP (2009) Mass spectrometric characterization of naphthenic
acids in environmental samples: a review. Mass Spectrom Rev 28:121-134

Heberer T (2002) Occurrence, fate, and removal of pharmaceutical residues in the aquatic envi-
ronment: a review of recent research data. Toxicol Lett 131:5-17

Hedges JI (1992) Global biogeochemical cycles: progress and problems. Mar Chem 39:67-93

Hedges JI, Cowie GL, Richey JE, Quay PD, Benner R, Strom M, Forshey BR (1994) Origins and
processing of organic matter in the Amazon River as indicated by carbohydrates and amino
acids. Limnol Oceanogr 39:743-761

Hedges JI, Keil RG, Benner R (1997) What happens to terrestrial organic matter in the ocean?
Org Geochem 27:195-212



106 K. M. G. Mostofa et al.

Hedges JI, Eglinton G, Hatcher PG, Kirchman DL, Arnosti C, Dereenne S, Evershed RP,
Kogel-Knabner I, de Leeuw JW, Littke R, Michaelis W, Rullkétter J (2000) The molecu-
larly-uncharacterized component of nonliving organic matter in natural environments. Org
Geochem 31:945-958

Heinze T, Liebert T (2001) Unconventional methods in cellulose functionalization. Prog Polym
Sci 26:1689-1762. doi:101016/S0079-6700(01)00022-3

Hejzlar J, Dubrovsky M, Buchtele J, Ruzicka M (2003) The apparent and potential effects of cli-
mate change on the inferred concentration of dissolved organic matter in a temperate stream
(the Malse River, South Bohemia). Sci Total Environ 310:143-152

Hellebust JA (1965) Excretion of some organic compounds by marine phytoplankton. Limnol
Oceanogr 10:192-206

Helleday T, Tuominen L-L, Bergman A, Jenssen D (1999) Brominated flame retardants induce
intragenic recombination in mammalian cells. Mutat Res 439:137-147

Hellpointner E, Gidb S (1989) Detection of methyl, hydroxymethyl and hydroxyethyl hydroper-
oxides in air and precipitation. Nature 337:631-634

Helm RF (2000) In: Glasser WG, Northey RA, Schultz TP (eds) Lignin: historical, biological,
and materials perspective. Oxford University Press, Washington, pp 161-171

Henderson RK, Baker A, Parsons SA, Jefferson B (2008) Characterisation of algogenic organic
matter extracted from cyanobacteria, green algae and diatoms. Water Res 42:3435-3445

Hernandez F, Sancho JV, Ibanez M, Guerrero C (2007) Antibiotic residue determination in envi-
ronmental waters by LC-MS TrAC. Trends Anal Chem 26:466-485

Hernes PJ, Hedges JI, Peterson ML, Wakeham SG, Lee C (1996) Neutral carbohydrate geo-
chemistry of particulate material in the central equatorial Pacific. Deep Sea Res II
43:1181-1204

Hessen DO (1985) The relation between bacterial carbon and dissolved humic compounds in oli-
gotrophic lakes. FEMS Microbiol Ecol 31:215-223

Hewitt CN, Kok GL (1991) Formation and occurrences of organic hydroperoxides in the tropo-
sphere: laboratory and field observations. J Atmos Chem 12:181-194

Higgins CF, Gallagher MP, Mimmack MM, Pearce SR (1988) A family of closely related ATP-
binding subunits from prokaryotic and eukaryotic cells. Bioessays 8:111-116

Higuchi TJ (1993) Biodegradation mechanism of lignin by white-rot basidiomycetes. J
Biotechnol 30:1-8

Hiriart-Baer VP, Smiith REH (2005) The effect of ultraviolet radiation on freshwater plank-
tonic primary production: the role of recovery and mixing processes. Limnol Oceanogr
50:1352-1361

Ho KJ, Liu TK, Huang TS, Lu FJ (2003) Humic acid mediates iron release from ferritin and pro-
motes lipid peroxidation in vitro: a possible mechanism for humic acid-induced cytotoxicity.
Arch Toxicol 77:100-109

Hoeger B, Kollner B, Dietrich DR, Hitzfeld B (2005) Water-borne diclofenac affects kidney and
gill integrity and selected immune parameters in brown trout (Salmo trutta f fario). Aquat
Toxicol 75:53-64

Holden J, Burt TP (2002) Laboratory experiments on drought and runoff in blanket peat
European. J Soil Sci 53:675-689

Holden J, Burt TP (2003) Hydrological studies on blanket peat: the significance of the acrotelm—
catotelm model. J Ecol 91:86-102

Hongve D, Riise G, Kristiansen JF (2004) Increased colour and organic acid concentrations in
Norwegian forest lakes and drinking water—a result of increased precipitation? Aquat Sci
66:231-238

Hope D, Billett MF, Cresser MS (1994) A review of the export of carbon in river water: fluxes
and processes. Environ Pollut 84:301-324

Hope D, Billett MF, Cresser MS (1997) Exports of organic carbon in two river systems in NE
Scotland. J Hydrol 193:61-82

Hopkinson CS, Vallino JJ, Nolin A (2002) Decomposition of dissolved organic matter from the
continental margin. Deep Sea Res Part II Top Stud Oceanogr 49:4461-4478


http://dx.doi.org/101016/S0079-6700(01)00022-3

Dissolved Organic Matter in Natural Waters 107

Houle D, Carignan R, Lachance M, Dupont J (1995) Dissolved organic carbon and sulfur in
southwestern Quebec lakes: relationships with catchment and lake properties. Limnol
Oceanogr 40:710-717

Houser JN, Bade DL, Cole JJ, Pace ML (2003) The dual influences of dissolved organic car-
bon on hypolimnetic metabolism: organic substrate and photosynthetic reduction.
Biogeochemistry 64:247-269

Howell GD, Pollock TL (1986) Sulphate, water colour and dissolved organic carbon relation-
ships in organic waters of Atlantic Canada. In: El-Shaarawi AH, Kwiatkowski RE (eds)
Developments in water science, vol 27. Elsevier, Amsterdam, pp 53—63

Hu W-G, Mao J-D, Xing B, Schmidt-Rohr K (2000) Poly(methylene) crystallites in humic sub-
stances detected by nuclear magnetic resonance. Environ Sci Technol 34:530-534

Hudson JJ, Dillon PJ, Somers KM (2003) Long-term patterns in dissolved organic carbon in
boreal lakes: the role of incident radiation, precipitation, air temperature, southern oscillation
and acid deposition. Hydrol Earth Syst Sci 7:390-398

Huguet A, Vacher L, Saubusse S, Etcheber H, Abril G, Relexans S, Ibalot F, Parlanti E (2010)
New insights into the size distribution of fluorescent dissolved organic matter in estuarine
waters. Org Geochem 41:595-610

Hulatt CJ, Thomas DN (2010) Dissolved organic matter (DOM) in microalgal photobioreactors:
a potential loss in solar energy conversion? Bioresour Technol 101:8690-8697

Hulatt CJ, Thomas DN, Bowers DG, Norman L, Zhang C (2009) Exudation and decomposition
of chromophoric dissolved organic matter (CDOM) from some temperate macroalgae. Estuar
Coast Shelf Sci 84:147-153

Hummel W (1997) Binding models for humic substances. In: Grenthe I, Puigdomenech I (eds)
Modelling in aquatic chemistry. Nuclear Energy Agency, Paris, pp 153-201

Hummel M, Findlay S (2006) Effects of water chestnut (Trapa natans) beds on water chemistry
in the tidal freshwater Hudson River. Hydrobiologia 559:169-181

Humpage A, Rositano J, Bretag A, Brown R, Baker P, Nicholson B, Steffensen D (1994)
Paralytic shellfish poisons from Australian cyanobacterial blooms. Aust J Mar Freshw Res
45:761-771

Humpage AR, Magalhaes V, Froscio SM (2010) Comparison of analytical tools and biological
assays for detection of paralytic shellfish poisoning toxins. Anal Bioanal Chem 397:1655-1671

Huovinen PS, Penttild H, Soimasuo MR (2003) Spectral attenuation of solar ultraviolet radiation
in humic lakes in Central Finland. Chemosphere 51:205-214

Hur J (2011) Microbial changes in selected operational descriptors of dissolved organic matters
from various sources in a watershed. Water Air soil Soil Pollut 215:465-476

Huszar VLM, Caraco NF, Roland F, Cole J (2006) Nutrient—chlorophyll relationships in tropical—
subtropical lakes: do temperate models fit? Biogeochemistry 79:239-250

IEH (1999) IEH assessment of the ecological significance of endocrine disruption: effects on
reproductive function and consequences for natural populations (assessment A4). MRC
Institute for Environment and Health, Leicester

THSS (2011) Elemental compositions and stable isotopic ratios of IHSS samples. http://ihssgatec
hedu/ihss2/

Imai A, Fukushima T, Matsushige K, Inoue T, Ishibashi T (1998) Fractionation of dissolved
organic carbon from the waters of Lake Biwa and its inflowing rivers. Jpn J Limnol 59:53-68
(in Japanese)

IPCC (1996). In: Houghton JT, Filho LGM, Calander BA, Harris N, Kattenberg A, Maskell K
(eds) Climate change 1995: the science of climate change. Cambridge University Press, New
York, pp 572-573

Ishibashi H, Matsumura N, Hirano M, Matsuoka M, Shiratsuchi H, Ishibashi Y, Takao Y, Arizono
K (2004) Effects of triclosan on the early life stages and reproduction of medaka Oryzias
latipes and induction of hepatic vitellogenin. Aquat Toxicol 67:167-179

Ishikawa T, Trisliana Yurenfrie, Ardianor Gumiri S (2006) Dissolved organic carbon concen-
tration of a natural water body and its relationship to water color in Central Kalimantan,
Indonesia. Limnology 7:143-146


http://ihssgatechedu/ihss2/
http://ihssgatechedu/ihss2/

108 K. M. G. Mostofa et al.

Ittekkot V (1982) Variations of dissolved organic matter during a plankton bloom: qualitative
aspects based on sugar and amino acid analysis. Mar Chem 11:143-158

Ittekkot V, Brockman U, Michaelis W, Degens ET (1981) Dissolved free and combined carbohy-
drates during a phytoplankton bloom in the northern North Sea. Mar Ecol Prog Ser 4:299-305

Ittekkot V, Safiullah S, Mycke B, Seifert R (1985) Seasonal variability and geochemical signifi-
cance of organic matter in the River Ganges, Bangladesh. Nature 317:800-802

Jackson TA, Hecky RE (1980) Depression of primary productivity by humic matter in lake and
reservoir waters of the boreal forest zone. Can J Fish Aquat Sci 37:2300-2317

Jahan K, Ordéfiez R, Ramachandran R, Balzer S, Stern M (2008) Modeling biodegradation of
nonylphenol. Water Air Soil Pollut 8:395-404

Jameel RH, Helz GR (1999) Organic Chloramines in disinfected wastewaters: rates of reduction
by sulfite and toxicity. Environ Toxicol Chem 18:1899-1904

Janczarek M, Urbanik-Sypniewska T, Skorupaka A (1997) Effect of authentic flavonoids and the
exudates of clover root on growth rate and inducing ability of nod genes of Rhizobium legu-
minosarum bv Trifolii. Microbiol Res 152:93-98

Jansen HT, Cooke PS, Porcelli J, Tsuei-Chu L, Hansen LG (1993) Estrogenic and antiestrogenic
actions of PCBs in the female rat: in vitro and in vivo studies. Reprod Toxicol 7:237-248

Jansson M, Bergstrom A-K, Blomqvist P, Drakare S (2000) Allochthonous organic carbon and
phytoplankton/bacterioplankton production relationships in lakes. Ecology 81:3250-3255

Jaramillo CA, Dilcher DL (2000) Microfloral diversity patterns of the late Paleocene—Eocene
interval in Colombia, northern South America. Geology 9:815-818

Jensen JS, Helz GR (1998) Rates of reduction of N-chlorinated peptides by sulfite: relevance to
incomplete dechlorination of wastewaters. Environ Sci Technol 32:516-522

Jeong J, Yoon J (2004) Dual roles of CO,~ for degrading synthetic organic chemicals in the
photo/ferrioxalate system. Water Res 38:3531-3540

Jerlov NG (1968) Optical oceanography. Elsevier, Amsterdam

Jerry AL, Jean-Philippe C (2003) Characterizing aquatic dissolved organic matter. Environ Sci
Technol A 37:18A-26A

Johannessen SC, Miller WL (2001) Quantum yield for the photochemical production of dis-
solved inorganic carbon in seawater. Mar Chem 76:271-283

Johannessen SC, Peiia MA, Quenneville ML (2007) Photochemical production of carbon dioxide
during a coastal phytoplankton bloom. Estuar Coast Shelf Sci 73:236-242

Johnson MS, Lehmann J, Selva EC, Abdo M, Riha S, Couto EG (2006) Organic carbon fluxes
within and stream water exports from headwater catchments in the southern Amazon. Hydrol
Process 20:2599-2614. doi:101002/hyp6218

Jonathan HS (1973) Total organic carbon in seawater—comparison of measurements using per-
sulfate oxidation and high temperature combustion. Mar Chem 1:211-229

Jones RI (1992) The influence of humic substances on lacustrine planktonic food chains.
Hydrobiologia 229:73-91

Jones RD, Amador JA (1993) Methane and carbon monoxide production, oxidation, and turnover
times in the Caribbean Sea as influenced by the Orinoco River. J Geophys Res 98:2353-2359

Jones RI, Arvola L (1984) Light penetration and some related characteristics in small forest lakes
in southern Finland. Verh Int Ver Limnol 22:811-816

Jgrgensen NOG, Tranvik L, Edling H, Granéli W, Lindell M (1998) Effects of sunlight on occur-
rence and bacterial turnover of specific carbon and nitrogen compounds in lake water. FEMS
Microbiol Ecol 25:217-227

Jover E, Matamoros V, Bayona JM (2009) Characterization of benzothiazoles, benzotriazoles
and benzosulfonamides in aqueous matrixes by solid-phase extraction followed by compre-
hensive two-dimensional gas chromatography coupled to time-of-flight mass spectrometry. J
Chromatogr A 1216:4013-4019

Juliano RL, Ling V (1976) A surface glycoprotein modulating drug permeability in Chinese ham-
ster ovary cell mutants. Biochim Biophys Acta 455:152-162

Kifferlein HU, Goen T, Angerer JJ (1998) Musk xylene: analysis, occurrence, kinetics, and toxi-
cology. Crit Rev Toxicol 28:431-476


http://dx.doi.org/101002/hyp6218

Dissolved Organic Matter in Natural Waters 109

Kahru M, Mitchell BG (2001) Seasonal and nonseasonal variability of satellite-derived chloro-
phyll and dissolved organic matter concentration in the California current. J] Geophys Res
106:2517-2529

Kaiser K, Benner R (2009) Biochemical composition and size distribution of organic matter at
the Pacific and Atlantic time-series stations. Mar Chem 113:63-77

Kaiser E, Arscott DB, Tockner K, Sulzberger B (2004) Sources and distribution of organic car-
bon and nitrogen in the Tagliamento River, Italy. Aquat Sci 66:103-116

Kalbitz K, Kaiser K (2008) Contribution of dissolved organic matter to carbon storage in forest
mineral soils. J Plant Nutr Soil Sci 171:52-60

Kalbitz K, Solinger S, Park J-H, Michalzik B, Matzner E (2000) Controls on the dynamics of
dissolved organic matter in soils: a review. Soil Sci 165:277-304

Kalle K (1966) The problem of the gelbstoff in the sea. Oceanog Mar Biol Annu Rev 4:91-104

Kang H, Freeman C, Ashendon TW (2001) Effects of elevated CO2 on fen peat biogeochemistry.
Sci Total Environ 279:45-50

Kao SJ, Liu KK (1997) Fluxes of dissolved and nonfossil particulate organic carbon from an
Oceania small river (Lanyang Hsi) in Taiwan. Biogeochemistry 39:255-269

Karl DM, Tilbrook BA, Tien G (1991) Seasonal coupling of organic matter production and parti-
cle flux in the western Bransfield Strait, Antarctica. Deep Sea Res I 38:1097-1126

Kececioglu J, Ming L, Tromp J, Benner R, Biddanda B, Black B, McCarthy M (1997)
Abundance, size distribution, and stable carbon and nitrogen isotopic compositions of marine
organic matter isolated by tangential-flow ultrafiltration. Mar Chem 57:243-263

Keith TL, Snyder SA, Naylor CG, Staples CA, Summer C, Kannan K, Giesy JP (2001)
Identification and quantitation of nonylphenol ethoxylates and nonylphenol in fish tissues
from Michigan. Environ Sci Technol 35:10-13

Kelly CA, Fee E, Ramlal PS, Rudd JWM, Hesslein RH, Anema C, Schindler EU (2001) Natural
variability of carbon dioxide and net epilimnetic production in the surface waters of boreal
lakes of different sizes. Limnol Oceanogr 46(5):1054—1064

Kemp WM, Smith EM et al (1997) Organic carbon balance and net ecosystem metabolism in
Chesapeake Bay. Mar Ecol Prog Ser 150:229-248

Kennedy VC, Zellweger GW, Jones BP (1974) Filter pore-size effects on the analysis of Al, Fe,
Mn, and Ti in water. Water Resour Res 10:785-790

Kepkay PE (1994) Particle aggregation and the biological reactivity of colloids. Mar Ecol Prog
Ser 109:293-304

Kerndorff H, Schnitzer M (1980) Sorption of metals on humic acid. Geochim Cosmochim Acta
44:1701-1708

Kieber DJ, McDaniel J, Mopper K (1989) Photochemical source of biological substrates in sea
water: implications for carbon cycling. Nature 341:637-639

Kieber RJ, Zhou X, Mopper K (1990) Formation of carbonyl compounds from UV-induced
photodegradation of humic substances in natural waters: fate of riverine carbon in the sea.
Limnol Oceanogr 35:1503-1515

Kieber RJ, Whitehead RF, Willey JD, Reid S, Seaton PJ (2006) Chromophoric dissolved organic
matter (CDOM) in rainwater collected in southeastern North Carolina, USA. J Atmos Chem
54:21-41

Kieber RJ, Willey JD, Whitehead RF, Reid SN (2007) Photobleaching of chromophoric dissolved
organic matter (CDOM) in rainwater. J] Atmos Chem 58:219-235

Kierkegaard A, van Egmond R, McLachlan MS (2011) Cyclic volatile methylsiloxane bio-
accumulation in flounder and ragworm in the Humber Estuary. Environ Sci Technol
45:5936-5942

Killops SD, Killops VI (eds) (1993) An introduction to organic geochemistry. Wiley, New York

Kim C, Nishimura Y, Nagata T (2006) Role of dissolved organic matter in hypolimnetic minerali-
zation of carbon and nitrogen in a large, monomictic lake. Limnol Oceanogr 51:70-78

Kim Y, Choi K, Jung J, Park S, Kim P-G, Park J (2007) Aquatic toxicity of acetaminophen, car-
bamazepine, cimetidine, diltiazem and six major sulfonamides, and their potential ecological
risks in Korea. Environ Int 33:370-375



110 K. M. G. Mostofa et al.

Kimura K, Toshima S, Amy G, Watanabe Y (2004) Rejection of neutral endocrine disrupting
compounds (EDCs) and pharmaceutical active compounds (PhACs) by RO membranes. J
Membr Sci 245:71-78

Kindler R, Siemens JAN, Kaiser K, Walmsley DC, Bernhofer C, Buchmann N, Cellier P, Eugster
W, Gleixner G, GrUNwald T, Heim A, Ibrom A, Jones SK, Jones M, Klumpp K, Kutsch
W, Larsen KS, Lehuger S, Loubet B, McKenzie R, Moors E, Osborne B, Pilegaard KIM,
Rebmann C, Saunders M, Schmidt MWI, Schrumpf M, Seyfferth J, Skiba UTE, Soussana
J-F, Sutton MA, Tefs C, Vowinckel B, Zeeman MJ, Kaupenjohann M (2011) Dissolved car-
bon leaching from soil is a crucial component of the net ecosystem carbon balance. Glob
Change Biol 17:1167-1185

Kinney CA, Furlong ET, Kolpin DW, Burkhardt MR, Zaugg SD, Werner SL, Bossio JP, Benotti
MJ (2008) Bioaccumulation of pharmaceuticals and other anthropogenic waste indicators
in earthworms from agricultural soil amended with biosolid or swine manure. Environ Sci
Technol 42:1863-1870

Kirchman DL, Suzuki Y, Garside C, Ducklow HW (1991) High turnover rates of dissolved
organic carbon during a spring phytoplankton bloom. Nature 352:612-614

Kirchman DL, Rich JH, Barber RT (1995) Biomass and biomass production of heterotrophic
bacteria along 140°W in the equatorial Pacific: effect of temperature on the microbial loop.
Deep Sea Res 11 42:603-619

Kirchman DL, Meon B, Ducklow HW, Carlson CA, Hansell DA, Steward GF (2001) Glucose
fluxes and concentrations of dissolved combined neutral sugars (polysaccharides) in the Ross
Sea and Polar Front Zone, Antarctica. Deep Sea Res 11 48:4179-4197

Kirk JTO (1976) Yellow substance (gelbstoft) and its contribution to the attenuation of photosyn-
thetically active radiation in some inland and coastal south-eastern Australian waters. Aust J
Mar Freshw Res 27:61-71

Klapper L, McKnight DM, Fulton JR, Blunt-Harris EL, Nevin KP, Lovley DR, Hatcher PG
(2002) Fulvic acid oxidation state detection using fluorescence spectroscopy. Environ Sci
Technol 36:3170-3175

Klavins M, Purmalis O (2010) Humic substances as surfactants. Environ Chem Lett 8:349-354

Kleywegt S, Pileggi V, Yang P, Hao C, Zhao X, Rocks C, Thach S, Cheung P, Whitehead B (2011)
Pharmaceuticals, hormones and bisphenol A in untreated source and finished drinking water
in Ontario, Canada—occurrence and treatment efficiency. Sci Total Environ 409:1481-1488

Klocking R, Helbig B, Schotz G, Schacke M, Wutzler P (2002) Anti-HSV-1 activity of ssynthetic
humic acid-like polymers derived from p-diphenolic starting compounds. Antivir Chem
Chemother 13:241-249

Kogel-Knabner I (1992) Forest soil organic matter: structure and formation Bayreuther
Bodenkundliche Berichte. University of Bayreuth, Germany

Kogel-Knabner I, Zech W, Hatcher PG (1988) Chemical composition of the organic matter in
forest soils: III the humus layer. Z Pflanzenemrnhr Bodenk 151:331-340

Koike I, Hara S, Terauchi K, Kogure K (1990) Role of sub-micrometre particles in the ocean.
Nature 345:242-244

Kolodziej EP, Sedlak DL (2007) Rangeland grazing as a source of steroid hormones to surface
waters. Environ Sci Technol 41:3514-3520

Komada T, Schofield OME, Reimers CE (2002) Fluorescence characteristics of organic matter
released from coastal sediments during resuspension. Mar Chem 79:81-97

Komatsu E, Fukushima T, Harasawa H (2007) A modeling approach to forecast the effect of
long-term climate change on lake water quality. Ecol Model 209:351-366

Komissarov GG (1994) Photosynthesis: a new look. Sci Russ 5:52-55

Komissarov GG (1995) Photosynthesis as a physical process. Chem Phys Rep 14:1723-1732

Komissarov GG (2003) Photosynthesis: the physical-chemical approach. J Adv Chem Phys
2:28-61

Konohira E, Yoshioka T (2005) Dissolved organic carbon and nitrate concentrations in
streams: a useful index indicating carbon and nitrogen availability in catchments. Ecol Res
20:359-365



Dissolved Organic Matter in Natural Waters 111

Kopacek J, Hejzlar J, Kana J, Porcal P, Klementovd S (2003) Photochemical, Chemical, and bio-
logical transformations of dissolved organic carbon and its effect on alkalinity production in
acidified lakes. Limnol Oceanogr 48:106—117

Kopacek J, Brzakova M, Hejzlar J, Nedoma J, Porcal P, Vrba J (2004) Nutrient cycling in a
strongly acidified mesotrophic lake. Limnol Oceanogr 49:1202—1213

Kortelainen P (1993) Content of total organic carbon in Finnish lakes and its relationship to
catchment characteristics. Can J Fish Aquat Sci 50:1477-1483

Koschorreck M, Wendt-Potthoft K, Scharf B, Richnow HH (2008) Methanogenesis in the sedi-
ment of the acidic Lake Caviahue in Argentina. J Volcanol Geotherm Res 178:197-204

Kotsyurbenko OR, Glagolev MV, Nozhevnikova AN, Conrad R (2001) Competition between
homoacetogenic bacteria and methanogenic archaea for hydrogen at low temperature. FEMS
Microbiol Ecol 38:153-159

Koukal B, Guéguen C, Pardos M, Dominik J (2003) Influence of humic substances on the toxic
effects of cadmium and zinc to the green alga Pseudokirchneriella subcapitata. Chemosphere
53:953-961

Kramer JB, Canonica S, Hoigne J, Kaschig J (1996) Degradation of fluorescent whitening agents
in sunlit natural waters. Environ Sci Technol 30:2227-2234

Kuczewski B, Marquardt CM, Seibert A, Geckeis H, Kratz JV, Trautmann N (2003) Separation
of plutonium and neptunium species by capillary electrophoresis-inductively coupled plasma-
mass spectrometry and application to natural groundwater samples. Anal Chem 75:6769-6774

Kujawinski EB, Freitas MA, Zang X, Hatcher PG, Green-Church KB, Jones RB (2002) The
application of electrospray ionization mass spectrometry (ESI MS) to the structural charac-
terization of natural organic matter. Org Geochem 33:171-180

Kujawinski EB, Longnecker K, Blough NV, del Vecchio R, Finlay L, Kitner JB, Giovannoni SJ
(2009) Identification of possible source markers in marine dissolved organic matter using
ultrahigh resolution mass spectrometry. Geochim Cosmochim Acta 73:4384-4399

Kumar A, Xagoraraki I (2010) Pharmaceuticals, personal care products and endocrine-disrupting
chemicals in US surface and finished drinking waters: a proposed ranking system. Sci Total
Environ 408:5972-5989

Kunz PY, Fent K (2006) Estrogenic activity of UV filter mixtures. Toxicol Appl Pharmacol
217:86-99

Kurelec B (1992) The multixenobiotic resistance mechanism in aquatic organisms. Crit Rev
Toxicol 22:23-43

Kusel K, Drake HL (1999) Microbial turnover of low molecular weight organic acids during leaf
litter decomposition. Soil Biol Biochem 31:107-118

Kwan WP, Voelker BM (2002) Decomposition of hydrogen peroxide and organic compounds in
the presence of dissolved iron and ferrihydrite. Environ Sci Technol 36:1467-1476

Laane RWPM (1984) Comment on the structure of marine fulvic and humic acids. Mar Chem
15:85-87

Lai HT, Hou JH, Su CI, Chen CL (2009) Effects of chloramphenicol, florfenicol, and thiam-
phenicol on growth of algae Chlorella pyrenoidosa, Isochrysis galbana, and Tetraselmis chui.
Ecotoxicol Environ Safe 72:329-334

Lambert J, Lankes U (2002) Application of nuclear magnetic resonance spectroscopy to struc-
tural investigations of refractory organic substances: principles and definitions. In: Frimmel
FH, Abbt-Braun G, Heumann KG, Hock B, Liidemann H-D, Spiteller M (eds) Refractory
organic substances (ROS) in the environment. Wiley-VCH, Weinheim, pp 89-95

Lamelas C, Slaveykova VI (2007) Comparison of Cd(II), Cu(Il), and Pb(II) biouptake by green
algae in the presence of humic acid. Environ Sci Technol 41:4172-4178

Lamelas C, Pinheiro JP, Slaveykova VI (2009) Effect of humic acid on Cd(II), Cu(II), and Pb(II)
uptake by freshwater algae: kinetic and cell wall speciation considerations. Environ Sci
Technol 43:730-735

Lancelot C (1979) Gross excretion rates of natural marine phytoplankton and heterotrophic
uptake of excreted products in the southern North Sea, as determined by short-term experi-
ments. Mar Ecol Prog Ser 1:179-186



112 K. M. G. Mostofa et al.

Landsberg JH (2002) The effects of harmful algal blooms on aquatic organisms. Rev Fish Sci
10:113-390

Langer P, Tajtakova M, Fodor G, Kocan A, Bohov P, Michalek J, Kreze A (1998) Increased thy-
roid volume and prevalence of thyroid disorders in an area heavily polluted by polychlorin-
ated biphenyls. Eur J Endocrinol 139:402-409

Lara RJ, Rachold V, Kattner G, Hubberten HW, Guggenberger G, Skoog A, Thomas DN (1998)
Dissolved organic matter and nutrients in the Lena River, Siberian Arctic: characteristics and
distribution. Mar Chem 59:301-309

Larsen S, Andersen TOM, Hessen DO (2011) Climate change predicted to cause severe increase
of organic carbon in lakes. Glob Change Biol 17:1186-1192

Lau OW, Wong SK (2000) Contamination in food from packaging material J Chromatogr A
882:255-270 Casajuana N, Lacorte S (2003) Presence and release of phthalic esters and
other endocrine disrupting compounds in drinking water. Chromatographia 57:649-655

Laurion I, Ventura M, Catalan J, Psenner R, Sommarruga R (2000) Attenuation of untravio-
let radiation in mountain lakes: factors controlling the among- and within-lake variability.
Limnol Oceanogr 45:1274—-1288

Lavoie M, Paré D, Bergeron Y (2005) Impact of global change and forest management on carbon
sequestration in northern forested peatlands. Environ Rev 13:199-240

Lead JR, Wilkinson KJ (2006) Natural aquatic colloids: current knowledge and future trends.
Environ Chem 3:159-171

Lead JR, Davison W, Hamilton-Taylor J, Harper M (1999) Trace metal sorption by natural parti-
cles and coarse colloids. Geochim Cosmochim Acta 63:1661-1670

Lee C, Henrichs SM (1993) How the nature of dissolved organic matter might affect the analysis
of dissolved organic carbon. Mar Chem 41:105-120

Lee C, Wakeham SG (1988) Organic matter in seawater: biogeochemical processes. In: Riley JP
(ed) Chemical oceanography, vol 9. Academic Press, New York, p 1-51

Lee PC, Arndt P, Nickels C (1999) Testicular abnormalities in male rats after lactational exposure
to nonylphenols. Endocrine 11:61-68

Lee I-S, Sim W-J, Kim C-W, Chang Y-S, Oh J-E (2011) Characteristic occurrence patterns of
micropollutants and their removal efficiencies in industrial wastewater treatment plants. J
Environ Monit 13:391-397

Leenheer JA (2007) Progression from model structures to molecular structures of natural organic
matter components. Ann Environ Sci 1:57-68

Leenheer JA, Croué JP (2003) Characterizing aquatic dissolved organic matter. Environ Sci
Technol 37:18-26

Leenheer JA, Malcolm RL, McKinley PW, Eccles LA (1974) Occurrence of dissolved organic
carbon in selected ground-water samples in the United States. J Res 2:361-369

Leenheer JA, Wershaw RL, Reddy MM (1995) Strong-acid, carboxyl-group structures in ful-
vic acid from the Suwannee River, Georgia 1 Minor structures. Environ Sci Technol
29:393-398

Leenheer JA, Brown GK, MacCarthy P, Cabaniss SE (1998) Models of metal binding structures
in fulvic acid from the Suwannee river, Georgia. Environ Sci Technol 32:2410-2416

Leenheer JA, Rostad CE, Gates PM, Furlong ET, Ferrer I (2001) Molecular resolution and frag-
mentation of fulvic acid by electrospray ionization/multistage tandem mass spectrometry.
Anal Chem 73:1461-1471

Legrand C, Rengefors K, Fistarol GO, Graneli E (2003) Allelopathy in phytoplankton—bio-
chemical, ecological and evolutionary aspects. Phycologia 42:406—419

Lehmann MF, Bernasconi SM, Mckenzie JA, Barbieri A, Simona M, Veronesi M (2004) Seasonal
variation of the §13C and 815N of particulate and dissolved carbon and nitrogen in Lake
Lugano: constraints on biogeochemical cycling in a eutrophic lake. Limnol Oceanogr
49:415-429

Leonowicz A, Cho N-S, Luterek J, Wilkolazka A, Wojtas-Wasilewska M, Matuszewska A,
Hofrichter M, Wesenberg D, Rogalski J (2001) Fungal laccase: properties and activity on
lignin. J Basic Microbiol 41:185-227



Dissolved Organic Matter in Natural Waters 113

Lewis WM, Saunders JF III (1989) Concentration and transport of dissolved and suspended sub-
stances in the Orinoco River. Biogeochemistry 7:203-240

Lewis NG, Yamamoto E (1990) Lignin: occurrence, biogenesis and biodegradation. Annu rev
plant Physiol Plant Mol Biol 41(1):455-496

Li WKW (1994) Primary production of prochlorophytes, cyanobacteria, and eukaryotic ultraphy-
toplankton—measurements from flow cytometric sorting. Limnol Oceanogr 39:169-175

Li W, Wu FC, Liu CQ, Fu PQ, Wang J, Mei Y, Wang L, Guo J (2008) Temporal and spatial dis-
tributions of dissolved organic carbon and nitrogen in two small lakes on the Southwestern
China. Plateau Limnol 9:163-171

Li F, Zhao Q, Wang CA, Lu XF, Li XF, Le XC (2010) Detection of Escherichia coli O157:H7
using gold nanoparticle labeling and inductively coupled plasma-mass spectrometry. Anal
Chem 82:3399-3403

Li G, Gao K, Gao G (2011) Differential impacts of solar UV radiation on photosynthetic car-
bon fixation from the coastal to offshore surface waters in the South China Sea. Photochem
Photobiol 87:329-334

Liang M-C, H Hartman H, Kopp RE, Kirschvink JL, Yung YL (2006) Production of hydrogen
peroxide in the atmosphere of a Snowball Earth and the origin of oxygenic photosynthesis.
PNAS 103:18896-18899

Likens GE, Edgerton RS, Galloway JN (1983) The composition and deposition of organic carbon
in precipitation. Tellus 35B:16-24

Lilienfein J, Wilcke W, Thomas R, Vilela L, do Carmo Lima S, Zech W (2001) Effects of Pinus
caribaea plantations on the C, N, P, and S status of Brazilian savanna oxisols. For Ecol
Manag 147:171-182

Lippold H, Gottschalch U, Kupsch H (2008) Joint influence of surfactants and humic matter on
PAH solubility are mixed micelles formed? Chemosphere 70:1979-1986. doi:101016/jchem
osphere200709040

Lishman L, Smyth SA, Sarafin K, Kleywegt S, Toito J, Peart T, Lee B, Servos M, Beland M,
Seto P (2006) Occurrence and reductions of pharmaceuticals and personal care products and
estrogens by municipal wastewater treatment plants in Ontario, Canada. Sci Total Environ
367:544-558

Litman T, Druley TE, Stein WD, Bates SE (2001) From MDR to MXR: new understanding of
multidrug resistance systems, their properties and clinical significance. Cell Mol Life Sci
58:931-959

Liu R, Lead JR, Baker A (2007) Fluorescence characterization of cross flow ultrafiltration
derived freshwater colloidal and dissolved organic matter. Chemosphere 68:1304—-1311

Liu YM, Wang CA, Tyrrell G, Hrudey SE, Li XF (2009) Induction of Escherichia coli O157:H7
into the viable but non-culturable state by chloraminated water and river water, and subse-
quent resuscitation. Environ Microbiol Rep 1:155-161

Liu YM, Wang C, Fung C, Li XF (2010) Quantification of Viable but Nonculturable Escherichia
coli O157:H7 by Targeting the rpoS mRNA. Anal Chem 82:2612-2615

Llewellyn LE (2006) Saxitoxin, a toxic marine natural product that targets a multitude of recep-
tors. Nat Prod Rep 23:200-222

Lobanov AV, Kholuiskaya SN, Komissarov GG (2004) Photocatalytic synthesis of formaldehyde
from CO2 and H202. Doklady Phys Chem Part I 399:266-268

Loh AN, Bauer JE, Druffel ERM (2004) Variable ageing and storage of dissolved organic com-
ponents in the open ocean. Nature 430:877-881

Lgnborg C, Sgndergaard M (2009) Microbial availability and degradation of dissolved organic
carbon and nitrogen in two coastal areas. Estuar Coast Shelf Sci 81:513-520

Lgnborg C, Alvarez—Salgado XA, Davidson K, Miller AEJ (2009a) Production of bioavail-
able and refractory dissolved organic matter by coastal heterotrophic microbial populations.
Estuar Coast Shelf Sci 82:682-688

Lgnborg C, Davidson K, Alvarez-Salgado XA, Miller AEJ (2009b) Bioavailability and bacterial
degradation rates of dissolved organic matter in a temperate coastal area during an annual
cycle. Mar Chem 113:219-226


http://dx.doi.org/101016/jchemosphere200709040
http://dx.doi.org/101016/jchemosphere200709040

114 K. M. G. Mostofa et al.

Lovley DR (2006) Bug juice: harvesting electricity with microorganisms. Nature Rev Microbiol
4:497-508

Lovley DR, Chapelle FH (1995) Deep subsurface microbial processes. Rev Geophys 33:365-381

Lovley DR, Coates JD, Blunt-Harris EL, Phillips EJP, Woodward JC (1996) Humic substances as
electron acceptors for microbial respiration. Nature 382:445-448

Lowe LE, Bustin RM (1989) Forms and hydrolytic behavior of sulfur in humic acid and residue
fractions of four peats from the Fraser Lowland. Can J Soil Sci 69:287-293

Lu H, Yan C, Liu J (2007) Low-molecular-weight organic acids exuded by Mangrove (Kandelia
candel (L) Druce) roots and their effect on cadmium species change in the rhizosphere.
Environ Exp Bot 61:159-166

Ma X, Ali N (2009) Detection of a DNA-like materials in Suwannee River fulvic acid. In: Wu
FC, Xing B (eds) Natural organic matter and its significance in the environment. Science
Press, Beijing, pp 6689

Ma X, Green SA (2004) Photochemical transformation of dissolved organic carbon in Lake
Superior-an in situ experiment. J Great Lakes Res 30(suppl 1):97-112

Ma H, Allen E, Yin Y (2001) Characterization of isolated fractions of dissolved organic matter
from natural waters and a wastewater effluent. Water Res 35:985-996

Macalady DL, Walton-Day K (2009) New light on a dark subject: on the use of fluorescence
data to deduce redox states of natural organic matter (NOM). Aquat Sci. doi:101007/
$00027-009-9174-6

MacFarlane RB (1978) Molecular weight distribution of humic and fulvic acids of sediments
from a north Florida estuary. Geochim Cosmochim Acta 42:1579-1582

Mahieu N, Olk DC, Randall EW (2000) Accumulation of heterocyclic nitrogen in humified
organic matter: a 15 N NMR study of lowland rice soils. Eur J Soil Sci 51:379-389

Mabhieu N, Olk DC, Randall EW (2002) Multinuclear magnetic resonance analysis of two humic
acid fractions from lowland rice soils. J Environ Qual 31:421-430

Majewski MS, Foreman WT, Goolsby DA (2000) Pesticides in the atmosphere of the Mississippi
River Valley, part [—rain. Sci Total Environ 248:201-212

Mak YL, Taniyasu S, Yeung LWY, Lu G, Jin L, Yang Y, Lam PKS, Kannan K, Yamashita N
(2009) Perfluorinated compounds in tap water from China and several other countries.
Environ Sci Technol 43:4824-4829

Malcolm RL (1985) Geochemistry of stream fulvic and humic substances. In: Aiken GR,
McKnight DM, Wershaw RL, MacCarthy P (eds) Humic substances in soil, sediment, and
water: geochemistry, isolation and characterization. Wiley, New York, pp 181-209

Malcolm RL (1990) The uniqueness of humic substances in each of soil, stream and marine envi-
ronments. Anal Chim Acta 232:19-30

Malcolm RL (1991) Factors to be considered in the isolation and characterization of aquatic
humic substances In: Allard B, Borén H, Grimvall A (eds) Humic substances in the aquatic
and terrestrial environments. Lecture notes in earth sciences, vol 33. Springer, Berlin, pp
9-36

Malcolm RL, MacCarthy P (1992) Quantitative evaluation of XAD-8 and XAD-4 resins used in
tandem for removing organic solutes from water. Environ Int 18:597-607

Malinsky-Rushansky NZ, Legrand C (1996) Excretion of dissolved organic carbon by
phytoplankton of different sizes and subsequent bacterial uptake. Mar Ecol Prog Ser
132:249-255

Malkin SY, Guildford SJ, Hecky RE (2008) Modeling the growth response of Cladophora
in a Laurentian Great Lake to the exotic invader Dreissena and to lake warming. Limnol
Oceanogr 53:1111-1124

Mandal R, Sekaly ALR, Murimboh J, Hassan NM, Chakrabarti CL, Back MH, Grégoire DC,
Schroeder WH (1999) Effect of the competition of copper and cobalt on the lability of Ni(II)-
organic ligand complexes Part I In model solutions containing Ni(II) and a well-characterized
fulvic acid. Anal Chim Acta 395:323

Mann CJ, Wetzel RG (1995) Dissolved organic carbon and its utilization in a riverine wetland
ecosystem. Biogeochemistry 31:99-120


http://dx.doi.org/101007/s00027-009-9174-6
http://dx.doi.org/101007/s00027-009-9174-6

Dissolved Organic Matter in Natural Waters 115

Mannino A, Harvey HR (2000) Biochemical composition of particles and dissolved organic
matter along an estuarine gradient: sources and implications for DOM reactivity. Limnol
Oceanogr 45:775-788

Manoli E, Samara C (1999) Polycyclic aromatic hydrocarbons in natural waters: sources, occur-
rence and analysis TrAC. Trends Anal Chem 18:417-428

Mao J, Hu W, Schmidt-Rohr K, Davies G, Ghabbour EA, Xing B (1998) In: Davies G, Ghabbour
EA (eds) Humic Substances: structures, Properties, and Uses. Royal Society of Chemistry,
Cambridge, p 83

Marafion E, Cermefio P, Fernandez E, Rodriguez J, Zabala L (2004) Significance and mecha-
nisms of photosynthetic production of dissolved organic carbon in a coastal eutrophic eco-
system. Limnol Oceanogr 49:1652—1666

Markager S, Vincent WF (2000) Spectral light attenuation and the absorption of UV and blue
light in natural waters. Limnol Oceanogr 45:642-650

Markich SJ (2002) Uranium speciation and bioavailability in aquatic systems: an overview. Sci
World J 2:707-729

Martin JM, Dai MH, Cauwet G (1995) Significance of colloids in the biogeochemical cycling of
organic carbon and trace metals in the Venice Lagoon (Italy). Limnol Oceanogr 40:119-131

Martins O, Probst JL (1991) Biogeochemistry of major African Rivers: carbon and mineral
transport. In: Degens ET, Kempe S, Richey JE (eds) Biogeochemistry of major world rivers,
SCOPE 42, Hamburg, Ch 6

Matamoros V, Jover E, Bayona JM (2010) Occurrence and fate of benzothiazoles and benzotria-
zoles in constructed wetlands. Water Sci Technol 61:191-198

Matsunaga K (1981) Studies on the decompositive processes of phytoplanktonic organic matter.
Jap J Limnol 42:220-229

Matthiesen A (1994) Evaluating the redox capacity and the redox potential of humic acids by
redox titrations. In: Senesi N, Miano TM (eds) Humic substances in the global environment
and applications for human health. Elsevier, Amsterdam, pp 187-192

McCalley DV, Cooke M, Nickless G (1981) Effect of sewagetreatment on fecal sterols. Water
Res 15:1019-1025

McCallister SL, Bauer JE, Cherrier JE, Ducklow HW (2004) Assessing sources and ages of
organic matter supporting river and estuarine bacterial production: a multiple-isotope (A14C,
313C, and 815 N) approach. Limnol Oceanogr 49:1687-1702

McCallister SL, Bauer JE, Canuel EA (2006) Bioreactivity of estuarine dissolved organic matter:
a combined geochemical and microbiological approach. Limnol Oceanogr 51:94-100

McCarthy M, Hedges J, Benner R (1996) Major biochemical composition of dissolved high
molecular weight organic matter in seawater. Mar Chem 55:281-297

McCarthy M, Pratum T, Hedges J, Benner R (1997) Chemical composition of dissolved organic
nitrogen in the ocean. Nature 390:150-154

McCarthy MJ, James RT, Chen Y, East TL, Gardner WS (2009) Nutrient ratios and phytoplank-
ton community structure in the large, shallow, eutrophic, subtropical Lakes Okeechobee
(Florida, USA) and Taihu (China). Limnology 10:215-227. doi:101007/s10201-009-0277-5

McDonald AT, Mitchell GN, Naden PS, Martin DSJ (1991) Discoloured water investigations.
Report to Yorkshire Water, University of Leeds

McDowell WH, Likens GE (1988) Origin, composition, and flux of dissolved organic carbon in
the Hubbard Brook Valley. Ecol Monogr 58:177-195

MclIntyre C, McRae C, Batts BD, Piccolo A (2005) Structural characterisation of groundwater
hydrophobic acids isolated from the Tomago Sand Beds Australia. Org Geochem 36:385-397

McKnight DM, Aiken GR (1998) Sources and age of aquatic humus. In: Hessen DO, Tranvik LJ
(eds) Aquatic humic substances. Springer, New York, pp 9-39

McKnight DM, Thorn KA, Wershaw RL, Bracewell JM, Robertson GW (1988) Rapid changes in
dissolved humic substances in Spirit Lake and South Fork Castle Lake, Washington. Limnol
Oceanogr 33:1527-1541

McKnight DM, Aiken GR, Smith RL (1991) Aquatic fulvic acids in microbially based ecosys-
tems-results from two desert lakes in Antarctica. Limnol Oceanogr 36:998-1006


http://dx.doi.org/101007/s10201-009-0277-5

116 K. M. G. Mostofa et al.

McKnight DM, Bencala KE et al (1992) Sorption of dissolved organic-carbon by hydrous alu-
minum and iron-oxides occuring at the confluence of Deer Creek with the Snake River,
Summit County, Colorado. Environ Sci Technol 26:1388-1396

McKnight DM, Smith RL, Harnish RA, Miller CL, Bencala KE (1993) Seasonal relationships
between planktonic microorganisms and dissolved organic material in an alpine stream.
Biogeochemistry 21:39-59

McKnight DM, Andrews ED, Spaulding SA, Aiken GR (1994) Aquatic fulvic acids in algal-rich
Antarctic ponds. Limnol Oceanogr 39:1972-1979

McKnight DM, Harnish R, Wershaw RL, Schiff S, Baron JS (1997) Chemical characteristics
of particulate, colloidal, and dissolved organic material in Loch Vale Watershed, Rocky
Mountain National Park. Biogeochemistry 36:99-124

McKnight DM, Boyer EW, Westerhoff PK, Doran PT, Kulbe T, Andersen DT (2001)
Spectrofluorometric characterization of dissolved organic matter for indication of precursor
organic material and aromaticity. Limnol Oceanogr 46:38—48

McLeese DW, Zito DW, Sergeant DB, Burridge L, Metcalfe CD (1981) Lethality and accumula-
tion of alkylphenols in aquatic fauna. Chemosphere 10:723-730

Medana C, Calza P, Baiocchi C, Pelizzetti E (2005) Liquid chromatography tandem mass spectros-
copy as tool to investigate pesticides and their degradation products. Curr Org Chem 9:859-873

Meier M, Chin Y-P, Maurice P (2004) Variations in the composition and adsorption behavior of
dissolved organic matter at a small, forested watershed. Biogeochemistry 67:39-56

Melnikov IA, Pavlov GL (1978) Characteristics of organic carbon distribution in the waters and
ice of the Arctic Basin. Oceanology 18:163-167

Meng XZ, Zeng EY, Yu LP, Guo Y, Mai BX (2007) Assessment of human exposure to polybro-
minated diphenyl ethers in China via fish consumption and inhalation. Environ Sci Technol
41:4883-4887

Menzel DW, Vaccaro RF (1964) The measurement of dissolved and particulate carbon in seawa-
ter. Limnol Oceanogr 9:138-142

Merel S, Le Bot B, Clement M, Seux R, Thomas O (2009) Ms identification of microcystin-LR
chlorination by-products. Chemosphere 74:832-839

Merildinen JJ, Hynynen J, Palomiki A, Veijola H, Witick A, Mintykoski K, Granberg K,
Lehtinen K (2001) Pulp and paper mill pollution and subsequent ecosystem recovery of a
large boreal lake in Finland: a palaeolimnological analysis. J Paleolimnol 26:11-35

Meybeck M (1982) Carbon, nitrogen, and phosphorus transport by world rivers. Am J Sci
282:401-450

Meybeck M, Cauwet G, Dessery S, Somville M, Gouleau D, Billen G (1988) Nutrients (Organic
C, P, N, Si) in the eutrophic river Loire and its estuary. Estuar Coast Shelf Sci 27:595-624

Meyer JL (1986) Dissolved organic carbon dynamics in two subtropical blackwater rivers.
Archiv Hydrobiol 108:119-134

Meyer JL, Tate CM (1983) The effects of watershed disturbance on dissolved organic carbon
dynamics of a stream. Ecology 64:33-44

Meyers-Schulte KJ, Hedges J (1986) Molecular evidence for a terrestrial component of organic
matter dissolved in ocean water. Nature 321:61-63

Michalzik B, Kalbitz K, Park JH, Solinger S, Matzner E (2001) Fluxes and concentrations of
dissolved organic carbon and nitrogen—a synthesis for temperate forests. Biogeochemistry
52:173-205

Midorikawa T, Tanoue E (1996) Extraction and characterization of organic ligands from oceanic
water columns by immobilized metal ion affinity chromatography. Mar Chem 52:157-171

Midorikawa T, Tanoue E (1998) Molecular masses and chromophoric properties of dissolved
organic ligands for copper(Il) in oceanic water. Mar Chem 62:219-239

Mikutta R, Mikutta C, Kalbitz K, Scheel T, Kaiser K, Jahn R (2007) Biodegradation of for-
est floor organic matter bound to minerals via different binding mechanisms. Geochim
Cosmochim Acta 71:2569-2590

Miller WL (1998) Effects of UV radiation on aquatic humus: photochemical principles and
experimental considerations. Ecol Stud 133:125-143



Dissolved Organic Matter in Natural Waters 117

Miller WL, Moran MA (1997) Interaction of photochemical and microbial processes in the deg-
radation of refractory dissolved organic matter from a coastal marine environment. Limnol
Oceanogr 42:1317-1324

Miller WL, Zepp RG (1995) Photochemical production of dissolved inorganic carbon from ter-
restrial organic matter: significance to the oceanic organic carbon cycle. Geophys Res Lett
22:417-420

Miller WL, Moran MA, Sheldon WM, Zepp RG, Opsahl S (2002) Determination of appar-
ent quantum yield spectra for the formation of biologically labile photoproducts. Limnol
Oceanogr 47:343-352

Miller C, Willey JD, Kieber R (2008) Changes in rainwater composition in Wilmington, NC dur-
ing tropical storm Ernesto. Atmos Environ 42:846-855

Miller C, Gordon KG, Kieber RJ, Willey JD, Seaton PJ (2009) Chemical characteristics of
chromophoric dissolved organic matter in rainwater. Atmos Environ 43:2497-2502

Minakata D, Li K, Westerhoff P, Crittenden J (2009) Development of a group contribution
method to predict aqueous phase hydroxyl radical (HOe) reaction rate constants. Environ Sci
Technol 43:6220-6227

Minella M, Rogora M, Vione D, Maurino V, Minero C (2011) A model approach to assess the
long-term trends of indirect photochemistry in lake water the case of Lake Maggiore (NW
Italy). Sci Total Environ 409:3463-3471

Minero C, Chiron S, Falletti G, Maurino V, Pelizzetti E, Ajassa R, Carlotti ME, Vione D (2007)
Photochemical processes involving nitrite in surface water samples. Aquat Sci 69:71-85

Mitch WA, Sharp JO, Trussell RR, Valentine RL, Alvarez-Cohen L, Sedlak DL (2003)
N-Nitrosodimethylamine as a drinking water contaminant: a review. Environ Eng Sci
20:389-404

Mitra S, Bianchi TS, Guo L, Santschi PH (2000) Terrestrially derived dissolved organic mat-
ter in the Chesapeake Bay and the Middle Atlantic Bight. Geochim Cosmochim Acta
64:3547-3557

Mladenov N, McKnight DM, Wolski P, Murray-Hudson M (2007) Simulation of DOM fluxes in
a seasonal floodplain of the Okavango Delta, Botswana. Ecol Model 205:181-195

Mladenov N, Huntsman-Mapila P, Wolski P, Masamba WRL, McKnight DM (2008) Dissolved
organic matter accumulation, reactivity, and redox state in ground water of a recharge wet-
land. Wetlands 28:747-759

Mohlin M, Wulff A (2009) Interaction effects of ambient UV radiation and nutrient limitation on
the toxic Cyanobacterium Nodularia spumigena. Microb Ecol 57:675-686

Molot LA, Dillon PJ (1996) Storage of terrestrial carbon in boreal lake sediments and evasion to
the atmosphere. Glob Biogeochem Cycles 10:483-492

Molot LA, Keller W, Leavitt PR, Robarts RD, Waiser MJ, Arts MT, Clair TA, Pienitz R, Yan
ND, McNicol DK, Prairie Y, Dillon PJ, Macrae M, Bello R, Nordin RN, Curtis PJ, Smol JP,
Douglas MSV (2004) Risk analysis of dissolved organic mattermediated ultraviolet B expo-
sure in Canadian inland waters. Can J Fish Aquat Sci 61:2511-2521

Mompelat S, LeBot B, Thomas O (2009) Occurrence and fate of pharmaceutical products and
by-products, from resource to drinking water. Environ Int 35:803-814

Monteith DT, Evans CD (2005) The United Kingdom Acid Waters Monitoring Network: a review
of the first 15 years and introduction to the special issue. Environ Pollut 137:3-13

Monteith DT, Stoddard JL, Evans CD, de Wit HA, Forsius M, Hogasen T, Wilander A, Skjelkvale
BL, Jeffries DS, Vuorenmaa J, Keller B, Kopacek J, Vesely J (2007) Dissolved organic car-
bon trends resulting from changes in atmospheric deposition chemistry. Nature 450:537-540

Montgomery-Brown J, Drewes JE, Fox P, Reinhard M (2003) Behavior of alkylphenol polyeth-
oxylate metabolites during soil aquifer treatment. Water Res 37:3672-3681

Moore RW, Rudy TA, Lin T-M, Ko K, Peterson RE (2001) Abnormalities of sexual development
in male rats with in utero and lactational exposure to the antiandrogenic plasticizer di-(2-eth-
ylhexyl)phthalate. Environ Health Perspect 109:229-237

Moore TR, Paré D, Boutin R (2008) Production of Dissolved organic carbon in Canadian forest
soils. Ecosystems 11:740-751



118 K. M. G. Mostofa et al.

Mopper K, Kieber DJ (2002) Photochemistry of carbon, sulfur, nitrogen and phosphorus.
In: Hansell DA, Carlson CA (eds) Biogeochemistry of marine dissolved organic matter.
Academic Press, Amsterdam, pp 59-85

Mopper K, Stahovec WL (1986) Sources and sinks of low molecular weight organic carbonyl
compounds in seawater. Mar Chem 19:305-321

Mopper K, Zhou X, Kieber RJ, Kieber DJ, Sikorski RJ, Jones RD (1991) Photochemical deg-
radation of dissolved organic carbon and its impact on the oceanic carbon cycle. Nature
353:60-62

Mopper K, Zhou J, Ramana KS, Passow Dam HG, Drapeau DT (1995) The role of surface-active
carbohydrates in the flocculation of a diatom bloom in a mesocosm. Deep Sea Res 42:47-73

Mopper K, Feng Z, Bentjen SB, Chen RF (1996) Effects of cross-flow filtration on the absorption
and fluorescence properties of seawater. Mar Chem 55:53-74

Morabito G, OggioniA Panzani P (2003) Phytoplankton assemblage at equilibrium in large and
deep subalpine lakes: a case study from Lago Maggiore (N Italy). Hydrobiologia 502:37-48

Moran MA, Hodson RE (1994) Dissolved humic substances of vascular plant origin in a coastal
marine-environment. Limnol Oceanogr 39:762-771

Moran MA, Zepp RG (1997) Role of photoreactions in the formation of biologically labile com-
pounds from dissolved organic matter. Limnol Oceanogr 42:1307-1316

Moran MA, Pomeroy LR, Sheppard ES, Atkinson LP, Hodson RE (1991) Distribution of ter-
restrially derived dissolved organic matter on the southeastern US continental shelf. Limnol
Oceanogr 36:1134-1149

Moran MA Jr, Sheldon WM, Zepp RG (2000) Carbon loss and optical property changes during
long-term photochemical and biological degradation of estuarine dissolved organic matter.
Limnol Oceanogr 45:1254—-1264

Morel A, Gentili B (2009) A simple band ratio technique to quantify the colored dissolved and
detrital organic material from ocean color remotely sensed data. Remote Sens Environ
113:998-1011. doi:101016/jrse200901008

Morel A, Claustre H, Antoine D, Gentili B (2007) Natural variability of bio-optical properties in
case 1 waters: attenuation and reflectance within the visible and near-UV spectral domains as
observed in South Pacific and Mediterranean waters. Biogeosciences 4:2147-2178

Morra MJ, Fendorf SE, Brown PD (1997) Speciation of sulfur in humic and fulvic acids using
X-ray absorption near-edge structure (XANES) spectroscopy. Geochim Cosmochim Acta
61:683-688

Morris DP, Hargreaves BR (1997) The role of photochemical degradation of dissolved organic
carbon in regulating the UV transparency of three lakes on the Pocono Plateau. Limnol
Oceanogr 42:239-249

Morris DP, Zagarese H, Williamson CE, Balseiro EG, Hargreaves BR, Modenutti B, Moeller R,
Queimalinos C (1995) The attenuation of solar UV radiation in lakes and the role of dis-
solved organic carbon. Limnol Oceanogr 40:1381-1391

Mostofa KMG (2005) Dynamics, characteristics and photochemical processes of fluorescent dis-
solved organic matter and peroxides in river water. Ph.D. Thesis, September 2005, Hiroshima
University, Japan

Mostofa KMG, Sakugawa H (2009) Spatial and temporal variations and factors controlling the concen-
trations of hydrogen peroxide and organic peroxides in rivers. Environ Chem 6:524-534

Mostofa KMG, Yoshioka T, Konohira E, Tanoue E, Hayakawa K, Takahashi M (2005a) Three-
dimensional fluorescence as a tool for investigating the dynamics of dissolved organic matter
in the Lake Biwa watershed. Limnology 6:101-115

Mostofa KMG, Honda Y, Sakugawa H (2005b) Dynamics and optical nature of fluorescent dis-
solved organic matter in river waters in Hiroshima prefecture, Japan. Geochem J 39:257-271

Mostofa KMG, Yoshioka T, Konohira E, Tanoue E (2007a) Dynamics and characteristics of flu-
orescent dissolved organic matter in the groundwater, river and lake water. Water Air Soil
Pollut 184:157-176

Mostofa KMG, Yoshioka T, Konohira E, Tanoue E (2007b) Photodegradation of fluorescent dis-
solved organic matters in river waters. Geochem J 41:323-331


http://dx.doi.org/101016/jrse200901008

Dissolved Organic Matter in Natural Waters 119

Mostofa KMG, Wu FC, Yoshioka T, Sakugawa H, Tanoue E (2009a) Dissolved organic matter
in the aquatic environments. In: Wu FC, Xing B (eds) Natural organic matter and its signifi-
cance in the environment. Science Press, Beijing, pp 3-66

Mostofa KMG, Liu CQ, Wu FC, Fu PQ, Ying WL, Yuan J (2009b) Overview of key biogeochem-
ical functions in lake ecosystem: impacts of organic matter pollution and global warming.
In: Keynote Speech, Proceedings of the 13 th World Lake Conference, 1-5 November 2009.
Wuhan, China, pp 59-60

Mostofa KMG, Wu FC, Liu CQ, Fang WL, Yuan J, Ying WL, Li W, Yi M (2010) Characterization
of Nanming River (Southwestern China) impacted by sewerage pollution using excitation-
emission matrix and PARAFAC. Limnology 11:217-231

Mostofa KMG, Wu FC, Liu CQ, Yoshioka T, Sakugawa H, Tanoue E (2011) Photochemical,
microbial and metal complexation behavior of fluorescent dissolved organic matter in the
aquatic environments (invited review). Geochem J 45:235-254

Mottaleb MA, Brumley WC, Curtis LR, Sovocool GW (2005) Nitro musk adducts of rainbow
trout hemoglobin: dose-response and toxicokinetics determination by GC-NICI-MS for a
sentinel species. Am Biotech Lab 23:24-29

Mottaleb MA, Usenko S, O’Donnell JG, Ramirez AJ, Brooks BW, Chambliss CK (2009) Gas chroma-
tography—mass spectrometry screening methods for select UV-filters, synthetic musks, alkylphe-
nols, an antimicrobial agent, and an insect repellent in fish. ] Chromatogr A 1216:815-823

Mudge SM, Bebianno MJ (1997) Sewage contamination following an accidental spillage in the
Ria Formosa, Portugal. Mar Pollut Bull 34:163-170

Mudge SM, Duce CE (2005) Identifying the source, transport path and sinks of sewage derived
organic matter. Environ Pollut 136:209-220

Mulholland PJ (2003) Large-scale patterns in dissolved organic carbon concentration, flux, and
sources. In: Findlay S, Sinsabaugh RL (eds) Aquatic ecosystems—interactivity of dissolved
organic matter. Academic Press, New York, pp 139-160

Muller CL, Baker A, Hutchinson R, Fairchild 1J, Kidd C (2008) Analysis of rainwater dis-
solved organic carbon compounds using fluorescence spectrophotometry. Atmos Environ
42:8036-8045

Murphy KR, Stedmon CA, Waite TD, Ruiz GM (2008) Distinguishing between terrestrial and
autochthonous organic matter sources in marine environments using fluorescence spectros-
copy. Mar Chem 108:40-58

Mylon SE, Twining BS, Fisher NS, Benoit G (2003) Relating the speciation of Cd, Cu, and Pb in
two connecticut rivers with their uptake in algae. Environ Sci Technol 37:1261-1267

Nagai K, Aoki S, Fuse Y, Yamada E (2005) Fractionation of dissolved organic matter (DOM) as
precursors of trihalomethane in Lake Biwa and Yodo Rivers. Bunseki Kagaku 54:923-928

Naganuma T, Konishi T, Inoue T, Nakane T, Sukizaki S (1996) Photodegradation or photoaltera-
tion? Microbial assay of dissolved organic matter. Mar Ecol Progr Ser 135:309-310

Nagao S, Matsunaga T, Suzuki Y, Ueno T, Amano H (2003) Characteristics of humic substances
in the Kuji River as determined by high-performance size exclusion chromatography with
fluorescence detection. Water Res 37:4159-4170

Nagao S, Kodama H, Aramaki T, Fujitake N, Uchida M, Shibata Y (2011) Carbon isotope
composition of dissolved humic and fulvic acids in the Tokachi river system. Radiat Prot
Dosimetry 146:322-325

Nakada N, Kiri K, Shinohara H, Harada A, Kuroda K, Takizawa S et al (2008) Evaluation of
pharmaceuticals and personal care products as water-soluble molecular markers of sewage.
Environ Sci Technol 42:6347-6353

Nakajima H (2006) Studies on photochemical degradation processes of dissolved organic matter
in seawater. MS Thesis, Hiroshima University, pp 1-173

Nakane K, Kohno T Horikoshi T, Nakatsubo T (1997) Soil carbon cycling at a black
spruce (Picea mariana) forest stand in Saskatchewan, Canada. J Geophy Res
102(D24):28,785-28,793

Nakatani N, Ueda M, Shindo H, Takeda K, Sakugawa H (2007) Contribution of the photo-Fenton reac-
tion to hydroxyl radical formation rates in river and rain water samples. Anal Sci 23:1137-1142



120 K. M. G. Mostofa et al.

Nash KL, Fried S, Friedman AM, Sullivan JC (1981) Redox behavior, complexing, and adsorp-
tion of hexavalent actinides by humic acid and selected clays Stiring marine disposal of high-
level radioactive waste. Environ Sci Technol 15:834-837

Neal C, Reynolds B, Wilkinson J, Hill T, Neal M, Hill S, Harrow M (1998) The impacts of coni-
fer harvesting on runoff water quality: a regional survey for Wales. Hydrol Earth Syst Sci
2:323-344

Neal C, Reynolds B, Neal M, Wickham H, Hill L, Williams B (2004) The impact of conifer har-
vesting on stream water quality: the Afon Hafren, mid-Wales. Hydrol Earth Syst Sci 8:503-520

Negreira N, Canosa P, Rodriguez I, Ramil M, Rubi E, Cela R (2008) Study of some UV filters
stability in chlorinated water and identification of halogenated by-products by gas chroma-
tography-mass spectrometry. ] Chromatogr A 1178:20-214

Negri AP, Jones GJ, Hindmarsh M (1995) Sheep mortality associated with paralytic shellfish poi-
sons from the cyanobacterium. Anabaena circinalis Toxicon 33:1321-1329

Nelson MJK, Montgomery SO, Mahaxey WR, Pritchard PH (1987) Biodegradation of tricholoro-
ethylene and involvement of an aromatic biodegradative pathway. Appl Environ Microbiol
53:949-954

Nelson NB, Siegel DA, Michaels AF (1998) Seasonal dynamics of colored dissolved material in
the Sargasso Sea. Deep Sea Res 1 45:931-957

Nelson NB, Carlson CA, Steinberg DK (2004) Production of chromophoric dissolved organic
matter by Sargasso Sea microbes. Mar Chem 89:273-287

Newbern LA, Webster JR, Benefield EF, Kennedy JH (1981) Organic matter transport in an
Appalachian Mountain river in Virginia, USA. Hydrobiologia 83:73-83

Newson M, Baker A, Mounsey S (2001) The potential role of freshwater luminescence measure-
ments in exploring runoff pathways in upland catchments. Hydrol Process 15:989-1002

Newton A, Icely JD, Falcao M, Nobre A, Nunes JP, Ferreira JG, Vale C (2003) Evaluation of
eutrophication in the Ria Formosa coastal lagoon, Portugal. Cont Shelf Res 23:1945-1961

Nichols PD, Espey QI (1991) Characterization of organic-matter at the air sea interface, in sub-
surface water, and in bottom sediments near the Malabar sewage outfall in Sydney coastal
region Australian. ] Mar FreshW Res 42:327-348

Nimrod AC, Benson WH (1996) Environmental estrogenic effects of alkylphenol ethoxylates.
Crit Rev Toxicol 26:335-364

Nissenbaum A, Kaplan IR (1972) Chemical and isotopic evidence for the in situ origin of marine
humic substances. Limnol Oceanogr 17:570-582

Noges T, Laugaste R, Noges P, Tonno I (2008) Critical N:P ratio for cyanobacteria and N-fixing
species in the large shallow temperate lakes Peipsi and Vortsjdrv, North-East Europe.
Hydrobiologia 599:77-86

Norrman B, Zweifel UL, Hopkinson CS Jr, Fry B (1995) Production and utilisation of dissolved
organic carbon during an experimental diatom bloom. Limnol Oceanogr 40:898-907

Nurmi JT, GTratnyek P (2002) Electrochemical properties of natural organic matter (NOM), frac-
tions of NOM and model biogeochemical electron shuttles. Environ Sci Technol 36:617-624

Oberdorster E, Cheek AO (2001) Gender benders at the beach: endocrine disruption in marine
and estuarine organisms. Environ Toxicol Chem 20:23-36

Obernosterer I, Herndl GJ (1995) Phytoplankton extracellular release and bacterial growth:
dependence on the inorganic N:P ratio. Mar Ecol Prog Ser 116:247-257

Ogawa H, Ogura N (1992) Comparison of two methods for measuring dissolved organic carbon
in sea water. Nature 356:696—698

Ogawa H, Tanoue E (2003) Dissolved organic matter in oceanic waters. J Oceanogr (Rev)
59:129-147

Ogawa H, Fukuda R, Koike I (1999) Vertical distributions of dissolved organic carbon and nitro-
gen in the Southern Ocean. Deep Sea Res I 46:1809-1826

Ogawa H, Amagai Y, Koike I, Kaiser K, Benner R (2001) Production of refractory dissolved
organic matter by bacteria. Science 292:917-920

Ogura N (1972) Rate and extend of decomposition of dissolved organic-matter in surface seawa-
ter. Mar Biol 13:89



Dissolved Organic Matter in Natural Waters 121

Oliver BG, Thurman EM, Malcolm RL (1983) The contribution of humic substances to the acid-
ity of colored natural waters. Geochim Cosmochim Acta 47:2031-2035

Omar AM, Olsen A, Johannessen T, Hoppema M, Thomas H, Borges AV (2010) Spatiotemporal
variations of fCO2 in the North Sea. Ocean Sci 6:77-89

Opsahl S, Benner R (1997) Distribution and cycling of terrigenous dissolved organic matter in
the ocean. Nature 386:480—482

Opsahl S, Benner R (1998) Photochemical reactivity of dissolved lignin in river and ocean
waters. Limnol Oceanogr 43:1297-1304

Opsahl S, Benner R, Amon RMW (1999) Major flux of terrigenous dissolved organic matter
through the Arctic Ocean. Limnol Oceanogr 44:2017-2023

Ortega-Retuerta E, Frazer TK, Duarte CM, Ruiz-Halpern S, Tovar-Sanchez A, Arrieta JM, Reche
1 (2009) Biogeneration of chromophoric dissolved organicmatter by bacteria and krill in the
Southern Ocean. Limnol Oceanogr 54:1941-1950

Osburn CL, Retamal L, Vincent WF (2009) Photoreactivity of chromophoric dissolved
organic matter transported by the Mackenzie River to the Beaufort Sea. Mar Chem
115:10-20

Osinga R, de Vries KA, Lewis WE, van Raaphorst W, Dijkhuizen L, van Duyl FC (1997) Aerobic
degradation of phytoplankton debris dominated by Phaeocystis sp in different physiological
stages of growth. Aquat Microb Ecol 12:11-19

Osterberg R, Shirshova L (1997) Oscillating, nonequilibrium redox properties of humic acids.
Geochim Cosmochim Acta 61:4599-4604

Owen SF, Giltrow E, Huggett DB, Hutchinson TH, Saye J, Winter MJ, Sumpter JP (2007)
Comparative physiology, pharmacology and toxicology of B-blockers: mammals versus fish.
Aquat Toxicol 82:145-162

Pabich WIJ, Valiela I, Hemond HF (2001) Relationship between DOC concentration and
vadose zone thickness and depth below water table in groundwater of Cape Cod, USA.
Biogeochemistry 55(3):247-268

Pace ML, Cole JJ (2002) Synchronous variation of dissolved organic carbon and color in lakes.
Limnol Oceanogr 47:333-342

Pace ML, Cole JJ et al (2004) Whole-lake carbon-13 additions reveal terrestrial support of
aquatic food webs. Nature 427:240-243

Paciolla MD et al (1998) In: Davies G, Ghabbour EA (eds) Humic substances: structures, proper-
ties and uses. Royal Society of Chemistry, Cambridge, pp 20-214

Pakulski JD, Benner R (1992) An improved method for the hydrolysis and MBTH analysis of
dissolved and particulate carbohydrates in seawater. Mar Chem 40:143-160

Pakulski J, Benner R (1994) Abundance and distribution of carbohydrates in the ocean. Limnol
Oceanogr 39:930-940

Pal A, Gin KY-H, Lin AY-C, Reinhard M (2010) Impacts of emerging organic contaminants
on freshwater resources: review of recent occurrences, sources, fate and effects. Sci Total
Environ 408:6062-6069

Palenik B, Morel FMM (1988) Dark production of H202 in the Sargasso Sea. Limnol Oceanogr
33:1606-1611

Palmer SM, Hope D, Billett MF, Dawson JIC, Bryant CL (2001) Sources of organic and inor-
ganic carbon in a headwater stream: evidence from carbon isotope studies. Biogeochemistry
52:321-338

Pan 'Y, Wang Y, Xin J, Tang G, Song T, Wang Y, Li X, Wu F (2010) Study on dissolved organic
carbon in precipitation in Northern China. Atmos Environ 44:2350-2357

Panagiotopoulos C, Sempéré R, Obernosterer I, Striby L, Goutx M, Van Wambeke F, Gautier S,
Lafont R (2002) Bacterial degradation of large particles in the southern Indian Ocean using
in vitro incubation experiments. Org Geochem 33:985-1000

Parker DR (2009) Perchlorate in the environment: the emerging emphasis on natural occurrence.
Environ Chem 6:10-27

Parker DE, Legg TP, Folland CK (1992) A new daily Central England Temperature series, 1772—
1991. Int J Climatol 12:317-342



122 K. M. G. Mostofa et al.

Parlanti E, Worz K, Geoffroy L, Lamotte M (2000) Dissolved organic matter fluorescence spec-
troscopy as a tool to estimate biological activity in a coastal zone submitted to anthropogenic
inputs. Org Geochem 31:1765-1781

Pastor J, Solin J, Bridgham SD, Updegraff K, Harth C, Weishampel P, Dewey B (2003)
Global warming and the export of dissolved organic carbon from boreal peatlands. Oikos
100:380-386

Peck AM (2006) Analytical methods for the determination of persistent ingredients of personal
care products in environmental matrices. Anal Bioanal Chem 386:907-939

Pefia-Méndez EM, Havel J, Patocka J (2005) Humic substances-compounds of still unknown
structure: applications in agriculture, industry, environment, and biomedicine. J Appl Biomed
(Rev) 3:13-24

Pérez S, Barcel6 D (2007a) Application of advanced MS techniques to analysis and identification
of human and microbial metabolites of pharmaceuticals in the aquatic environment. Trends
Anal Chem 26:494-514

Pérez S, Barcel6é D (2007b) In: Aga DS (Ed) Fate of pharmaceuticals in the environment and in
water treatment systems, 1st edn. CRC Press, Boca Raton, ch 2

Perez-Fuentetaja A, Dillon PJ, Yan ND, McQueen D (1999) Significance of dissolved organic
carbon in the prediction of thermocline depthin small Canadian shield lakes. Aquat Ecol
33:127-133

Perry SA, Perry WB (1991) Organic carbon dynamics in two regulated rivers in northwestern
Montana, USA. Hydrobiologia 218:193-203

Petrovi¢ M, Eljarrat E, Lépez de Alda MJ, Barcelé D (2001) Analysis and environmental lev-
els of endocrine-disrupting compounds in freshwater sediments TrAC. Trends Anal Chem
20:637-648

Peuravuori J (1992) Isolation, fractionation and characterization of aquatic humic substances.
Does a distinct humic molecule exist?. Academic dissertation, University of Turku, vol 4.
Finland Finnish Humus News, pp 1-99

Peuravuori J, Pihlaja K (1999) Some approaches for modelling of dissolved aquatic organic
matter In: Keskitalo J, Eloranta P (eds) Limnology of humic waters. Backhuy Publishers,
Leiden, pp 11-39

Pham TPT, Cho C-W, Yun Y-S (2010) Environmental fate and toxicity of ionic liquids: a review.
Water Res 44:352-372

Piccolo A (2002) The supramolecular structure of humic substances: a novel understanding of
humus chemistry and implications in soil science. Adv Agron 75:57-134 (Academic Press)

Piccolo A, Conte P, Cozzolino A (2001) Chromatographic and spectrophotometric properties of
dissolved humic substances compared with macromolecular polymers. Soil Sci 166:174—185.
doi:101097/00010694-200103000-00003

Pomati F, Castiglioni S, Zuccato E, Fanelli R, Vigetti D, Rossetti C et al (2006) Effects of a com-
plex mixture of therapeutic drugs at environmental levels on human embryonic cells. Environ
Sci Technol 40:2442-2447

Porcal P, Koprivnjak J-F, Molot LA, Dillon PJ (2009) Humic substances—part 7: the biogeo-
chemistry of dissolved organic carbon and its interactions with climate change. Environ Sci
Pollut Res 16:714-726

Prahl FF, Small LF, Sullivan BA (1998) Biogeochemical gradients in the lower Columbia River.
Hydrobiologia 361:37-52

Prairie YT, Bird DF, Cole JJ (2002) The summer metabolic balance in the epilimnion of south-
eastern Quebec lakes. Limnol Oceanogr 47:316-321

Pregitzer K, Zak DR, Burton AJ, Ashby JA, MacDonald NW (2004) Chronic nitrate additions
dramatically increase the export of carbon and nitrogen from northern hardwood ecosystems.
Biogeochemistry 68:179-197

Prince EK, Myers TL, Kubanek J (2008) Effects of harmful algal blooms on competitors: allelo-
pathic mechanisms of the red tide. Limnol Oceanogr 53:531-541

Qiu X, Zhu T, Yao B, Hu J, Hu S (2005) Contribution of dicofol to the current DDT pollution in
China. Environ Sci Technol 39:4385-4390


http://dx.doi.org/101097/00010694-200103000-00003

Dissolved Organic Matter in Natural Waters 123

Radnoti de Lipthay J, Barkay T, Vekova J, Sorensen SJ (1999) Utilization of phenoxyacetica
acid, by strains using either the ortho or meta cleavage of catechol during phenol degrada-
tion, after conjugal transfer of oftLtl, the gene encoding a 2,4-dichlorophenoxyacetic acid12-
oxoglutarate dioxygenase. Appl Microbiol Biotechnol 51:207-214

Rae R, Howard-Williams C, Hawes I, Schwarz A-M, Vincent WF (2001) Penetration of solar
ultraviolet radiation into New Zealand lakes: influence of dissolved organic carbon and
catchment vegetation. Limnology 2:79-89

Raich JW, Schlesinger WH (1992) The global carbon dioxide flux in soil respiration and its rela-
tionship to vegetation and climate. Tellus B 44:81-99

Raman DR, Layton AC, Moody LB, Easter JP, Sayler GS, Burns RT, Mullen MD (2001)
Degradation of estrogens in dairy waste solids: effects of acidification and temperature. Trans
ASAE 44:1881-1888

Ramirez AJ, Mottaleb MA, Brooks BW, Chambliss CK (2007) Analysis of pharmaceuticals in
fish using liquid chromatography-tandem mass spectrometry. Ana Chem 79:3155-3163

Ramirez AJ, Brain RA, Usenko S, Mottaleb MA, O’Donnell JG, Stahl LL, Wathen JB, Snyder
BD, Pitt JL, Perez-Hurtado P, Dobbins LL, Brooks BW, Chambliss CK (2009) Occurrence
of pharmaceuticals and personal care products in fish: results of a national pilot study in the
United States. Environ Toxicol Chem 28:2587-2597

Ramirez N, Marce RM, Borrull F (2011) Development of a stir bar sorptive extraction and ther-
mal desorption-gas chromatography-mass spectrometry method for determining synthetic
musks in water samples. J Chromatogr A 1218:156-161

Rashid MA, King LH (1969) Molecular weight distribution measurements on humic and ful-
vic acid fractions from marine clays on the Scotian Shelf. Geochim Cosmochim Acta
33:147-151

Rasmussen JB, Godbout L, Schallenberg M (1989) The humic content of lake water and its rela-
tionship to watershed and lake morphometry. Limnol Oceanogr 34:1336—1343

Rastogi RP, Richa Sinha RP, Singh SP, Hider D-P (2010) Photoprotective compounds from
marine organisms. J Ind Microbiol Biotechnol 37:537-558

Raymond PA, Bauer JE (2001a) DOC cycling in a temperate estuary: a mass balance approach
using natural 14C and 13C isotopes. Limnol Oceanogr 46:655-667

Raymond PA, Bauer JE (2001b) Riverine export of aged terrestrial organic matter to the North
Atlantic Ocean. Nature 409:497-500

Raymond PA, Bauer JE (2001c) Use of 14C and 13C natural abundances for evaluating river-
ine, estuarine, and coastal DOC and POC sources and cycling: a review and synthesis. Org
Geochem 23:469-485

Raymond PA, Oh NH (2007) An empirical study of climatic controls on riverine C export from
three major US watersheds. Global Biogeochem Cycles 21:GB2022

Raymond P, Saiers J (2010) Event controlled DOC export from forested watersheds.
Biogeochemistry 100:197-209

Reche I, Pace M, Cole JJ (1999) Relationship of trophic and chemical conditions to photobleach-
ing of dissolved organic matter in lake ecosystems. Biogeochemistry 44:259-280

Reddy S, Iden CR, Brownawell BJ (2005) Analysis of steroid estrogen conjugates in municipal waste
waters by liquid chromatography-tandem mass spectrometry. Anal Chem 77:7032-7038

Reiller PE, Brevet J (2010) Bi-exponential decay of Eu(Ill) complexed by Suwannee River
humic substances: spectroscopic evidence of two different excited species. Spectrochim Acta
Part A Mol Biomol Spectrosc 75:629-636

Reitner B, Herndl G, Herzig A (1997) Role of ultraviolet-B radiation on photochemical and
microbial oxygen consumption in a humic-rich shallow lake. Limnol Oceanogr 42:950-960

Remington S, Krusche A, Richey J (2011) Effects of DOM photochemistry on bacterial metabo-
lism and CO 2 evasion during falling water in a humic and a whitewater river in the Brazilian
Amazon. Biogeochemistry 105(1):185-200

Repeta DJ, Quan TM, Aluwihare LI, Accardi A (2002) Chemical characterization of high molec-
ular weight dissolved organic matter in fresh and marine waters. Geochim Cosmochim Acta
66:955-962



124 K. M. G. Mostofa et al.

Rhind SM (2002) Endocrine disrupting compounds and farm animals: their properties, actions
and routes of exposure. Domest Anim Endocrinol 23:179-187

Rice CW (2002) Storing carbon in soil: why and how? Geotimes. American Geological Institute,
Alexandria. http://wwwgeotimesorg/jan02/feature_carbonhtml

Richards RP, Baker DB (1993) Pesticides concentration patterns in agricultural drainage net-
works in the lake Eire basin. Environ Toxicol Chem 12:13-26

Richardson SD (2003) Water analysis: emerging contaminants and current issues. Anal Chem
75:2831-2857

Richardson SD (2007) Water analysis: emerging contaminants and current issues. Anal Chem
79:4295-4324

Richardson SD, Ternes TA (2005) Water analysis: emerging contaminants and current issues.
Anal Chem 77:3807-3838

Richardson SD, Ternes TA (2011) Water analysis: emerging contaminants and current issues.
Anal Chem 83:4614-4648

Richey JE, Hedges JI, Devol AH, Quay PD (1990) Biogeochemistry of carbon in the Amazone
River. Limnol Oceanogr 35:352-371

Richey JE, Melack JM, Aufdenkampe AK, Ballester VM, Hess LL (2002) Outgassing from
Amazonian rivers and wetlands as a large tropical source of atmospheric CO2. Nature
416:617-620

Richter DD, Markewitz D, Trumbore SE, Wells CG (1999) Rapid accumulation and turnover of
soil carbon in a re-establishing forest. Nature 400:56-58

Rimkus GG, Wolf M (1996) Polycyclic musk fragrances in human adipose tissue and human
milk. Chemosphere 33:2033-2043

Rochelle-Newall EJ, Fisher TR (2002a) Production of chromophoric dissolved organic matter
fluorescence in marine and estuarine environments: an investigation into the role of phyto-
plankton. Mar Chem 77:7-21

Rochelle-Newall EJ, Fisher TR (2002b) Chromophoric dissolved organic matter and dissolved
organic carbon in Chesapeake Bay. Mar Chem 77:23-41

Rogora M (2007) Considerazioni generali sull’evoluzione del chimismo delle acque lacustri e
tributarie In CNR-ISE Ricerche sull’evoluzione del Lago Maggiore Aspetti limnologici
Programma quinquennale 2003-2007 Campagna 2007 e Rapporto quinquennale 2003-2007
Commissione Internazionale per la protezione delle acque italo svizzere: 89-97

Romani AM, Guasch H, Muifioz I, Ruana J, Vilalta E, Schwartz T, Emtiazi F, Sabater S (2004)
Biofilm structure and function and possible implications for riverine DOC dynamics. Microb
Ecol 47:316-328

Romankevich EA (1984) Geochemistry of organic matter in the ocean. Springer, Berlin, p 274

Rosenstock B, Simon M (2001) Sources and sinks of dissolved free amino acids and protein in a
large and deep mesotrophic lake. Limnol Oaceanogr 50:90-101

Rosenstock B, Zwisler W, Simon M (2005) Bacterial consumption of humic and non-humic low
and high molecular weight DOM and the effect of solar irradiation on the turnover of labile
DOM in the Southern Ocean. Microb Ecol 50:90-101

Rostan JC, Cellot B (1995) On the use of UV spectrophotometry to assess dissolved organic car-
bon origin variations in the upper Rhone River. Aquat Sci 57:70-81

Rudel RA, Camann DE, Spengler JD, Korn LR, Brody JG (2003) Phthalates, alkylphenols, pesti-
cides, polybrominated diphenyl ethers, and other endocrine-disrupting compounds in indoor
air and dust. Environ Sci Technol 37:4543—-4553

Rudel H, Bohmer W, Schroter-Kermani C (2006) Retrospective monitoring of synthetic musk com-
pounds in aquatic biota from German rivers and coastal areas. J Environ Monit 8:812-823

Rutledge S, Campbell DI, Baldocchi D, Schipper LA (2010) Photodegradation leads to increased
carbon dioxide losses from terrestrial organic matter. Glob Change Biol 16:3065-3074

RxList (The Internet Drug Index) (2005) Top 300 prescriptions for 2005 by number of US pre-
scriptions dispensed. http://wwwrxlistcom/top200htm

Sachs S, Reich T, Bernhard G (2010) Study of the role of sulfur functionalities in humic acids for
uranium(VI) complexation. Radiochim Acta 98:467—477


http://wwwgeotimesorg/jan02/feature_carbonhtml
http://wwwrxlistcom/top200htm

Dissolved Organic Matter in Natural Waters 125

Sadtler (1968) The Sadtler standard spectra. Sadtler Research Lab, Inc, Philadelphia

Safiullah S, Mofizuddin M, Igbal Ali SM, Enamul Kabir S (1987) Biogeochemical cycles of car-
bon in the rivers of Bangladesh. In: Degens ET, Kempe S, Weibin G (eds) Transport of car-
bon and minerals in major world rivers. Pt4 mitt Geological-Palacontological Institute and
Museum of the University of Hamburg, SCOPE/UNEP Sonderbd 64, pp 435-442

Sakugawa H, Kaplan IR, Shepard LS (1993) Measurements of H202, aldehydes and organic
acids in Los Angeles rainwater: their sources and deposit rates. Atmos Environ 27B:203-219

Salmaso N, Morabito G, Mosello R, Garibaldi L, Simona M, Buzzi F, Ruggiu D (2003) A syn-
optic study of phytoplankton in the deep lakes south of the Alps (lakes Garda, Iseo, Como,
Lugano and Maggiore). J Limnol 62:207-227

Salonen K, Vihitalo A (1994) Photochemical mineralization of dissolved organic matter in Lake
Skjervatjern. Environ Int 20:307-312

Salonen K, Kairesalo T, Jones RI (1992) Dissolved organic matter in lacustrine ecosystems:
energy-source and system regulator. Hydrobiologia 229:1-291

Sanderson H, Brain RA, Johnson DJ, Wilson CJ, Solomon KR (2004) Toxicity classification and
evaluation of four pharmaceuticals classes: antibiotics, antineoplastics, cardiovascular, and
sex hormones. Toxicology 203:27—-40

Santos PSM, Otero M, Duarte RMBO, Duarte AC (2009a) Spectroscopic characterization of dis-
solved organic matter isolated from rainwater. Chemosphere 74:1053-1061

Santos PSM, Duarte RMBO, Duarte AC (2009b) Absorption and fluorescence properties of rain-
water during the cold season at a town in Western Portugal. J Atmos Chem 62:45-57

Santschi PH, Guo L, Baskaran M, Trumbore S, Southon J, Bianchi TS, Honeyman B, Cifuentes
L (1995) Isotopic evidence for the contemporary origin of high-molecular weight organic
matter in oceanic environments. Geochim Cosmochim Acta 59:625-631

Sargent JR, Gatten RR, Henderson RJ (1981) Marine wax esters. Pure Appl Chem 53:867-871

Satoh Y, Katano T, Satoh T, Mitamura O, Anbutsu K, Nakano S-I, Ueno H, Kihira M, Drucker
V, Tanaka Y, Mimura T, Watanabe Y, Sugiyama M (2006) Nutrient limitation of the primary
production of phytoplankton in Lake Baikal. Limnology 7:225-229

Scheel T, Jansen B, van Wijk AJ, Verstraeten JM, Kalbitz K (2008) Stabilization of dissolved
organic matter by aluminium: a toxic effect or stabilization through precipitation? Eur J Soil
Sci 59:1122-1132

Scheurer M, Brauch H-J, Lange FT (2009) Analysis and occurrence of seven artificial sweeteners
in German waste water and surface water and in soil aquifer treatment (SAT). Anal Bioanal
Chem 394:1585-1594

Schiff SL, Arvena R, Trumbore SE, Dillon PJ (1990) Dissolved organic carbon cycling in for-
ested watersheds: a carbon isotope approach. Water Res 26:2949-2957

Schiff SL, Aravena R, Trumbore SE, Hinton MJ, Elgood R, Dillon PJ (1997) Export of DOC
from forested catchments on the Precambrian Shield of Central Ontario: clues from 13C and
14C. Biogeochemistry 36:43-65

Schindler DW, Curtis PJ, Parker BR, Stainton MP (1996) Consequences of climate warm-
ing and lake acidification for UV-B penetration in North American boreal lakes. Nature
379:705-708

Schmid P, Martin Kohler M, Gujer E, Zennegg M, Lanfranchi M (2007) Persistent organic pol-
lutants, brominated flame retardants and synthetic musks in fish from remote alpine lakes in
Switzerland. Chemosphere 67:S16-S21

Schmidt-Rohr K, Mao J-D, Olk DC (2004) Nitrogen-bonded aromatics in soil organic matter and
their implications for a yield decline in intensive rice cropping. Proc Natl Acad Sci U S A
101:6351-6354

Schmitt C, Oetken M, Dittberner O, Wagner M, Oehlmann J (2008) Endocrine modulation and
toxic effects of two commonly used UV screens on the aquatic invertebrates Potamopyrgus
antipodarum and Lumbriculus variegates. Environ Pollut 152:322-329

Schnitzer M (1985) Nature of nitrogen in humic substances. In: Aiken GR, McKnight DM,
Wershaw RL, MacCarthy P (eds) Humic Substances in Soil, Sediment, and Water. Wiley,
New York, pp 303-328



126 K. M. G. Mostofa et al.

Schnitzer M, Khan SU (1978) Soil organic matter. Elsevier, New York

Schulten H-R, Schnitzer M (1998) The chemistry of soil organic nitrogen: a review. Biol Fertil
Soils 26:1-15

Schwarzenbach RP, Stierli R, Lanz K, Zeyer J (1990) Quinone and iron porphyrin mediated
reduction of nitroaromatic compounds in homogenous aqueous solution. Environ Sci Technol
24:1566-1574

Schwede-Thomas SB, Chin Y, Dria KJ, Hatcher P, Kaiser E, Sulzberger B (2005) Characterizing
the properties of dissolved organic matter isolated by XAD and C-18 solid phase extraction
and ultrafiltration. Aquat Sci 67:61-71

Scott MJ, Jones MN (2000) The biodegradation of surfactants in the environment. Bioc Biophy
Acta 1508:235-251

Scott DT, McKnight DM, Blunt-Harris EL, Kolesar SE, Lovley DR (1998) Quinone moieties act
as electron acceptors in the reduction of humic substances by humicsreducing microorgan-
isms. Environ Sci Technol 32:2984-2989

Scott AC, Whittal RM, Fedorak PM (2009) Coal is a potential source of naphthenic acids in
groundwater. Sci Total Environ 407:2451-2459

Scully FE, Howell GD, Kravitz R, Jewell JT, Hahn V, Speed M (1988) Proteins in natural-waters
and their relation to the formation of chlorinated organics during water disinfection. Environ
Sci Technol 22:537-542

Scully NM, Vincent WF, Lean DRS, Cooper WJ (1997) Implications of ozone depletion for sur-
face-water photochemistry: sensitivity of clear lakes. Aquat Sci 59:260-274

Scully NM, Maie N, Dailey SK, BoyerJN Jones RD, Jaffé R (2004) Early diagenesis of plant-
derived dissolved organic matter along a wetland, mangrove, estuary ecotone. Limnol
Oceanogr 49:1667-1678

See JH, Bronk DA (2005) Changes in C:N ratios and chemical structures of estuarine humic sub-
stances during aging. Mar Chem 97:334-346

Seitzinger SP, Hartnett H, Lauck R, Mazurek M, Minegishi T, Spyres G, Styles R (2005)
Molecular-level chemical characterization and bioavailability of dissolved organic matter in
stream water using electrospray-ionization mass spectrometry. Limnol Oceanogr 50:1-12

Semiletov IP, Pipko II, Repina I, Shakhova NE (2007) Carbonate chemistry dynamics and carbon
dioxide fluxes across the atmosphere-ice-water interfaces in the Arctic Ocean: Pacific sector
of the Arctic. ] Mar Syst 66:204-226

Sempéré R, Kawamura K (1994) Comparative distributions of dicarboxylic acids and related
polar compounds in snow, rain, and aerosols from urban atmosphere. Atmos Environ
28:449-459

Senesi N (1990) Molecular and quantitative aspects of the chemistry of fulvic acid and its
interactions with metal ions and organic chemicals. Part II. The fluorescence spectroscopy
approach. Anal Chim Acta 232:77-106

Senesi N, Miano T, Provenzano M, Burnett G (1991) Characterization, differentiation, and clas-
sification of humic substances by fluorescence spectroscopy. Soil Sci 152:259-271

Servos MR (1999) Review of the aquatic toxicity, estrogenic responses and bioaccumulation of
alkylphenols and alkylphenol polyethoxylates. Water Qual Res J Can 34:123-177

Sharp JH (1973) Size classes of organic carbon in seawater. Limnol Oceanogr 18:441-447

Shaw EM (1979) 1975-76 drought in England and Wales in perspective. Disasters 3:103—110

Shcherbina NS, Perminova IV, Kalmykov SN, Kovalenko AN, Haire RG, Novikov AP (2007)
Redox and complexation interactions of neptunium(V) with quinonoid-enriched humic deriv-
atives. Environ Sci Technol 41:7010-7015

Sherr B, Sherr E (1989) Trophic impacts phagotrophic Protozoa in pelagic foodwebs In: Hattori
T, Ishida Y, Maruyama Y, Morita RY, Uchida A (eds) Recent advances in microbial ecology.
Japan Scientific Society Press,Tokyo, pp 388-393

Shi X, Du'Y, Lam PKS, Wu RSS, Zhou B (2008) Developmental toxicity and alteration of gene
expression in zebrafish embryos exposed to PFOS. Toxicol Appl Pharmacol 230:23-32

Siegel DA, Michaels AF (1996) Quantification of the non-algal light attenuation in the Sargasso
Sea: implications for biogeochemistry and remote sensing. Deep Sea Res 43:321-345



Dissolved Organic Matter in Natural Waters 127

Siemens J, Kaupenjohann M (2003) Dissolved organic matter induced denitrification in subsoils
and aquifers? Geoderma 113:253-271

Sigleo AC, Macko SA (1985) Stable isotope and amino acid composition of estuarine dissolved
colloidal material. In: Sigleo AC, Hattori A (eds) Marine and estuarine geochemistry. Lewis,
Boca Raton, pp 29-46

Silberhorn EM, Glauert HP, Robertson LW (1990) Carcinogenicity of polyhalogenated biphe-
nyls: PCBs and PBBs. Crit Rev Toxicol 20:440-496

Simpson AJ, Kingery WL, Hatcher PG (2002) The Identification of Plant Derived Structures in Humic
Materials Using Three-Dimensional NMR Spectroscopy. Environ Sci Technol 37(2):337-342

Singh SC, Singa RP (2002) Hader D-P (2002) Role of lipids and fatty acids in stress tolerance in
cyanobacteria. Acta Protozool 41:297-308

Sinha R, Klisch M, Groniger A, Hidder D-P (2001) Responses of aquatic algae and cyanobacteria
to solar UV-B. Plant Ecol 154:219-236

Skjelkvile BL, Mannio J, Wilander A, Andersen T (2001) Recovery from acidification of lakes in
Finland, Norway and Sweden 1990-1999 Hydrology and Earth System. Science 5:327-338

Skjelkvile BL, Stoddard J, Jeffries D et al (2005) Regional scale evidence for improvements in
surface water chemistry 1990-2001. Environ Pollut 137:165-176

Skogerboe RK, Wilson SA (1981) Reduction of ionic species by fulvic acid. Anal Chem
53:228-232

Skoog A, Benner R (1997) Aldoses in various size fractions of marine organic matter: implica-
tions for carbon cycling. Limnol Oceanogr 42:1803-1813

Slawyk G, Raimbault B, Garcia N (1998) Measuring gross uptake of 15 N-labeled nitrogen by
marine phytoplankton without particulate matter collection: evidence of low 15 N losses to
the dissolved organic nitrogen pool. Limnol Oceanogr 43:1734-1739

Smital T, Kurelec B (1998) The chemosensitizers of multixenobiotic resistance mechanism in
aquatic invertebrates: a new class of pollutants. Mutat Res 399:43-53

Smital T, Luckenbach T, Sauerborn R, Hamdoun AM, Vega RL, Epel D (2004) Emerging con-
taminants—pesticides, PPCPs, microbial degradation products and natural substances as
inhibitors of multixenobiotic defense in aquatic organisms. Mutat Res/Fundam Mol Mech
Mutagen 552:101-117

Smith BN, Epstein S (1971) Two categories of 13C:12C ratios for higher plants. Plant Physiol
47:380-384

Smith SV, Hollibaugh JT (1993) Coastal metabolism and the organic-carbon balance. Rev
Geophys 31:75-89

Smith RL, Oremland RS (1983) Anaerobic oxalate degradation: widespread natural occurrence
in aquatic sediments. Appl Environ Microb 46:106—113

Smith FMJ, Wood SA, van Ginkel R, Broady PA, Gaw S (2011) First report of saxitoxin production
by a species of the freshwater benthic cyanobacterium. Scytonema Agardh Toxicon 57:566-573

Snicins E, Gunn J (2000) Interannual variation in the thermal structure of clear and colored lakes.
Limnol Oceanogr 45:1647-1654

Sobek S, Tranvik LJ, Prairie YT, Kortelainen P, Cole JJ (2007) Patterns and regulation of dis-
solved organic carbon: an analysis of 7,500 widely distributed lakes. Limnol Oceanogr
52:1208-1219

Sommaruga R, Augustin G (2006) Seasonality in UV transparency of an alpine lake is associated
to changes in phytoplankton biomass. Aquat Sci 68:129-141. doi:101007/s00027-006-0836-3

Sommaruga R, Psenner R (1997) Ultraviolet radiation in a high mountain lake of the Austrian
Alps: air and underwater measurements. Photochem Photobiol 65:957-963

Son S, Wang M, Shon J-K (2011) Satellite observations of optical and biological properties in the
Korean dump site of the Yellow Sea. Remote Sens Environ 115:562-572

S¢ndergaard M, Middelboe M (1995) A cross-system analysis of labile dissolved organic carbon.
Mar Ecol Prog Ser 118:283-294

Southwell MW, Smith JD, Avery GB, Kieber RJ, Willey JD (2010) Seasonal variability of for-
maldehyde production from photolysis of rainwater dissolved organic carbon. Atmos Environ
44:3638-3643


http://dx.doi.org/101007/s00027-006-0836-3

128 K. M. G. Mostofa et al.

Spence A, Simpson AJ, McNally DJ, Moran BW, McCaul MV, Hart K, Paull B, Kelleher BP
(2011) The degradation characteristics of microbial biomass in soil. Geochim Cosmochim
Acta 75:2571-2581

Spiker E (1981) Flux of organic carbon by rivers to the oceans report CONF-8009140, US
Department of Energy, Springfield, pp 79-109

Stedmon CA, Markager S (2005a) Tracing the production and degradation of autochtho-
nous fractions of dissolved organic matter by fluorescence analysis. Limnol Oceanogr
50:1415-1426

Stedmon CA, Markager S (2005b) Resolving the variability in dissolved organic matter fluores-
cence in a temperate estuary and its catchment using PARAFAC analysis. Limnol Oceanogr
50:686-697

Stedmon CA, Markager S, Bro R (2003) Tracing dissolved organic matter in aquatic environ-
ments using a new approach to fluorescence spectroscopy. Mar Chem 82:239-254

Stedmon CA, Markager S, Tranvik L, Kronberg L, Slitis T, Martinsen W (2007a) Photochemical
production of ammonium and transformation of dissolved organic matter in the Baltic Sea.
Mar Chem 104:227-240

Stedmon CA, Thomas DN, Granskog M, Kaartokallio H, Papaditriou S, Kuosa H (2007b)
Characteristics of dissolved organic matter in Baltic coastal sea ice: allochthonous or autoch-
thonous origins? Environ Sci Technol 41:7273-7279

Steelink C (2002) Investigating humic acids in soils. Anal Chem 74:328 A-333A

Steffensen D, Burch M, Nicholson B, Drikas M, Baker P (1999) Management of toxic blue-green
algae (Cyanobacteria) in Australia. Environ Toxicol 14:183-195

Steinberg C, Muenster U (1985) Geochemistry and ecological role of humic substances in lake
water. In: Aiken GR, McKnight DM, Wershaw RL, MacCarthy P (eds) Humic substances in
soil, sediment, and water: geochemistry, isolation, and characterization. Wiley, New York, pp
105-145

Steinberg DK, Nelson NB, Carlson CA, Prusak AC (2004) Production of chromophoric dissolved
organic matter (CDOM) in the open ocean by zooplankton and the colonial cyanobacterium
Trichodesmium spp. Mar Ecol Prog Ser 267:45-56

Stenson AC, Landing WM, Marshall AG, Cooper WT (2002) Ionization and fragmentation of
humic substances in electrospray ionization Fourier transform-ion cyclotron resonance mass
spectrometry. Ana Chem 74(17):4397-4409

Stenson AC, Marshall AG, Cooper WT (2003) Exact masses and chemical formulas of individual
Suwannee river fulvic acids from ultrahigh resolution electrospray ionization Fourier trans-
form ion cyclotron resonance mass spectra. Anal Chem 75:1275-1284

Stepanauskas R, Moran MA, Bergamaschi BA, Hollibaugh JT (2005) Sources, bioavailability,
and photoreactivity of dissolved organic carbon in the Sacramento—San Joaquin River Delta.
Biogeochemistry 74(2):131-149

Stevenson FJ (1982) Humus chemistry: genesis-composition-reactions. Wiley, New York, pp
221-243

Stoddard JL, Kahl JS, Deviney FA, DeWalle DR, Driscoll CT, Herlihy AT, Kellogg JH, Murdoch
PS, WebbJR, Webster KE (2003) Response of surface water chemistry to the Clean Air Act
Amendments of 1990 Corvallis. US Environmental Protection Agency EPA/620/R-03/001,
Oregon

Strome DJ, Miller MC (1978) Photolytic changes in dissolved humic substances. Int Ver Theor
Angew Limnol 20:1248-1254

Struyk Z, Sposito G (2001) Redox properties of standard humic acids. Geoderma 102:329-346

Strynar MJ, Lindstrom AB (2008) Perfluorinated compound in house dust from Ohio and North
Carolina, USA. Environ Sci Technol 42:3751-3756

Stuermer DH, Harvey GR (1977) Isolation of humic substances and alcohol-soluble organic-mat-
ter from seawater. Deep Sea Res 24(3):303-309

Subedi B, Mottaleb MA, Chamblish CK, Usenko S (2011) Simultaneous analysis of select phar-
maceuticalsand personal care products in fish tissue using pressurized liquid extraction com-
bined with silica gel cleanup. J Chromatogr A 1218:6278-6284



Dissolved Organic Matter in Natural Waters 129

Sugimura Y, Suzuki Y (1988) A high-temperature catalytic oxidation method for the determina-
tion of non-volatile dissolved organic carbon in seawater by direct injection of a liquid sam-
ple. Mar Chem 24:105-131

Sugiyama Y, Anegawa A, Kumagai T, Harita Y-N, Hori T, Sugiyama M (2004) Distribution of
dissolved organic carbon in lakes of different trophic types. Limnology 5:165-176

Sugiyama Y, Anegawa A, Inokuchi H, Kumagai T (2005) Distribution of dissolved organic car-
bon and dissolved fulvic acid in mesotrophic Lake Biwa, Japan. Limnology 6:161-168

Sullivan MJ, Moncreiff CA (1990) Edaphic algae are an important component of salt marsh food
webs: evidence from multiple stable isotope analyses. Mar Ecol Prog Ser 62:149-159

Sundh I (1992) Biochemical composition of dissolved organic carbon released from natural com-
munities of lake phytoplankton. Arch Hydrobiol 125:347-369

Sutton R, Sposito G (2005) Molecular structure in soil humic substances: the new view. Environ
Sci Technol 39:9010-9015

Sweeney T, Nicol L, Roche JF, Brooks AN (2000) Maternal exposure to octylphenol suppresses
ovine fetal follicle-stimulating hormone secretion, testis size, and Sertoli cell number.
Endocrinology 141:2667-2673

Takahashi M, Hama T, Matsunaga K, Handa N (1995) Photosynthetic organic carbon produc-
tion and respiratory organic carbon consumption in the trophogenic layer of Lake Biwa. J
Plankton Res 17:1017-1025

Tanaka Y, Miyajima T, Koike I, Hayashibara T, Ogawa H (2008) Production of dissolved and par-
ticulate organic matter by the reef-building corals Porites cylindrica and Acropora pulchra.
Bull Mar Sci 82:237-245

Tanoue E (2000) Proteins in the sea-synthesis. In: Handa N, Tanoue E, Hama T (eds) Dynamics
and characterization of marine organic matter. TERRAPUB/Kluwer, Tokyo, pp 383-463

Tanoue E, Handa N (1987) Monosaccharide composition of marine particles and sediments from
the Bering Sea and northern North Pacific. Oceanol Acta 10:91-100

Tanoue E, Nishiyama S, Kamo M, Tsugita A (1995) Bacterial membranes: possible source of a
major dissolved protein in seawater. Geochim Cosmochim Acta 59:2643-2648

Tanoue E, Ishii M, Midorikawa T (1996) Discrete dissolved and particulate proteins in oceanic
waters. Limnol Oceanogr 41:1334-1343

Tao S (1996) Fractionation and chlorination of organic carbon in water from Yinluan River,
Tianjin, China. Geo J 40:213-217

Tedetti M, Kawamura K, Charriere B, Chevalier N, Sempere R (2006) Determination of low molecular
weight dicarboxylic and ketocarboxylic acids in seawater samples. Anal Chem 78:6012-6018

Terashima M, Fukushima M, Tanaka S (2004) Influence of pH on the surface activity of
humic acid: micelle-like aggregate formation and interfacial adsorption. Colloids Surf A
Physicochem Eng Asp 247:77-83. doi:101016/jcolsurfa200408028

Thomas DN, Lara RJ (1995) Photodegradation of algal derived dissolved organic carbon. Mar
Ecol Prog Ser 116:309-310

Thurman EM (1985a) Humic substances in groundwater. In: Aiken GR, McKnight DM,
Wershaw RL, MacCarthy P (eds) Humic substances in soil, sediment, and water: geochemis-
try, isolation, and characterization. Wiley, New York, pp 87-103

Thurman EM (1985b) Organic geochemistry of natural waters. Martinus Nijhoff/Dr W Junk
Publishers, Dordrecht

Thurman EM (1985c) Humic substances in groundwater. In: Aiken GR, McKnight DM,
Wershaw RL, MacCarthy P (eds) Humic substances in soil, sediment, and water: geochemis-
try, isolation, and characterization. Wiley, New York, pp 87-103

Thurman EM (1986) Organic geochemistry of natural waters, 2nd edn. Martinus Nijhoff/Dr W
Junk Publishers, The Netherlands

Thurman EM, Malcolm RL (1983) Structural study of humic substances: new approaches and
methods. In: Christman RF, Yu ZG (eds) Aquatic and terrestrial humic materials. Ann Arbor
Science, Ann Arbor, pp 1-23

Tipping E, Hilton J, James B (1988) Dissolved organic matter in Cumbrian lakes and streams.
Freshw Biol 19:371-378


http://dx.doi.org/101016/jcolsurfa200408028

130 K. M. G. Mostofa et al.

Tipping E, Marker AFH, Butterwick C, Collett GD et al (1997) Organic carbon in the Humber
rivers. Sci Total Environ 194/195:345-355

Toppari J, Larsen JC, Christiansen P, Giwercman A, Grandjean P, Guillette LJ, Jegou B, Jensen
TK, Jouannet P, Keiding N, Leffers H, McLachlan JA, Meyer O, Muller J, Meyts ER,
Scheike T, Sharpe R, Sumpter J, Skakkeback NE (1996) Male reproductive health and envi-
ronmental xenoestrogens. Environ Health Perspect 104(Suppl 4):741-803

Tranvik LJ (1989) Bacterioplankton growth, grazing mortality and quantitative relationship to
primary production in a humic and a clearwater lake. J Plankton Res 11:985-1000

Tranvik LJ (1992) Allochthonous dissolved organic matter as an energy source for pelagic bacte-
ria and the concept of the microbial loop. Hydrobiologia 229:107-114

Tranvik L (1998) Degradation of dissolved organic matter in humic wates by bacteria. In: Hessen
DO, Tranvik L (eds) Aquatic humic substances: ecology and biogeochemistry. Springer,
Berlin, pp 259-283

Tranvik LJ, Hafle MG (1987) Bacterial growth in mixed cultures on dissolved organic carbon
from humic and clear waters. Appl envir Microbiol 53:482-488

Tranvik LJ, Jasson M (2002) Climate change—terrestrial export of organic carbon. Nature
415:861-862

Tranvik LJ, Kokalj S (1998) Decreased biodegradability of algal DOC due to interactive effects
of UV radiation and humic matter. Aquat Microb Ecol 14:301-307

Tranvik LJ, Downing JA, Cotner JB, Loiselle SA, Striegl RG, Ballatore TJ, Dillon P, Finlay K,
Fortino K, Knoll LB, Kortelainen PL, Kutser T, Larsen S, Laurion I, Leech DM, McCallister
SL, McKnight DM, Melack JM, Overholt E, Porter JA, Prairie Y, Renwick WH, Roland F,
Sherman BS, Schindler DW, Tremblay SSA, Vanni MJ, Verschoor AM, von Wachenfeldt E,
Weyhenmeyer GA (2009) Lakes and reservoirs as regulators of carbon cycling and climate.
Limnol Oceanogr 54:2298-2314

Tratnyek PG, Macalady DL (1989) Abiotic reduction of nitro aromatic pesticides in anaerobic
laboratory systems. J Agric Food Chem 37:248-254

Tremblay J, Michel C, Hobson KA, Gosselin M, Price NM (2006) Bloom dynamics in early
opening waters of the Arctic Ocean. Limnol Oceanogr 51:900-912

Trumbore S (2000) Age of soil organic matter and soil respiration: radiocarbon constraints on
below ground dynamics. Ecol Appl 10:399-411

Trumbore SE, Schiff SL, Aravena R, Elgood R (1992) Sources and transformation of dissolved organic
carbon in the Harp Lake forested catchment: the role of soils. Radiocarbon 34:626-635

Tu C-L, Liu C-Q, Lu X-H, Yuan J, Lang Y-C (2011) Sources of dissolved organic carbon in for-
est soils: evidences from the differences of organic carbon concentration and isotope compo-
sition studies. Environ Earth Sci 63:723-730

Tyler CR, Jobling S, Sumpter JP (1998) Endocrine disruption in wildlife: a critical review of the
evidence. Crit Rev Toxicol 28:319-361

Tzortziou M, Neale PJ, Osburn CL, Megonigal JP, Maie N, Jaffé R (2008) Tidal marshes as a
source of optically and chemically distinctive colored dissolved organic matter in the
Chesapeake Bay. Limnol Oceanogr 53:148—159

Uchida M, Nakatsubo T, Horikoshi T, Nakane K (1998) Contribution of micro-organisms to the
carbon dynamics in black spruce (Picea mariana) forest soil in Canada. Ecol Res 13:17-26

Uchida M, Nakatsubo T, Kasai Y, Nakane K, Horikoshi T (2000) Altitude differences in organic
matter mass loss and fungal biomass in a subalpine coniferous forest, Mr Fuji, Japan. Arctic
Antarctic Alp Res 32:262-269

Vihitalo AV, Jarvinen M (2007) Photochemically produced bioavailable nitrogen from biologi-
cally recalcitrant dissolved organic matter stimulates production of a nitrogen-limited micro-
bial food web in the Baltic Sea. Limnol Oceanogr 52:132-143

Vihitalo AV, Salkinoja-Saonen M, Taalas P, Salnen K (2000) Spectrum of the quantum yield for
photochemical mineralization of dissolved organic carbon in a humic lake. Limnol Oceanogr
45:664-676

Vairavamurthy A, Wang S (2002) Organic nitrogen in geomacromolecules: insights on speciation
and transformation with K-edge XANES spectroscopy. Environ Sci Technol 36:3050-3056



Dissolved Organic Matter in Natural Waters 131

Van der Woerd HJ, Blauw A, Peperzak L, Pasterkamp R, Peters S (2011) Analysis of the spatial
evolution of the 2003 algal bloom in the Voordelta (North Sea). J Sea Res 65(2):195-204

van Hees PAW, Jones DL, Godbold DL (2002) Biodegradation of low molecular weight organic
acids in coniferous forest podzolic soil. Soil Biol Biochem 34:1261-1272

van Leerdam JA, Hogenboom AC, van der Kooi MME, de Voogt P (2009) Determination of polar
1H-benzotriazoles and benzothiazoles in water sample by solid-phase extraction and liquid
chromatography LTQ FT Orbitrap massspectrometry. Int J] Mass Spectrom 282:99-107

Vantrepotte V, Brunet C, Mériaux X, Lécuyer E, Vellucci V, Santer R (2007) Bio-optical proper-
ties of coastal waters in the Eastern English Channel. Estuar Coast Shelf Sci 72:201-212

Varela MM, Barquero S, Bode A, Fernandez E, Gonzdlez N, Teira E, Varela M (2003)
Microplanktonic regeneration of ammonium and dissolved organic nitrogen in the upwelling
area of the NW of Spain: Relationships with dissolved organic carbon production and phyto-
plankton size-structure. J Plankton Res 25(7):719-736

Vazquez E, Amalfitano A, Fazi S, Butturini A (2011) Dissolved organic matter composition in a
fragmented Mediterranean fluvial system under severe drought conditions. Biogeochemistry
102:59-72. doi:101007/s10533-010-9421-x

Veyssy E (1998) Transferts de matie’res organiques des bassins versants aux estuaries de la
Gironde et de I’Adour. Ph.D. Thesis, University of Bordeaux 1, p 262

Vikesland PJ, Wigginton KR (2010) Nanomaterial enabled biosensors for pathogen monitoring—
a review. Environ Sci Technol 44:3656-3669

Vine MF, Stein L, Weigle K, Schroeder J, Degnan D, Chiu-Kit JT, Hanchette C, Backer L (2000)
Effects on the immune system associated with living near a pesticide dump site. Environ
Health Perspect 108:1113-1124

Vione D, Falletti G, Maurino V, Minero C, Pelizzetti E, Malandrino M, Ajassa R, Olariu R-I,
Arsene C (2006) Sources and sinks of hydroxyl radicals upon irradiation of natural water
samples. Environ Sci Technol 40:3775-3781

Vione D, Lauri V, Minero C, Maurino V, Malandrino M, Carlotti ME, Olariu RI, Arsene C (2009)
Photostability and photolability of dissolved organic matter upon irradiation of natural water
samples under simulated sunlight. Aquat Sci 71:34-45

Vione D, Ponzo M, Bagnus D, Maurino V, Minero C, Carlotti ME (2010) Comparison of differ-
ent probe molecules for the quantification of hydroxyl raidcals in aqueous solution. Environ
Chem Lett 8:95-100

Vodacek A, Hoge FE, Swift RN, Yungel JK, Peltzer ET, Blough NV (1995) The use of in situ and
airborne fluorescence measurements to determine UV absorption coefficients and DOC con-
centrations in surface waters. Limnol Oceanogr 40:411-415

Voelker BM, Sulzberger B (1996) Effects of fulvic acid on Fe(II) oxidation by hydrogen perox-
ide. Environ Sci Technol 30:1106-1114

Voelker BM, Morel FMM, Sulzberger B (1997) Iron redox cycling in surface waters: effects of
humic substances and light. Environ Sci Technol 31:1004-1011

Voelker BM, Sedlak DL, Zafiriou OC (2000) Chemistry of superoxide radical in seawater: reac-
tions with organic Cu complexes. Environ Sci Technol 34:1036-1042

Vold RD, Vold MJ (1983) Colloid and interface chemistry. Addison-Wesley, Reading

Volk CJ, Volk CB, Kaplan LA (1997) Chemical composition of biodegradable dissolved organic
matter in streamwater. Limnol Oceanogr 42:39-44

Volpe V, Silvestri S, Marani M (2011) Remote sensing retrieval of suspended sediment concen-
tration in shallow waters. Remote Sensing Environ 115:44-54

Vuorenmaa J, Forsius M, Mannio J (2006) Increasing trends of total organic carbon concentra-
tions in small forest lakes in Finland from 1987 to 2003. Sci Total Environ 365:47-65

Wada S, Aoki MN, Tsuchiya Y, Sato T, Shinagawa H, Hama T (2007) Quantitative and qualita-
tive analyses of dissolved organic matter released from Ecklonia cava Kjellman, in Oura Bay,
Shimoda, Izu Peninsula, Japan. J Exp Mar Biol Ecol 349:344-358

Wagner M, Oehlmann J (2009) Endocrine disruptors in bottled mineral water: total estro-
genic burden and migration from plastic bottles. Environ Sci Pollut Res. doi:101007/
s11356-009-0107-7


http://dx.doi.org/101007/s10533-010-9421-x
http://dx.doi.org/101007/s11356-009-0107-7
http://dx.doi.org/101007/s11356-009-0107-7

132 K. M. G. Mostofa et al.

Wagoner DB, Christman RF, Cauchon G, Paulson R (1997) Molar mass and size of Suwannee
River natural organic matter using multiangle laser light scattering. Environ Sci Technol
31:937-941

Wahl MH, McKellar HN, Williams TM (1997) Patterns of nutrient loading in forested and urban-
ized coastal streams. J Exp Mar Biol Ecol 213:111-131

Waiser MJ, Robarts RD (2000) Changes in composition and reactivity of allochthonous DOM in
a prairie saline lake. Limnol Oceanogr 45:763-774

Waiser MJ, Robarts RD (2004) Photodegradation of DOC in a shallow prairie wetland: evi-
dence from seasonal changes in DOC optical properties and chemical characteristics.
Biogeochemistry 69(2):263-284

Wakeham SG, Lee C, Hedges JI, Hernes PJ, Peterson ML (1997) Molecular indicators of diage-
netic status in marine organic matter. Geochim Cosmochim Acta 61:5363-5369

Wang WX, Guo L (2000) Influences of natural colloids on metal bioavailability to two marine
bivalves. Environ Sci Technol 34:4571-4576

Wang XC, Chen RF, Gardner GB (2004) Sources and transport of dissolved and particulate
organic carbon in the Mississippi River estuary and adjacent coastal waters of the northern
Gulf of Mexico. Mar Chem 89(1):241-256

Wang XC, Litz L, Chen RF, Huang W, Feng P, Altabet MA (2007) Release of dissolved
organic matter during oxic and anoxic decomposition of salt marsh cordgrass. Mar Chem
105:309-321

Wang TW, Chamberlain E, Shi HL, Adams CD, Ma YF (2010) Identification of hydrolytic
metabolites of dyfonate in alkaline aqueous solutions by using high performance liquid chro-
matography—UV detection and gas chromatography-mass spectrometry. Int J Environ Anal
Chem 90:948-961

Ward SE, Bardgett RD, McNamara NP, Adamson JK, Ostle NJ (2007) Long-term conse-
quences of grazing and burning on northern peatland carbon dynamics. Ecosystems
10:1069-1083

Wassenaar L, Hendry J, Aravena R, Fritz P, Barker J (1990) Isotopic composition (13C, 14C, 2H)
and geochemistry of aquatic humic substances from groundwater. Org Geochem 15:383-396

Watts CD, Naden PS, Machall J, Banks J (2001) Long term variation in water colour from
Yorkshire catchments. Sci Total Environ 278:57-72

Weiss RF, Carmack EC, Koropalov VM (1991) Deep-water renewal and biological production in
Lake Baikal. Nature 349:665-669

Wells ML (2002) Marine colloids and trace metals. In: Hansell D, Carlson C (eds) Biogeochemistry
of marine dissolved organic matter. Academic Press, San Diego, pp 367-397

Wells ML, Goldberg ED (1993) Colloid aggregation in seawater. Mar Chem 41:353-358

Wellsbury P, Parkes RJ (1995) Acetate bioavailability and turnover in estuarine sediment. FEMS
Microbiol Ecol 17:85-94

Wershaw RL (1992) Membrane-micelle model for humus in soils and sediments and its relation
to humification. US geological survey open-file report 91-513

Wershaw RL (1993) Model for humus in soils and sediments. Environ Sci Technol 27:814-816.
doi:101021/es00042a603

Wershaw RL (1999) Molecular aggregation of humic substances. Soil Sci 164:803-813

Wetz MS, Wheeler PA (2007) Release of dissolved organic matter by coastal diatoms. Limnol
Oceanogr 52:798-807

Wetzel RG (1983) Limnology, 2nd edn. Saunders College Publ, Philadelphia, p 860

Wetzel RG (1984) Detrital dissolved and particulate organic carbon functions in aquatic ecosys-
tems. Bull Mar Sci 35:503-509

Wetzel RG (1990) Land-water interfaces: metabolic and limnological regulators Edgardo Baldi
Memorial Lecture. Verh Int Ver Limnol 24:6-24

Wetzel RG (1992) Gradient-dominated ecosystems: sources and regulatory functions of dis-
solved organic matter in freshwater ecosystems. Hydrobiologia 229:181-198

Wetzel RG, Manny BA (1972) Decomposition of dissolved organic carbon and nitrogen com-
pounds from leaves in an experimental hard-water stream. Limnol Oceanogr 17:927-931


http://dx.doi.org/101021/es00042a603

Dissolved Organic Matter in Natural Waters 133

Wetzel RG, Hatcher PG, Bianchi TS (1995) Natural photolysis by ultraviolet irradiance of recal-
citrant dissolved organic matter to simple substrates for rapid bacterial metabolism. Limnol
Oceanogr 40:1369-1380

Wheeler PA, Gosselin M, Sherr E, Thibault D, Kirchman DL, Benner R, Whitledge TE (1996)
Active cycling of organic carbon in the central Arctic Ocean. Nature 380:697-699

Wheeler PA, Watkins JM, Hansing RL (1997) Nutrients, organic carbon and organic nitrogen
in the upper water column of the Arctic Ocean: implications for the sources of dissolved
organic carbon. Deep Sea Res 11 44:1571-1592

White EM, Kieber DJ, Sherrard J, Miller WL, Mopper K (2010) Carbon dioxide and carbon
monoxide photoproduction quantum yields in the Delaware Estuary. Mar Chem 118:11-21

Wigington PJ, DeWalle DR et al (1996) Episodic acidification of small streams in the northeast-
ern United States: ionic controls of episodes. Ecol Appl 6:389-407

Wild C, Rasheed M, Werner U, Franke U, Johnstone R, Huettel M (2004) Degradation and min-
eralization of coral mucus in reef environments. Mar Ecol Prog Ser 267:159-171

Wildeboer D, Amirat L, Price RG, Abuknesha RA (2010) Rapid detection of E coli in water
using a hand-held fluorescence reader. Water Res 44:2621-2628

Wilkinson KJ, Negre JC, Buffle J (1997) Coagulation of colloidal material in surface waters: the
role of natural organic matter. ] Contam Hydrol 26(1-4):229-243

Willey JD, Kieber RJ, Eyman MS, Avery GB (2000) Rainwater dissolved organic carbon: con-
centrations and global flux. Global Biogeochem Cycles 14:139-148

Willey JD, Kieber RJ, Avery GB (2006) Changing chemical composition of precipitation in
Wilmington, North Carolina, USA: implications for the continental USA. Environ Sci
Technol 40:5675-5680

Williams PJleB (1990) The importance of losses during microbial growth: commentary on the
physiology, measurement and ecology of the release of dissolved organic material. Mar
Microb Food Webs 4:175-206

Williams PJleB (1995) Seasonal accumulation of carbon-rich dissolved organic material, its
scale in comparison with changes in particulate material and the consequential effect on net
C/Nassimilation ratios. Mar Chem 51:17-29

Williams PM, Druffel ERM (1987) Radiocarbon in dissolved organic matter in the central North
Pacific Ocean. Nature 330:246-248

Williams MR, Fisher TR, Melack JM (1997) Chemical composition and deposition of rain in the
central Amazon, Brazil. Atmos Environ 31:207-217

Williamson CE, Olson OG, Lott SE, Walker ND, Engstrom DR, Hargreaves BR (2001)
Ultraviolet radiation and zooplankton community structure following deglaciation in Glacier
Bay, Alaska. Ecology 82:1748-1760

Wilson SA, Weber JH (1979) An EPR study of the reduction of vanadium (V) to vanadium (IV)
by fulvic acids. Chem Geol 26:345-354

Winn N, Williamson CE, Abbitt R, Rose K, Renwick W, Henry M, Saros J (2009) Modeling dis-
solved organic carbon in subalpine and alpine lakes with GIS and remote sensing. Landscape
Ecol. doi:101007/s10980-009-9359-3

Wittbrodt PR, Palmer CD (1995) Reduction of Cr(VI) in the Presence of Excess Soil Fulvic
Acid. Environ Sci Technol 29:255-263

Wolf AA, Drake BG, Erickson JE, Megonigal JP (2007) An oxygenmediated positive feedback
between elevated carbon dioxide and soil organic matter decomposition in a simulated anaer-
obic wetland. Global Change Biol 13:2036-2044

Wombacher WD, Hornbuckle KC (2009) Synthetic musk fragrances in a conventional drinking
water treatment plant with lime softening. J Environ Eng ASCE 135:1192-1198

Wong CKC, Leung KM, Poon BHT, Lan CY, Wong MH (2002) Organochlorine hydrocarbons in
human breast milk collected in Hong Kong and Guangzhou. Arch Environ Contam Toxicol
43:364-372

Wood SA, Holland PT, Stirling DJ, Briggs LR, Sprosen J, Ruck JG, Wear RG (2006) Survey of
cyantotoxins in New Zealand water bodies between 2001 and 2004. NZ J Mar Freshw Res
40:585-597


http://dx.doi.org/101007/s10980-009-9359-3

134 K. M. G. Mostofa et al.

Worrall F, Burt TP (2004) Time series analysis of long term river DOC records. Hydrol Process
18:893-911

Worrall F, Burt T (2008) The effect of severe drought on the dissolved organic carbon (DOC)
concentration and flux from British rivers. J Hydrol 361:262-274

Worrall F, Burt TP, Shedden R (2003) Long terms records of riverine carbon flux.
Biogeochemistry 64:165-178

Worrall F, Harriman R, Evans CR, Watts CD, Adamson J, Neal C, Tipping E, Burt T, Grieve I,
Monteith D, Naden PS, Nisbet T, Reynolds B, Stevens P (2004a) Trends in dissolved organic
carbon in UK rivers and lakes. Biogeochemistry 70:369-402

Worrall E, Burt TP, Adamson JK (2004b) Can climate change explain increases in DOC flux from
upland peat catchments? Sci Total Environ 326:95-112

Worrall F, Burt TP, Adamson JK (2005) Fluxes of dissolved carbon dioxide and inorganic car-
bon from an upland peat catchment: implications for soil respiration. Biogeochemistry
73:515-539

Worrall F, Burt TP, Adamson JK (2006) Trends in drought frequency—the fate of northern peat-
lands. Clim Chang 76:339-359

Worrall F, Armstrong A, Adamson J (2007) The effects of burning and sheep-grazing on water
table depth and soil water quality in an upland peat. J Hydrol 339:1-14

Wu H, Gao K (2009) UV radiation-stimulated activity of extracellular carbonic anhydrase in the
marine diatom Skeletonema costatum Funct. Plant Biol 36:137-143

Wu FC, Tanoue E (2001) Molecular mass distribution and fl uorescence characteristics of dis-
solved organic ligands for copper(Il) in Lake Biwa, Japan. Org Geochem 32:11-20

Wu FC, Tanoue E, Liu CQ (2003) Fluorescence and amino acid characteristics of molecular size
fractions of DOM in the waters of Lake Biwa. Biogeochemistry 65:245-257

Wu FC, Mills RB, Evans RD, Dillon PJ (2004) Kinetics of metal-fulvic acid complexation using
a stopped-flow technique and three-dimensional excitation emission fluorescence spectrom-
eter. Anal Chem 76:110-113

Wu FC, Mills RB, Evans RD, Dillon PJ (2005) Photodegradation-induced changes in dissolved
organic matter in acidic waters. Can J Fish Aquat Sci 62:1019-1027

Xenopoulos MA, Lodge DM, Frentress J, Kreps TA, Bridgham SD, Grossman E, Jackson CJ
(2003) Regional comparisons of watershed determinants of dissolved organic carbon in
temperate lakes from the Upper Great Lakes region and selected regions globally. Limnol
Oceanogr 48:2321-2334

Xia K, Weesner F, Bleam WF, Bloom PR, Skyllberg UL, Helmke PA (1998) XANES studies of oxida-
tion states of sulfur in aquatic and soil humic substances. Soil Sci Soc Am J 62:1240-1246

Xia K, Skyllberg UL, Bleam WF, Bloom PR, Nater EA, Helmke PA (1999) X-ray absorption
spectroscopic evidence for the complexation of Hg(II) by reduced sulfur in soil humic sub-
stances. Environ Sci Technol 33(2):257-261

Xia XH, Yu H, Yang ZF, Huang GH (2006) Biodegradation of polycyclic aromatic hydrocarbons
in the natural waters of the Yellow River: effects of high sediment content on biodegradation.
Chemosphere 65:457-466

Xiao M, Wu FC (2011) Biogeochemical characteristics and environmental effects of low-molec-
ularweight organic acids in lacustrine ecosystem. In: Goldsmith Conference, pp 2190

Xiao M, Wu FC, Liao HQ, Li W, Lee XQ, Huang RS (2009) Vertical profiles of low molecular
weight organic acids in sediment porewaters of six Chinese lakes. J Hydrol 365:37-45

Xiao M, Wu FC, Zhang R, Wang L, Li X, Huang R (2011) Temporal and spatial variations of
low-molecular-weight organic acids in Dianchi Lake, China. J Environ Sci 23:1249-1256

Xie HX, Zafiriou OC, Cai WJ, Zepp RG, Wang YC (2004) Photooxidation and its effects on the
carboxyl content of dissolved organic matter in two coastal rivers in the Southeastern United
States. Environ Sci Technol 38:4113-4119

Xu T, Song Z, Liu J, Wang C, Wei J, Chen H (2008) Organic composition in the dry season rain-
water of Guangzhou, China. Environ Geochem Health 30(1):53-65

Xu 'Y, Luo F, Pal A, Gin KY-H, Reinhard M (2011) Occurrence of emerging organic contami-
nants in a tropical urban catchment in Singapore. Chemosphere 83:963-969



Dissolved Organic Matter in Natural Waters 135

Xue H-B, Sigg L (1993) Free cupric ion concentration and Cu(I1) speciation in a eutrophic lake.
Limnol Oceanogr 38:1200-1213

Xue H-B, Kistler D, Sigg L (1995) Competition of copper and zinc for strong ligands in a
eutrophic lake. Limnol Oceanogr 40:1142-1152

Yacobi YZ (2006) Temporal and vertical variation of chlorophyll a concentration, phytoplankton
photosynthetic activity and light attenuation in Lake Kinneret: possibilities and limitations
for simulation by remote sensing. J Plankton Res 28:725-736

Yallop AR, Clutterbuck B (2009) Land management as a factor controlling dissolved organic car-
bon release from upland peat soils 1: spatial variation in DOC productivity. Sci Total Environ
407:3803-3813

Yallop AR, Thacker JI, Thomas G, Stephens M, Clutterbuck B, Brewer T et al (2006) The extent
and intensity of management burning in the English uplands. J Appl Ecol 43:1138-1148

Yallop AR, White SM, Clutterbuck B (2008) Evidence for a mechanism driving recent
observed trends in dissolved organic carbon release from upland peat soils. Asp Appl Biol
85:127-132

Yallop AR, Clutterbuck B, Thacker J (2010) Increases in humic dissolved organic carbon export
from upland peat catchments: the role of temperature, declining sulphur deposition and
changes in land management. Clim Res 45:43-56

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

Yamashita Y, Tanoue E (2003) Distribution and alteration of amino acids in bulk DOM along a
transect from bay to oceanic waters. Mar Chem 82:145-160

Yamashita Y, Tanoue E (2004) In situ production of chromophoric dissolved organic matter in
coastal environments. Geophys Res Lett 31:1.14302. doi:101029/2004GL019734

Yamashita Y, Tanoue E (2008) Production of bio-refractory fluorescent dissolved organic matter
in the ocean interior. Nature Geosci 1:579-582. doi:101038/ngeo279

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

Yan ND, Keller W, Scully NM, Lean DRS, Dillon PJ (1996) Increased UV-B penetration in a
lake owing to drought-induced acidification. Nature 381:141-143

Yafiez M, Barbera V, Soria E, Catalan V (2009) Quantitative detection of Helicobacter pylori in
water samples by real-time PCR amplification of the cag pathogenicity island gene, cage. J
Appl Microbiol 107:416-424

Yoon Y, Ryu J, Oh J, Choi BG, Snyder SA (2010) Occurrence of endocrine disrupting com-
pounds, pharmaceuticals, and personal care products in the Han River (Seoul, South Korea).
Sci Total Environ 408:636-643

Yoshioka T (1997) Phytoplanktonic carbon isotope fractionation: equations accounting for CO2-
concentrating mechanisms. J Plankton Res 19:1455-1476

Yoshioka T, Wada E, Hayashi H (1989) Seasonal variations of carbon and nitrogen isotope ratios
of plankton and sinking particles in Lake Kizaki. Jpn J Limnol 50:313-320

Yoshioka T, Ueda S, Khodzher T, Bashenkhaeva N, Korovyakova I, Sorokovikova L, Gorbunova
L (2002a) Distribution of dissolved organic carbon in Lake Baikal and its watershed.
Limnology 3:159-168

Yoshioka T, Ueda S, Miyajima T, Wada E, Yoshida N, Sugimoto A, Vijarnsorn P, Boonprakub
S (2002b) Biogeochemical properties of a tropical swamp forest ecosystem in southern
Thailand. Limnology 3:51-59

Yoshioka T, Mostofa KMG, Konohira E, Tanoue E, Hayakawa K, Takahashi M, Ueda S, Katsuyama
M, Khodzher T, Bashenkhaeva N, Korovyakova I, Sorokovikova L, Gorbunova L (2007)
Distribution and characteristics of molecular size fractions of freshwater dissolved organic matter
in watershed environments: its implication to degradation. Limnology 8:39-42

Yu Y, Huang Q, Cui J, Zhang K, Tang C, Peng X (2011) Determination of pharmaceuticals,
steroid hormones, and endocrine-disrupting personal care products in sewage sludge by


http://dx.doi.org/101029/2004GL019734
http://dx.doi.org/101038/ngeo279

136 K. M. G. Mostofa et al.

ultra-high-performance liquid chromatography-tandem mass spectrometry. Anal Bioanal
Chem 399:891-902

Yue L, Wu FC, Liu C, Li W, Fu P, Bai Y, Wang L, Yin Z, Lii Z (2006) Relationship between fluo-
rescence characteristics and molecular weight distribution of natural dissolved organic matter
in Lake Hongfeng and Lake Baihua, China. Chin Sci Bull 51:89-96

Zagarese HE, Diaz M, Pedrozo F, Ferraro M, Cravero W, Tartarotti B (2001) Photodegradation of
natural organic matter exposed to fluctuating levels of solar radiation. J Photochem Photobiol
B Biol 61:35-45

Zanardi-Lamardo E, Moore CA, Zika RG (2004) Seasonal variation in molecular mass and opti-
cal properties of chromophoric dissolved organic material in coastal waters of southwest
Florida. Mar Chem 89:37-54

Zang X, van Heemst JDH, Dria KJ, Hatcher PG (2000) Encapsulation of protein in humic acid
from a histosol as an explanation for the occurrence of organic nitrogen in soil and sediment.
Org Geochem 31:679-695

Zauzig J, Stepniewski W, Horn R (1993) Oxygen concentration and redox potential gradient in
unsaturated model soil aggregates. Soil Sci Soc Am J 57:908-916

Zech W, Kogel I, Zucker A, Alt H (1985) CP-MAS-"3C-NMR spektren organischer Lagen einer
Tangelrendzina. Z Pflanzenemahr Bodenk 150:262-265

Zellner R, Exner M, Herrmann H (1990) Absolute OH quantum yields in the laser photolysis of
nitrate, nitrite and dissolved H202 at 308 and 351 nm in the temperature range 278-353 K. J
Atmos Chem 10:411-425

Zepp RG, Faust BC, Hoigné J (1992) Hydroxyl radical formation in aqueous reactions (pH 3-8) of
iron(II) with hydrogen peroxide: the photo-Fenton reaction. Environ Sci Technol 26:313-319

Zepp RG, Callaghan TV, Erickson DJ (1998) Effects of enhanced solar ultraviolet radiation on
biogeochemical cycles. ] Photochem Photobiol B Biol 46:69-82

Zepp RG, Erickson DJ, Paul ND, Sulzberger B (2011) Effects of solar UV radiation and cli-
mate change on biogeochemical cycling: interactions and feedbacks. Photochem Photobiol
Sci 10:261-279

Zhang J (1996) Nutrient elements in large Chinese estuaries. Cont Shelf Res 16:1023-1045

Zhang J, Yu ZG, Wang JT, Ren JL, Chen HT, Xiong H, Dong LX, Xu WY (1999) The subtropical
Zhujiang (Pearl River) estuary: nutrient, trace species and their relationship to photosynthe-
sis. Estuar Coast Shelf Sci 49:385-400

Zhang Y, Zhu L, Zeng X, Lin Y (2004) The biogeochemical cycling of phosphorus in the upper
ocean of the East China Sea. Estuar Coast Shelf Sci 60:369-379

Zhang R, Wu FC, Liu CQ, Fu PQ, Li W, Wang LY, Liao HQ, Guo JY (2008) Characteristics of
organic phosphorus fractions in different trophic sediments of lakes from the middle and lower
reaches of Yangtze River region and Southwestern Plateau, China. Environ Pollut 152:366-372

Zhang Y, van Dijk MA, Liu M, Zhu G, Qin B (2009) The contribution of phytoplankton degrada-
tion to chromophoric dissolved organic matter (CDOM) in eutrophic shallow lakes: field and
experimental evidence. Water Res 43:4685-4697

Zhang J, Hudson J, Neal R, Sereda J, Clair T, Turner M, Jeffries D, Dillon P, Molot L, Somers
K, Hesslein R (2010) Long-term patterns of dissolved organic carbon in lakes across eastern
Canada: evidence of a pronounced climate effect. Limnol Oceanogr 55:30—42

Zhang YL, Lee XQ, Cao F (2011) Chemical characteristics and sources of organic acids in pre-
cipitation at a semi-urban site in Southwest China. Atmos Environ 45:413-419

Zhao WH, Wang JT, Cui X, Ji NY (2006a) Research on fluorescence excitation and emission
matrix spectra of dissolved organic matter in phytoplankton growth process. Chin High
Technol Lett 16:425-430 (in Chinese with English abstract)

Zhao Z-Y, Gu J-D, Fan X-J, Li H-B (2006b) Molecular size distribution of dissolved organic
matter in water of the Pearl River and trihalomethane formation characteristics with chlorine
and chlorine dioxide treatments. J Hazard Mater 134:60-66

Zhao W, Wang J, Chen M (2009) Three-dimensional fluorescence characteristics of dissolved
organic matter produced by Prorocentrum donghaiense Lu Chinese. J Oceanol Limnol
27:564-569. doi:101007/s00343-009-9141-z


http://dx.doi.org/101007/s00343-009-9141-z

Dissolved Organic Matter in Natural Waters 137

Zhu S, Liu C-Q (2006) Vertical patterns of stable carbon isotope in soils and particle-size frac-
tions of karst areas, Southwest China. Environ Geol 50:1119-1127

Zinder SH (1990) Conversion of acetic acid to methane by thermophiles. FEMS Microbiol Lett
75:125-137

Zou L, Wang XC, Callahan J, Culp RA, Chen RF, Altabet MA, Sun MY (2004) Bacterial roles
in the formation of high-molecular-weight dissolved organic matter in estuarine and coastal
waters: evidence from lipids and the compound-specific isotopic ratios. Limnol Oceanogr
49:297-302

Zubkov MV, Tarran GA (2008) High bacterivory by the smallest phytoplankton in the North
Atlantic Ocean. Nature 455:224-226. doi:101038/nature07236

Zygoura PD, Paleologos EK, Riganakos KA, Kontominas MG (2005) Determination of diethyl-
hexyladipate and acetyltributylcitrate in aqueous extracts after cloud point extraction coupled
with microwave assisted back extraction and gas chromatographic separation. J Chromatogr
A 1093:29-35


http://dx.doi.org/101038/nature07236

Photoinduced and Microbial Generation
of Hydrogen Peroxide and Organic
Peroxides in Natural Waters

Khan M. G. Mostofa, Cong-qiang Liu, Hiroshi Sakugawa, Davide Vione,
Daisuke Minakata and Fengchang Wu

1 Introduction

The concentration of hydrogen peroxide (H>O;) in natural waters has been
determined for the first time in 1925 by Harvey (Harvey 1925), who studied
inshore and offshore water from the English Channel. The concentration of H,O»
has been determined in seawater in the 1970’s (van Baalen and Marler 1966) and
in some Russian freshwaters in the 1980’s (Sinel’nikov 1971; Sinel’nikov and
Demina 1974). In the same period the occurrence and concentration of H,O, was
being studied in air (Penkett et al. 1979; Lazrus et al. 1986; Sakugawa and Kaplan
1987), rain and cloud water, freshwater and coastal and open ocean waters (Cooper
and Zika 1983; Draper and Crosby 1983; Helz and Kieber 1985; Lazrus et al. 1985;
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Zika et al. 1985a, b; Moffett and Zika 1987a; Palenic and Morel 1988; Cooper
and Lean 1989; Hellpointner and Géb 1989; Johnson et al. 1989). Starting from
the 1980’s, organic peroxides (ROOH) have been detected in air (Sakugawa and
Kaplan 1987; Lazrus et al. 1985; Hellpointner and Géb 1989; Sauer et al. 2001),
cloudwater and rain (Kelley and Reddy 1986). The ROOH concentrations have also
been determined in freshwater (Mostofa 2005; Sakugawa et al. 2006; Mostofa and
Sakugawa 2009) and seawater (Sakugawa et al. 2000; Gerringa et al. 2004).

Recent studies have demonstrated that natural sunlight or solar radiation is a
key factor for the generation of HyO; and ROOH in the atmosphere and in natural
waters. Microbial processes can produce small amounts of both H O, and ROOH
in living organisms (Kim and Portis 2004; Boveris et al. 2006; Grivennikova et
al. 2008; Roy and Atreja 2008) as well as in the deeper water layers (i.e., under
dark conditions) of river, lake and marine environments (Komissarov 2003).
H,0; is found to link with the occurrence of oxygenic photosynthesis in both
higher plants (Komissarov 1994, 1995, 2003) and natural waters (Mostofa
et al. 2009a, b). Therefore, H>O generated mostly by solar radiation and microbial
processes could simultaneously be important for the occurrence of photosynthe-
sis in terrestrial higher plants and for the production of organic matter (ca. algae,
cyanobacteria, etc.) in water environments. There is evidence that the microbial
processing of vascular-plant spoils in the terrestrial soil environment can produce
humic substances (fulvic and humic acids), which are then released into river, lake
and marine waters (Mostofa et al. 2009a). The action of sunlight on fulvic and
humic acids correspondingly produces H>O; that, by favoring photosynthesis in
the surface layer of rivers, lakes and oceans, would induce the generation of algae
and other aquatic organisms. These organisms are then able to produce autochtho-
nous DOM via photorespiration (or photo-assimilations) and microbial respira-
tion or processes (Mostofa et al. 2009b; Collen et al. 1995; McCarthy et al. 1997,
Rosenstock and Simon 2001; Medina-Sanchez et al. 2006; Nieto-Cid et al. 2006;
Zhang et al. 2009; Fu et al. 2010). The photoinduced reactions of autochthonous
DOM also yield HyO; in natural waters. The production of H,O, would mostly
depend on the amount of DOM and on solar irradiance. Global warming with the
associated increase in water temperature would enhance the production of H;O»,
simultaneously affecting both the photodegradation of DOM and the photosynthe-
sis (Mostofa et al. 2009b). Photosynthesis in higher plants and in natural waters
can be significantly increased by rain, also because of the elevated concentration
of H,O, and ROOH in rainwater. Therefore, the photoinduced and microbial gen-
eration of H,O» is a key factor for the occurrence of many photoinduced, biologi-
cal, physical and geochemical processes. Such processes include the production
of hydroxyl radical and other free radical species, photosynthesis, production of
chlorophyll and of autochthonous DOM, photodegradation of DOM, CDOM and
FDOM, and complexation of DOM with trace elements in natural water environ-
ments. On the other hand, production of ROOH could be a marker of microbial
modification of bulk organic matter and of DOM under dark conditions. A few
studies have previously been conducted to examine the photoinduced and micro-
bial production of ROOH, their chemical nature and relationships with DOM.
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Despite the universal and unique functions that H O, and ROOH may play in
water ecosystems, their roles on some key biogeochemical functions in natural
waters have hardly been investigated. This chapter will provide a general overview
on the biogeochemical functions of H,O, and ROOH, their production mecha-
nisms and the controlling factors for formation and decay, as well as their signifi-
cance and impact in natural waters.

1.1 Hydrogen Peroxide and its Biogeochemical Functions

Hydrogen peroxide (H>O,) is a simple chemical compound (H-O-O-H) that
appears like water (H-O-H) in its chemical formula, with an additional oxygen
atom. Hydrogen peroxide can undergo dismutation into water and oxygen:

2H202 d 2H20 + 02

H>0; is a universal constituent of the hydrosphere and occurs in freshwater,
seawater, mineral water, rain, dew, cloud, snow, air, and in all living organisms.
H>0; also finds effective application in experiments as well as in treatment pro-
cesses. It acts as an useful indicator for a variety of photoinduced, biological and
abiotic processes in the aquatic environment.

The various biogeochemical functions of H>O, can be classified as follows:
(i) H2O» is the most stable reactive oxygen species (ROS) and is used as an indi-
cator of photoinduced activity, because it is for instance photolytically generated
through irradiation of various dissolved organic matter (DOM) components in nat-
ural waters (Cooper and Zika 1983; Zika et al. 1985a, b; Mostofa and Sakugawa
2009; Obernosterer et al. 2001; Fujiwara et al. 1993; Moore et al. 1993; Scully et
al. 1996). (ii) H2O, and its precursor superoxide (O2°7) can be both oxidising and
reducing agents and are, therefore, potentially important for a number of redox
reactions in natural waters (Moffett and Zika 1987a, b; Petasne and Zika 1987,
Moffett and Zafiriou 1990; Zafiriou 1990; Zepp et al. 1992; Zafiriou et al. 1998;
Voelker et al. 2000; Jeong and Yoon 2005). (iii) H>O; is a natural tracer of the
surface-water mixing zone or of stratification processes in lake and marine envi-
ronments (Johnson et al. 1989; Sikorsky and Zika 1993a, b; Sarthou et al. 1997,
Scully and Vincent 1997). (iv) HO» is an indicator of the photodegradation of
dissolved organic matter (DOM) and of organic pollutants in surface natu-
ral waters (Gao and Zepp 1998; Westerhoff et al. 1999; Southworth and Voelker
2003). (v) H2O, is involved in oxidative stress in biota/living cells, because of its
elevated reactivity by both oxidation and reduction (Berlett and Stadtman 1997;
Paradies et al. 2000; Blokhina et al. 2003; Richard et al. 2007). (vi) HyO» can be
helpful in the identification of biological activity, in particular in coastal waters
where higher biological activity with rapid decay of H>O; is commonly observed
compared to the open oceans (Fujiwara et al. 1993; Moffett and Zafiriou 1990;
Cooper and Zepp 1990; Petasne and Zika 1997). (vii) H2O3 is a useful tracer of
the vertical advection transport or the convective overturn, which is usually caused
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by nocturnal cooling in the upper ocean and can transport significant amounts of
H>0; to deep waters (Johnson et al. 1989; Sarthou et al. 1997; Scully and Vincent
1997; Yuan and Shiller 2001). (viii) H2O> is thought to play an important role in
the occurrence of photosynthesis in higher plants (Komissarov 1994, 1995; 2003)
and in natural waters (Mostofa et al. 2009a, b), by which effect it can induce the
production of autochthonous DOM in the aqueous environment. (ix) H,O; can
react with CO, under irradiation to produce various organic substances in aqueous
solution (Lobanov et al. 2004), with a potentially significant role in biogeochemi-
cal processes in natural waters. (x) HoO» plays an important role in controlling
the physiology of plants, including the activity of some enzymes and the pho-
tophosphorylation and photorespiration rates; it is also responsible for fungitoxic-
ity of the leaf surface (Lobanov et al. 2008). (xi) HoO, is generated inside cells
by peroxisomes and mitochondria; the formation of H>O; is caused by the reduc-
tion of O, absorbed in intracellular fluid during the photorespiration (Komissarov
2003; Lobanov et al. 2008). (xii) H»O» acts as an oxidant in the conversion of SO,
to SO4>~ in rainwater, thereby contributing to the acid rain phenomenon that is
a harmful threat which damages plant tissues and contributes to forest decline
worldwide (Calvert et al. 1985; Sakugawa et al. 1990, 1993). (xiii) The environ-
mental concentration of HO5 is influenced by algae, which simultaneously cause
its decay and induce its photoinduced production by exposure of algal suspensions
to sunlight (Zepp et al. 1987). (xiv) The photoinduced generation of H,O, from
algal suspensions plays a key role in the oxidation of anilines; the latter are able to
decrease H,O, production, possibly by consuming it on the surface of algal cells
(Zepp et al. 1987; Zepp and Schlotzhauer 1983). (xv) Elevated levels of HyO»
induce damage and cell lysis in microorganisms (Gonzalez-Flecha and Demple
1997; Weinbauer and Suttle 1999); H>O, is also implicated as a cause of mortal-
ity of fecal indicator bacteria in marine sewage fields (Mitchell and Chamberlin
1975; Clark et al. 2008). (xvi) Bioelectrochemical oxidation of wastewater organic
matter can effectively produce HyO; on an industrial scale, with an overall 83 %
efficiency that could be useful for industrial purposes (Rozendal et al. 2009). (xvii)
H>0; produced from DOM may contribute approximately 1-50 % of hydroxyl
radical (HO®), a strong oxidizing agent, which is responsible for indirect photoin-
duced changes in the DOM components in natural waters (Mostofa and Sakugawa
2009; Takeda et al. 2004; Nakatani et al. 2007; Page et al. 2011).

1.2 Organic Peroxides (ROOH) and Their Biogeochemical
Functions

Organic peroxides (ROOH) are organic compounds containing the peroxide func-
tional group (-O-O-), and may be considered as derivatives of hydrogen perox-
ide (H-O-0O-H) where one or both of the hydrogen atoms have been replaced by
organic radicals. Organic peroxides can commonly be denoted as ROOH, where
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R can be CH3—, CH3—CHj—, etc. and H can be H or R. The organic peroxides are
ubiquitously distributed in air, cloud, dew, rain, mineral water, freshwater and
seawater (Sakugawa and Kaplan 1987; Lazrus et al. 1985; Hellpointner and Gib
1989; Sauer et al. 2001; Kelley and Reddy 1986; Mostofa 2005; Sakugawa et al.
2006; Mostofa and Sakugawa 2009; Sakugawa et al. 2000; Gerringa et al. 2004).

The major ROOH compounds identified in the aquatic environments are methyl
hydroperoxide (CH30OOH), hydroxymethyl hydroperoxide (HOCH,OOH), ethyl
hydroperoxide (CH3CH,OOH), 1-hydroxyethyl hydroperoxide (CH3CH(OH)OOH),
2-hydroxyethyl hydroperoxide (CH2(OH)CH,OOH), 1-hydroxypropyl hydroperoxide
(CH3CH,CH(OH)OOH), 2-hydroxypropyl hydroperoxide (CH3CH(OH)CH,OOH),
3-hydroxypropyl hydroperoxide (CH(OH)CH>,CH>OOH), and bis(hydroxymethyl)
peroxide (HOCH,OOCH,0OH) (Hellpointner and Géb 1989; Hewitt and Kok 1991).
The concentration levels of ROOH compounds are commonly low (~<390 nM) in
natural waters, and their concentrations are also low when they are generated in pho-
toexperiments conducted on natural waters or on aqueous solutions of standard DOM
components.

The various biogeochemical functions of ROOH can be categorized as follows:
(i) Production of ROOH compounds would be a marker of microbial changes in
bulk organic matter or DOM under dark conditions, which are usually occurring
in deeper layers of lake or seawater (Sakugawa et al. 1995, 2000; Hayase and
Shinozuka 1995; Mostofa et al. 2005). (ii)) ROOH compounds are readily decom-
posed and correspondingly generated, so that they reach a steady-state concentra-
tion in natural waters. (iii) ROOH compounds might be important transformation
intermediates of DOM and may be chemically converted into stable DOM com-
ponents in natural waters. (iv) The photoinduced and thermal decomposition of
organic peroxides generally yields organic peroxide radicals; they may combine
with other organic substances to form new compounds, or can form polymeric
compounds in aqueous solution (Mageli and Kolczynski 1966; Mill et al. 1980;
Kieber and Blough 1990; Faust and Allen 1992). Future research is expected to
further highlight the importance of ROOH in natural waters.

1.3 Nature and Characteristics of H,O; and ROOH

In natural waters, HyO, shows several characteristic properties that can be listed
as follows: (i) The photoinduced generation of H,O, follows a regular trend of
increasing concentration with increasing irradiation time, in photoexperiments
conducted under a solar simulator (Fig. la, b). It suggests that the formation rate
is higher than the transformation one. (ii) Photogenerated H>O, is gradually con-
sumed in aqueous media in the absence of solar radiation (Fig. 2a). It suggests that
H>0; in aqueous solution is presumably decomposed by chemical and/or enzy-
matic reactions. (iii) The rate of H,O» photoproduction is higher in filtered than in
unfiltered natural waters samples (Fig. 2a), suggesting that particulate matter may
rapidly consume H»O, in aqueous solution. (iv) The photoinduced generation of



144 K. M. G. Mostofa et al.

20004
---®--- ORI: Irradiated samples (b) ASRFA
15004 ——0— ORI: Dark samples
(a) -+~ & - - OR2: Irradiated samples 16004 f_?.rRH;: nan
—a— OR2: Dark samples o YPiop
12004 - - -®--- ORS: Irradiated samples DASI
fa ——0— ORS: Dark sampl 12004 ©DbsBP
: Dark samples
% 900 ---x-- ORG6: Irradiated samples
\-; —x— ORG6: Dark samples 8004
@)
I(\I
400
r r T T T 0 T : : : T T
0 100 200 300 400 500 600 0 100 200 300 400 500 600
2004 200
(0)
~ 1504 150
=
£
100 100
o
S
07 50
®
0 T T T T T 1 0 -
0 100 200 300 400 500 600 0 100 200 300 400 500 600

Irradiation time (min)

Fig. 1 Production of H>,O» (a, b) and ROOH (¢, d) as a result of solar irradiation on the Ohta
River waters (sites OR1, OR2, ORS5, and OR6) and on various standard substances, respectively,

in photo-experiments conducted using a solar simulator. Data source Mostofa and Sakugawa
(2009)

H»O» is highly variable in the presence of various standard organic substances in
aqueous media (Fig. 1b), which suggests that the concentration of H,O, depends
on the nature of the DOM components. (v) The photoinduced generation of
H»0O» increases with an increase in the contents of fulvic acid in photo-irradiated
samples under a solar simulator (Fig. 3), which suggests that H,O» produc-
tion depends on the DOM amount. (vi) When photogenerated H>O» in unfiltered
river water is incubated in the dark, it is entirely decomposed in the first day of
incubation and it is not produced further during the incubation period (Fig. 2b).
Therefore, microbial reactions may be more effective in consuming than in pro-
ducing H»O» in river water.

ROOH compounds typically show the following features in natural waters:
(1) The photoinduced generation of ROOH does not follow a regular trend of
increasing concentration with increasing irradiation time, in photoexperiments
conducted using a solar simulator; in contrast, produced ROOH is very low and
fluctuates heavily without any observable trends (Fig. lc, d). It is suggested that
ROOH compounds are readily decomposed in aqueous solution. (ii) The pho-
toinduced generation of ROOH compounds is typically higher in filtered than in
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Fig. 2 Production of HyO,
and ROOH as a result of
photoinduced and microbial
incubation on filtered and
unfiltered river waters.
Data source Mostofa et al.
(Manuscript in preparation)

Fig. 3 Production of HyO,
and ROOH as a result of solar
irradiation on the aqueous
solutions of fulvic acid in
photoexperiments conducted
using a solar simulator
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unfiltered samples of river water (Fig. 2b), which suggests that particulate mat-
ter (or microbes) in unfiltered river water are susceptible to rapidly degrade
ROOH. (iii) ROOH compounds were frequently generated under dark incuba-
tion (which followed irradiation) in unfiltered and filtered river waters (Fig. 1b),
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which indicates that dark production pathways of ROOH are operational in natural
waters. (iv) The photoinduced generation of ROOH compounds is typically higher
for low concentration of fulvic acid (FA, 1 mg L_l), and decreases with increasing
FA concentration (3 and 5 mg L™, Fig. 3b). This finding suggests that the for-
mation of ROOH compounds does not depend on DOM concentration which, on
the contrary, might favor ROOH decomposition. These results indicate that ROOH
compounds are quickly decomposed, which might be due to their inherently unsta-
ble chemical nature. ROOH compounds are sensitive to acid, alkali, redox and
light in aqueous solution (Mostofa and Sakugawa 2009).

1.4 Steady State Concentration and Half-Life
of H,0; and ROOH

The concentration levels of HoO, and ROOH are often measured in natural
waters or in irradiated aqueous solutions, and they are often in a steady state.
Steady-state concentrations of HoO, and ROOH compounds in natural waters
are mostly dependent on three major phenomena. First, enzymes (catalase,
peroxidase and superoxide dismutase) in microbes, phytoplankton and algae
present in natural waters are active agents for the rapid decay of peroxides
(Mostofa 2005; Fujiwara et al. 1993; Moffett and Zafiriou 1990; Petasne and
Zika 1997). These processes limit the occurrence of organic peroxides in natural
waters. Second, the incident solar irradiance may be involved into the produc-
tion of peroxides in waters (Cooper and Zika 1983; Moore et al. 1993; Baxter
and Carey 1983; Mostofa and Sakugawa 2003). Third, the organic peroxides
may take part to the generation of free radicals (HO® or RO®) by direct pho-
tolysis or photo-Fenton reactions in natural waters (Zepp et al. 1992; Jeong and
Yoon 2005; Southworth and Voelker 2003; Voelker et al. 1997). The free radi-
cals then cause the photodegradation of DOM (Gao and Zepp 1998; Brezonik
and Fulkerson-Brekken 1998; Goldstone et al. 2002). A general scheme for
the steady-state concentration of H,O, and ROOH in aqueous media can be
expressed as follows (Fig. 4):

MIH-
Oxidation of transition metal ions or
other processes

hv hv
poM —— H,0,+ROOH —— HOY/RO®' —> DOM —> Degraded products

!

Decay by biological
and any other processes

Fig. 4 A schematic diagram of steady state concentration of photoinduced generation of H>O;
and ROOH from DOM in natural waters
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H202 — HOz.i — H02 — 027 — EOZ :Reductanti

H,0, - OH + OH——> | H,0 :
l | Oxidant!
OH —— N\ E H,0 i

Fig. 5 Electron transfer and proton transfer reactions in the reduction of O, from H,0, to H,O,
demonstrating the intermediates involved Data source Moftett and Zafiriou (1990)

More simply, ‘“Peroxidesssc = produced peroxides—(decay by microbles
and any other processes + contribution to DOM photo degradation)”, where
SSC = Steady-State Concentration. Therefore, enzymes might be an important fac-
tor in regulating the occurrence of H,O, and ROOH compounds in natural waters.

The decay rates of H,O, and ROOH, expressed as half-life times (tj,2), are
hours to days depending on the presence of enzymes in natural waters (Harvey
1925; Mostofa 2005; Richard et al. 2007; Cooper and Zepp 1990; Cooper and
Lean 1992). For example, the half-life of H>O; is gradually increased from unfil-
tered to filtered lake waters, from 4.4 h for unfiltered water to 4.7 h for 64 pm
filtered water (zooplakton removed), 6.4 h for 12 pm filtered water (large algae
removed), 19.1 h for 1.0 pm filtered water (small algae removed), and 58.7 h for
0.2 pm filtered water (bacteria removed) (Cooper and Lean 1992). Similarly, the
half-lives are approximately 3 h or less for highly biologically productive coastal
waters or freshwaters, and hundreds of hours for oligotrophic unfiltered waters
(Mostofa 2005; Fujiwara et al. 1993; Moore et al. 1993; Richard et al. 2007).

1.5 H;0; Acts as a Reductant and Oxidant-REDOX

H>0O; acts as a reductant and oxidant (REDOX) in many reactions occurring in
natural waters (Moffett and Zika 1987a; b; Moffett and Zafiriou 1990; Zepp
et al. 1992; Jeong and Yoon 2005). When H,O; acts as a reductant, O from H,O»
is transformed into O,. When H»>O» acts as an oxidant, O from H,O; is converted
into HoO (Moffett and Zafiriou 1990). The chain reactions of H>O; as reductant
and oxidant are schematically depicted below (Fig. 5) (Moffett and Zafiriou 1990).

1.6 Concentration Levels of H;0» and ROOH Compounds
in Natural Water

The levels of HyO; and ROOH are greatly variable for a variety of natural waters
(Table 1) (van Baalen and Marler 1966; Sinel’nikov 1971; Sinel’nikov and
Demina 1974; Cooper and Zika 1983; Helz and Kieber 1985; Lazrus et al. 1985;
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Zika et al. 1985a, b; Moffett and Zika 1987a; Palenic and Morel 1988; Cooper
and Lean 1989; Johnson et al. 1989; Sakugawa et al. 2000, 2006; Mostofa and
Sakugawa 2009; Gerringa et al. 2004; Obernosterer et al. 2001; Fujiwara et al.
1993; Moore et al. 1993; Sikorsky and Zika 1993a, b; Sarthou et al. 1997; Richard
et al. 2007; Petasne and Zika 1997; Lobanov et al. 2008; Sakugawa et al. 1995;
Cooper and Lean 1992; Moffett and Zika 1983; Szymczak and Waite 1991; Resing
et al. 1993; Miller and Kester 1994; Amouroux and Donard 1995; Fujiwara et al.
1995; Kieber and Heltz 1995; Herut et al. 1998; Cooper et al. 2000; Akane et al.
2004, 2005; Avery et al. 2005; Croot et al. 2005; Miller et al. 2005; O’Sullivan et
al. 2005; Olasehinde et al. 2008; Boehm et al. 2009; Clark et al. 2010a, b; Rusak
et al. 2010). H>O, concentrations in surface freshwater are 6-68 nM in upstream
rivers and 9-501 nM in rivers in Japan, 1300-3200 nM in rivers and 700-1300 nM
in reservoirs in Russia, 88-320 nM in rivers in the USA, and 10-1300 nM in
several lakes in USA and Canada (Table 1). HyO, concentrations in surface sea-
water are 11-440 nM in estuaries in USA and Japan, 0—-496 nM in coastal Bay
and coastal seawaters in Japan, 25-360 nM in Amazon and Orinoco River plume,
3-1700 nM in Chesapeake Bay, 22-256 nM in Bay of Biscay (Atlantic Ocean),
124-275 nM in Biscayne Bay and Gulf Stream, <200 nM in Port Aransas sea-
water, <150 nM in Florida west coast, 8-50 nM in Peru upwelling area (Coastal
and offshore), 8-100 nM in the Mediterranean (Israeli coastal waters) and the
Red Sea (Gulf of Aqaba), 20-80 nM in Baltic Sea (German Coastal waters),
15-110 nM in Great Barrier Reef seawater (Australia), 120-280 nM in Gulf of
Mexico, 50-420 nM in Caribbean Sea, 95-175 nM in Sargasso Sea and Western
Mediterranean, 16—220 nM in Atlantic Ocean, and 5-25 nM in Southern Ocean in
Antarctic regions (Table 1). HyO; concentrations are remarkably higher in Russian
rivers and reservoir (700-3200 nM) than in other rivers (6501 nM) and lakes
(10-1300 nM) in the freshwater environments. High concentrations (0—420 nM)
are commonly observed in estuaries, bays and coastal seawaters, and an exception-
ally high concentration (1700 nM) was detected in Cheasapeake Bay. H,O» con-
centrations are apparently lowest in the Southern Ocean, Antactic (5-25 nM). On
the other hand, the occurrence of ROOH compounds is not often studied in natural
waters (Table 1). ROOH concentrations are 9-73 nM in upstreams, 0-200 nM in
rivers, 32-389 nM in coastal seawaters, and 1-6 nM in the eastern Atlantic Ocean
(Table 1).

1.7 Production Rates and Sources of Hy0>

Production rates of H,O, are greatly variable among upstreams (245-903 nM h™1),
groundwater (0-4800 nM h™1), rivers (390-7400 nM h~!), lakes (812400 nM h™1),
coastal waters (4536-35640 nM h~1), and seawaters (0-161 nM h~!) (Table 2)
(Mostofa and Sakugawa 2009; Obernosterer et al. 2001; Scully et al. 1996; Richard
et al. 2007; Miller and Kester 1994; Cooper et al. 1988; Moffett and Zafiriou 1993;
Yocis et al. 2000; Clark et al. 2009; Mostofa KMG and Sakugawa H, unpublished;
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Vermilyea et al. 2010).Variations in production rates of H,O» are likely to be caused
by the amount and the molecular nature of DOM (Table 2). This fact can be easily
understood from a significant difference in the production rates of H,O, estimated
in the presence of various standard organic substances (Table 2). The major source
of H>Oy in river water is fulvic acid, which contributed 23-61 % in upstream riv-
ers, 28-63 % in polluted Kurose waters, and 67-70 % in clean Ohta river waters
(Mostofa and Sakugawa 2009). Tryptophan-like substances are a minor source of
H>05 (~1 %) in all river waters. The contribution of the fluorescent whitening agents
(DAS + DSBP) to H;0O» production was minor (2 %), although they were dominant
FDOM components in the downstream waters of the Kurose river. The 4-biphenyl
carboxaldehyde (4BCA), one photoproduct of DSBP, showed that the percent con-
tribution to total HyO; production was 2.0-5.0 % in the downstream waters of the
Kurose river (Mostofa and Sakugawa 2009). Unknown sources of H>O; (other than
fulvic acid-like and tryptophan-like substances or FWAs) accounted for 34-68 % of
H,05 in the upstream waters of the Kurose, 35-67 % in the upstream areas of the
Ohta, 14—-15 % in the downstream sites of the Ohta, and 51-70 % in the downstream
sites of the Kurose (Mostofa and Sakugawa 2009). The unknown sources of H,O»
may be other fluorescent and non-fluorescent substances (Kramer et al. 1996), which
can originate from forest ecosystems in the upstream regions of a river and from vari-
ous anthropogenic sources affecting the downstream regions. The production rate
of H,O, for Suwannee River Fulvic Acid (SRFA) is relatively low (344 nM h™1)
compared to DSBP (1073 nM h™!), tryptophan (648 nM h~!), and Suwannee River
Humic Acid, SRHA, (644 nM h~!, Table 2). However, fulvic acids may be impor-
tant H,O, sources due to their significant occurrence (30-80 % of total DOM) in the
aquatic environments (Mostofa et al. 2009; Malcolm 1985; Peuravuori and Pihlaja
1999).

1.8 Diurnal Cycle or Diel Variation of H,0>
and its Controlling Factors in Natural Waters

A diurnal cycle is a regular and ubiquitous phenomenon of H;O;, production
and decay. H,O, concentration in natural waters gradually increases as incident
solar radiation increases during the period from dawn to noon. The solar radia-
tion reaches a peak at noon time and then the concentration gradually decreases
with the decrease of sunlight intensity (Fig. 6). The amplitude of the H,O;
diurnal cycle (highest concentration at noon time minus concentration during
the period before sunrise) was 35 nM in upstream and 65 nM in Kurose River
(Fig. 6) (Mostofa and Sakugawa 2009), 790 nM in Jacks Lake (Cooper and
Lean 1989), 36 nM (February), 173 nM (August), 183 nM (September), and
56 nM (November) in Patuxent Estuary (Kieber and Heltz 1995), 187 nM in
Seto Inland Sea (Sakugawa et al. 1995), 305 nM in Hiroshima Bay (Akane et
al. 2004), 120 nM in Taira Bay and 80 nM in Sesoko Island Bay (Arakaki et al.
2005), 70 nM in Mediterranean (Israeli) coastal waters, 92 nM in Red Sea in Gulf
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Fig. 6 Diurnal variations of H>O, concentrations in the upstream waters (site KR2) on
21August 2003 and in the downstream waters (site KR6) on 26 September 2003, in the Kurose
River. Data source Mostofa and Sakugawa (2009)

of Aqaba (Herut et al. 1998), 32 nM in Lagrangian-Atlantic Ocean, 20 nM in
Underway-Atlantic Ocean (Yuan and Shiller 2001), 59 nM in Bermuda, Atlantic
Time Series Station (Avery et al. 2005), 491 in a shallow freshwater stream
(Richard et al. 2007), and 365 nM in marine bathing waters at Huntington State
Beach (Clark et al. 2010).

The magnitude of the diurnal cycle of HyO, production shows seasonal and
spatial variations in natural waters, depending on several factors. First, the solar
intensity varies greatly among tropical, sub-tropical, Arctic and Antarctic regions.
The diurnal cycle of H>O» is in fact the best paradigm for the dependence of its
production on solar intensity. Second, the contents and nature of DOM compo-
nents are widely different for a variety of waters and cause correspondingly
variable production rates of HyO,. For example, H»O> concentration is almost
doubled in waters having high DOC concentration (326-384 uM C) than in
waters with low DOC (118-239 uM C), even in the presence of similar solar irra-
diance (Mostofa and Sakugawa 2009). A third factor is the presence of catalase
and peroxidase enzymes associated with microbes or algae. Biological processes
are widely variable for a variety of natural waters and can control the steady-
state concentration by rapidly decomposing H,O» (Fujiwara et al. 1993; Petasne
and Zika 1987; Moffett and Zafiriou 1990; Mostofa (Manuscript in preparation).
Fourth, iron (Fe) can reduce the steady-state H»O» concentration by producing
HO?® through the photo-Fenton or other photoinduced reactions in natural waters
(Moffett and Zafiriou 1990; Zepp et al. 1992; Southworth and Voelker 2003).
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2 Fluorometric Method for Determining H,O, and ROOH
in Natural Waters

Theory: The fluorometric method described here has been developed by
Fujiwara et al. (1993) and Sakugawa et al. (2000) by implementation of ear-
lier methods (Lazrus et al. 1986; Guilbault et al. 1968; Miller and Kester
1988). The compounds H'OOH (where H = H or CH3—, -OCH3, etc.) react
with p-hydroxyphenyl acetic acid in the presence of peroxidase, to produce the
6,6’-dihydroxy-3,3’-biphenyldiacetic acid (POPHA dimer: Eq. 2.1). The latter is
detected using a fluorometer at excitation/emission = 320/400 nm.

CH,COOH CH.CO0M CH.Co0H

2 + H202 peroxidase (2 | )
o OH OH

2H,0," % 21,0 + 0, 2.2)

A sodium hydroxide solution is used to increase the pH to approximately 12,
which largely enhances the fluorescence intensity of the POPHA dimer. In this way
it is possible to detect few nano molar (nM) levels of H>O» in natural waters. To
make the analytical blanks and to distinguish HyO, from ROOH, one should add
catalase to the samples, which causes the rapid decomposition of HyO» (Eq. 2.2).

2.1 Chemicals Preparation

Note: ultrapure water should be used throughout. It should be kept in the dark for
3 days before use to allow for the decomposition to undetectable levels of H>O»
and ROOH, which could possibly be present.

Preparation of p-hydroxyphenyl acetic acid solution:

(1) Take potassium hydrogen phthalate (71.48 g) in approximately 650 mL water
in a 1-L beaker, and dissolve it at approximately 40 °C under gentle stirring.

(ii) Dissolve 12 g NaOH in approximately 50 mL water in a 100 mL beaker.

(iii) The pH of the solution (i) is adjusted to 5.5 upon addition of solution
(ii) under constant stirring.

(iv) Add 18.62 g of di-sodium dihydrogen ethylenediamine tetraacetate dehydrate
(EDTA) to the solution (iii) under constant stirring. The EDTA is added to
eliminate the effect of metal ions, particularly Fe?*, and to prevent the for-
mation of a Mg(OH); precipitate after addition of NaOH to seawater samples
(Fujiwara et al. 1993). It can be noted that without EDTA, 1 mg/mL Fe>* can
reduce the signal intensity by 80 % (Fujiwara et al. 1993).

(v) Add 0.304 g of p-hydroxyphenyl acetic acid to the solution (iv) under con-
stant stirring, then adjust the total solution to 1-L in a volumetric flask.
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Preparation of the catalase solution: For 50,000 units of catalase solution,
add 5 mg of catalase to 2 mL water in a 10 mL glass bottle, then mix up by shak-
ing gently. This solution can be used for one week by keeping it in a refrigerator.
For 500 units of catalase solution, add 100 L of 50,000 units catalase solution to
10 mL water. Such a solution must be freshly prepared each time.

Preparation of peroxidase solution: Add 0.022 mg of peroxidase to 5 mL
water in a 10 mL glass bottle, then mix up by shaking gently. This solution can be
used for two weeks by keeping it in a refrigerator. Add 250 L of the peroxidase
solution to approximately 100 mL of p-hydroxyphenyl acetic acid solution.

NaOH solution: Prepare a fresh 0.6 M NaOH solution.

Preparation of standard H,O; solution: Original HyO, (30 %; KANTO
Chemical Co., Japan) was considered as 10 M, then 1 mL of that H,O, solution
was used to prepare 100 mM H>0O,. The 100 mM H,O, solution was then diluted
to concentrations of 0, 100, 200, 300, 500, and 1000 nM, as standards for H,O»
determination.

Preparation of standard ROOH solution: Original peracetic acid (9 % in
diluted acetic acid; KANTO Chemical Co., Japan) was considered as 1 M, then
10 mL of that peracetic acid solution was used to prepare 100 mM ROOH. The
100 mM solution was then diluted to concentrations of 0, 100, 200, 300, 500, and
1000 nM as standards for ROOH determination.

2.2 Analytical Procedure

A flow injection apparatus should be used, of which a scheme is provided in Fig. 6
(Sakugawa et al. 2000; Fujiwara et al. 1993). The instrument shown consists of
an auto sampler (TOSOH, model AS8020), fluorescence detector (Shimadzu:
RF-10AXL), plunger pump (Sanuki Ind. Co., model 4P2U-4016), and recorder
(Shimadzu: C-R5A Chromatopac) (Fig. 7) (Fujiwara et al. 1993).

Fluorescence detector

Pump (ml/min) Sample (100 pl) (Ex/Em=320/400 nm)
Triple connector
Carrier MQ 050 > Waste
water Auto-sampler
Results output
0.6 M NaOH 0.12
Recorder: Chromatopac

Fig. 7 Modified flow diagram for measuring HO, and ROOH concentrations in natural waters.
Data source Fujiwara et al. (1993)
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The flow lines were made of Teflon tubing (i.d. = 0.5 mm). After filling up with
carrier ultrapure water and 0.6 M NaOH solution, all flow lines should be freed
from air bubbles before starting. The fluorescence detector should be set at Ex/
Em = 320/400 nm, and the zero level of fluorescence recorded. After completion
of the baseline one should set again the fluorescence level to zero, then the analysis
can be started. After completion of the measurements, before turning off the plunger
pump, one should wash the flow lines. In particular, the NaOH line should be
flushed with water and the outgoing flow should be checked for pH until neutrality.

In sample preparation, 1 mL sample in a Teflon or glass container is first
treated with catalase (20 pL, 500 units mL~') in order to decompose all the HyO»
present (Eq. 2.2), shaking well for a few seconds and keeping still for six min-
utes. This solution can be used as a blank. Moreover, | mL of the same sample
where catalase is replaced with 20 L of ultrapure water is used to obtain the sig-
nal from H,O,. Fluorescence can be induced upon addition (300 L) of peroxi-
dase mixed with p-hydroxyphenylacetic acid. The difference in the fluorescence
values (Ex/Em = 320/400 nm) between samples treated with catalase and those
without the enzyme will provide the estimate of HyO; concentration. Calibration
can be carried out by use of the external standards already described (Fig. 8a).
A typical example of calibration curves for standard H,O, and peracetic acid

Fig. 8 A typical example of 200000 (a)
calibration curve for aqueous
solutions of standards 160000 -
H,0, (a) and peracetic acid
(CH3000H) (b) measured 1200004
using this fluorometric .
method =2
2 800004
<)
3
& 40000 y =33.4760x + 17372.1980
£ ) R® = 0.9999
g 0 S —
= 0 1000 2000 3000 4000 5000
o)
2 Standard H,O, (nM)
‘F 25000
8
S (b)
g 20000
-
<
15000
10000 ¢
y =30.2738x +9410.5676
2
50004 R? =0.9990
0 T T T T 1
0 100 200 300 400 500

Standard CH,OOOH (nM)
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(CH3000H) is reported in earlier studies (Fig. 8). For ROOH measurement,
50,000 units mL~! catalase solution was used to decompose nearly all of the
ROOH in the samples during the same six minute reaction. In this way it is possi-
ble to provide only the signal of the background DOM or water fluorescence. The
fluorescence-developing reagent is peroxidase mixed with p-hydroxyphenylacetic
acid also in this case. The difference between the fluorescence measurements
using 500 and 50,000 units mL~! of catalase (decomposition of HyO, alone and
of H,O, and ROOH, respectively) provides an estimate of the ROOH concentra-
tions in the samples. Also in this case it is possible to use the external standards
for calibration (Fig. 8b).

The production of HyO; and ROOH in water samples is normalized as a function
of natural sunlight using the following (Eq. 2.3) (Mostofa and Sakugawa 2009):

Do _NB.Is) X T(Hy04,1xe)

T'(Hy02,15) = (2.3)

D@-NB,ixe)
where ¥(H,0,,15) 1s the rate of HyO; production, corrected for the intensity of nat-
ural sunlight (at noon under clear-sky conditions, on 6 July 2004 at Hiroshima
University Campus), in natural water samples and standard DOM materials,
Do.nB1sy and D.yB ey are the degradation rates of 2-NB (2-nitro-benzalde-
hyde) estimated using the intensity of natural sunlight and the adopted irradiation
device, respectively, and r(#, 0,,1xe) is the observed HyO; production rate under the
adopted irradiation device.

The production rate of H,O; in irradiated water samples can be determined
from the net production of H>O, (final concentration minus initial concentration)
measured for the initial 60 min of the irradiation period. The rate of HyO, gen-
eration is then normalised to sunlight intensity with (Eq. 2.3). The normalised
rate of H,O» production of a specific fluorescent DOM component (identified by
parallel factor modeling on DOM) is estimated on the basis of its fluorescence
intensity observed in waters and can be determined using (Eq. 2.4) (Mostofa and
Sakugawa 2009):

Flriipom) X rrs

TFi(DOM) = Flgs 2.4)

where rr; (pom) is the normalised production rate of H,O; of an identified fluo-
rescent DOM component in natural waters, Flgpou) is the fluorescence intensity
of the identified fluorescent DOM component in natural waters, Flgg is the fluo-
rescence intensity of the relevant standard substance in the aqueous solution, and
rgs 1s the normalised production rate of H,O; of the relevant standard substance
in solution. Finally, percentages of each identified DOM component contribut-
ing to the rate of production of H,O, are calculated using the following (Eq. 2.5)
(Mostofa and Sakugawa 2009):

FFi(DOM) x 100 (25)

F; =
HDOM) Tnet(DOM)
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where Fjpom) is the contribution percentage to the normalised net H»O»
production rate in the water (%) by each identified fluorescent DOM compo-
nent, rripom) is the normalised H,O, production rate generated by each identi-
fied DOM component, and rpeqpom) is the whole, normalised net HyO, production
rate in the water samples. The percent contributions of unknown sources of H,O»
in the water samples are estimated using a simple formula: Fxnown = 100—
(Fpa + Frryp + Forners)- In the formula, the sum of the normalized H,O» pro-
duction rate of FA-like substances (Ffa), tryptophan-like substances (Frgyp), and
other organic substances if any (Forgggs) is subtracted from the normalised, net
H>O; production rate that is assumed as 100 %.

2.3 Advanced Analytical Method for H>O; Determination
in Natural Waters

Theory: This method is based on the Fenton reaction, where H,O; reacts with
Fe?* in acidic solution to yield HO®. The latter is scavenged by an aromatic com-
pound (e.g. benzene) to produce the respective phenolic compound (e.g. phenol)
according to the following reactions (Egs. 2.6, 2.7) (Olasehinde et al. 2008; Lee
et al. 1994; Liu et al. 2003):

H,0, + Fe?*t — Fe*™ + HO® + OH™ (2.6)
HO® + C¢Hg — CgHsOH 2.7

where the rate constant of the first reaction (Eq. 2.6) is k = 63 at pH 3, 1.2 x 10?
at pH 4 and 5.7 x 10> M~! s~! at pH 5, respectively (Kwan and Voelker 2002).
Phenol produced by the second reaction (Eq. 2.7) is determined by high perfor-
mance liquid chromatography (HPLC) with fluorescence detector (Olasehinde et
al. 2008). The amount of phenol produced is directly proportional to the H>O»
concentration present in the sample solution.

Based on this theoretical framework, Olasehinde and his co-workers
(Olasehinde et al. 2008) developed a new method for the measurement of H,O» in
the aqueous solution, which is highly sensitive and simpler than any other enzy-
matic process applied earlier to natural waters. The chemicals preparation, ana-
lytical procedure and HPLC instrumentation for this method are depicted below
(Olasehinde et al. 2008):

Chemicals preparation

Benzene stock solution: 2 x 1072 M benzene solution is prepared by adding
88.8 WL of 99.7 % benzene in 50 mL of ultrapure water.

Fe?* solution: A 0.1 M Fe?* solution is prepared by dissolving 1.39 g ferrous
sulphate pentahydrate into 50 mL of 0.07 M H,SOj4 solution.

H>S0y4 solution: A 3.0 M sulphuric acid stock solution is prepared by diluting
16.3 mL of 98 % H,SO4 to 100 mL with ultrapure water.
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H,0, standard solution: A 1 x 102 M H,0, standard stock solution is
prepared by diluting 1.0 mL of 30 % H>0, to 100 mL with ultrapure water. The
concentration of HyO; is determined based on the molar extinction coefficient at
240 nm (e = 38.1 L mol~! ecm~!) (Miller and Kester 1988).

HPLC system: An HPLC-fluorescence system is adopted. The separa-
tion is carried out on a RP-C18 column with acetonitrile—water mixture as elu-
ent. Tentative elution conditions are (CH3CN/H,O 40/60 v/v) at a flow rate of
1 mL min~! (note: optimal conditions may vary depending on the actual system
adopted). For the detection of phenol, the fluorescence detector is operated at 270
and 298 nm for excitation and emission, respectively.

Analytical procedure: 3.0 mL of water sample (natural water or standard
H>0,) is first treated with 200 pL of 2 x 10~2 M benzene in a 5 mL amber vial
and then mixed by gently shaking. It is then added 50 WL of 0.1 M Fe?t in 0.07 M
H>SOy4 solution, waiting 5 min at room temperature for completion of the Fenton
reaction. The final pH of the solution should be adjusted to ca. 4 with addition of
sulphuric acid solution. It can be noted that the rate constant of the Fenton reac-
tion is much higher at pH 4 to 5 than at pH 3, thus the reaction can be conducted
in these pH ranges. An aliquot of the solution (e.g. 150 L) is then injected into
the HPLC system for analysis. Phenol and benzene are separated by reverse-phase
chromatography. The standard phenol and H>O; concentrations might be 0, 100,
200, 300, 500 and 1000 nM, and can be prepared freshly by diluting their stock
solutions. The H>O», concentration is determined by calibration of the peak areas
of phenol produced in each standard solution against the HoO, concentration of
the sample. It can be noted that the addition of 10 wM NO,™ to the water samples
shows no significant interference on the fluorescence intensity of phenol. In con-
trast, addition of 50 uM NO,~ to the samples decreases the fluorescence intensity
signal of phenol by almost 40 %.

3 Mechanism of Production of H,O,; and ROOH
in Natural Waters

3.1 Photoinduced Formation of H,O; and ROOH

H>0; and ROOH are photolytically produced by several pathways in the aquatic
environments. First, HyO, and ROOH are photogenerated by chromophoric or flu-
orescent dissolved organic matter (CDOM or FDOM) in aqueous media (Cooper
and Zika 1983; Mostofa and Sakugawa 2009; Moore et al. 1993; Richard et al.
2007; Baxter and Carey 1983; Clark et al. 2009; Cooper et al. 1989a, b; Dalrymple
et al. 2010). A second pathway is linked with the redox cycling of transition metal
ions in aqueous media (Moffett and Zika 1983; Moffett and Zika 1987a, b). An
additional process is the intracellular HoO formation in chloropigments in aquatic
organisms (Lobanov et al. 2008; Hong et al. 1987; Bazanov et al. 1999). Finally,
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various chemical reactions cause the production of H,O, and ROOH in the gase-
ous and aqueous phases in the atmosphere.

In the gas phase, HoO, and ROOH compounds are formed through several
chain reactions (Egs. 3.1-3.5) as a combined effect of solar radiation on organic
substances, nitrogen oxides (NOy), and oxygen (O) (Sakugawa et al. 1990, 1993;
Zuo and Hoigné 1992, 1993). The relevant processes are shown below:

RCHO + hv 3 2RO® + CO (R = H, methyl, alkyl, etc) (3.D
NO3~ 4+ HCHO — HNO; + HO,® + CO (3.2)
HO,* + RO,* — H,0, + 0, (3.3)

HO,* + HO»* — H,0, + 0, (3.4)

HO»* 4+ RO,* — ROOH + 0, (3.5)

In atmospheric waters the formation and decomposition of H,O, is mechanis-
tically different compared to the gas-phase reactions (Eqgs. 3.6-3.9). A general
scheme can be expressed as follows below (Sakugawa et al. 1990):

HO»*(aq) + 02-29H,0, (aq) 4+ 0> + OH™ (3.6)
HSO3;™ + H,0,(aq) + HY — SO4>~ 4+ 2H* + H,0 (3.7
H,0,(aq) + HO®*(aq) — H>O + HO;,*(aq) 3.8)
H,0;(aq) + hv — 2HO®(aq) (3.9)

H>0; is also formed by photodecomposition of Fe(Ill) complexes with oxalic,
glyoxalic and pyruvic acids, under the typical acidic conditions that can be found in
atmospheric waters (Zuo and Hoigné 1992, 1993; Faust et al. 1993. A general mech-
anism for the formation of H>O; via this route is reported below (Egs. 3.10-3.12)
(Sakugawa et al. 1990; Kim et al. 2003):

Fe(II)-L 4+ hv — Fe(I) + L*® (3.10)
L®* 4+ 0y — 03° + oxidizedL (3.11)
0,*” +2H" — H,0, + 0y (3.12)

In (Egs. 3.10, 3.11), Fe(IlI)-L is a complex of Fe(Ill) with an organic ligand,
hv is the energy of a photon, and L* is the organic radical of L. Superoxide ion
(02°7) is a major intermediate in many O»-mediated oxidations, such as the well-
known Haber—Weiss mechanism of iron oxidation (Haber and Weiss 1934).

In natural waters, the main sources of HyO» are fulvic acid (FA), humic acid,
tryptophan amino acid, fluorescent whitening agents (DSBP and DAS1) and their
photoproducts, as well as various unknown organic substances belonging to DOM
(Mostofa and Sakugawa 2009). There is evidence that Hy O, may be a photoprod-
uct of reaction chains involving dissolved organic matter (DOM) components in
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the presence of dissolved oxygen under natural sunlight (Egs. 3.13-3.18) (Mostofa
and Sakugawa 2009; Moore et al. 1993; Richard et al. 2007; O’Sullivan et al.
2005; Cooper et al. 1988; Clark et al. 2009; Fischer et al. 1985; Fischer et al.
1987; Power et al. 1987; Cabelli 1997). In these chain reactions, the functional
groups of DOM absorb photons and are promoted to the singlet excited states
('DOM™). The latter can undergo intersystem crossing (ISC) and be converted into
the triplet states CDOM”) (Eq. 3.13). The reaction of oxygen with photo-excited
DOM might generate the superoxide radical anion (0,°7) (Eq. 3.14) in equilib-
rium with its conjugate acid perhydroxyl radical (HO»®) (Eq. 3.15). Both O,°~
and HO,* disproportionate to form H>O, (Egs. 3.17 and 3.18, respectively). The
scheme of the reaction chain is reported below:

DOM + hv — 'DOM* 5 3pOM* (3.13)

3SDOM* 4+ 0, — DOM® + 0,°~ (3.14)

0,*” +H" — HO,* pK, =4.8 (3.15)

20,°" = 0,7 +0; pK, =< 0.35M " !s7! (3.16)
HO»* + HO»* — H,0, + 0, k=8.6 x 10°M !5~ (3.17)

HO,* 4+ 0,*~ + H,0 — Hy0, + 0, + OH™ k=1.0 x 108M~ s~ (3.18)

The reaction of HO,®* with O,°~ (Eq. 3.28) is faster than that of HO,® with
HO,* (Eq. 3.17), and the termination reaction of two O,°~ radicals is too slow to
be significant (Clark et al. 2009). The acidic constant of HO,® (pK, = 4.8) sup-
ports the generation of the perhydroxyl radical (HO,®) in coastal waters (Clark et
al. 2009; Cabelli 1997). Therefore, the steady-state concentrations of O,*~ and
H>0; (Eq. 3.18) are the result of the photoinduced activity of DOM components
in sunlit surface freshwater and oceanic environments, as well as in other aque-
ous media (Inoue et al. 1982; Cooper et al. 1994; Millington and Maurdev 2004).
DOM?** is susceptible to further photoinduced degradation by photoinduced gen-
eration of hydroxyl radical, and the relevant pathways are depicted in the DOM
degradation chapter (see chapter ‘Photoinduced and Microbial Degradation of
Dissolved Organic Matter in Natural Waters”). It can be noted that the excitation
of DOM would involve its functional groups (chromophores or fluorophores) that
are the easiest to be excited. Therefore, the reactivity of DOM toward H,O; pro-
duction will often resemble that of simple photoactive organic molecules. Recent
evidence highlights that DOM can form complexes with trace elements by a strong
ni—electron bonding system (Mostofa et al. 2009a, b). The metal-DOM complexes
are susceptible to undergoing rapid photoinduced excitation that would finally
result into the production of H,O».

In studies mimicking the process of intracellular H,O, formation, it has been
found that the synthetic analogues of chlorophyll, metal complexes of porphy-
rins and phthalocyanines, act as photoactive species that produce H,O; under
irradiation in aqueous solutions saturated with dioxygen (Lobanov et al. 2008;
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Hong et al. 1987; Bazanov et al. 1999). The highest photoinduced activity has
been reported for porphyrin and phthalocyanine complexes with metals such as
Mg, Zn, Al, and Cd (Komissarov 2003; Vedeneeva et al. 2005), which can typi-
cally produce long-lived triplet excited states (lifetimes up to 1 ms) with a high
quantum yield (60-90 %) (Parmon 1985). Photosynthetically produced organic
matter (e.g. algae) can enhance the production of H,O» by natural sunlight in
aquatic ecosystems (Zepp et al. 1987). It can be hypothesized that the photoin-
duced and microbial assimilation of algae produce autochthonous fulvic acid
and other DOM components (Mostofa et al. 2009b; Fu et al. 2010; Mostofa et
al. (Manuscript In preparation), which may induce H,O; photoproduction by the
pathways already described for DOM.

In natural waters, ROOH compounds are formed upon photodegradation of
DOM (including both CDOM and FDOM) via pathways that also induce the pro-
duction of HyO, (Mostofa and Sakugawa 2009; Sakugawa et al. 1990; Faust and
Hoigne 1987; Perkowski et al. 2006). A generalized chain-reaction scheme for
the formation of ROOH from DOM in natural waters can be depicted as follows
(Egs. 3.19-3.24):

H,0, 4+ hv — 2HO® (3.19)
DOM** + HO®* — R® +H* (3.20)

R* 4+ 0, — RO,* (3.21)

RO,* + 0,*” + H" — ROOH + 0, (3.22)
RO,*® + R* — ROOR (3.23)

RO,* + RO,* — ROOR + O, (3.24)

First, the photodecomposition of H,O, generates the hydroxyl radical, HO®
(Eq. 3.19), which subsequently oxidizes DOM or DOM** (the latter is formed by
SDOM* and O, see Eq. 3.20) to form the organic radical R® (Eq. 3.20) (Mostofa
and Sakugawa 2009). Afterwards, R® reacts with O, to form the organo peroxide
radical RO,® (Eq. 3.21). The reduction of RO;°®, e.g. by 0,°~, can form ROOH in
natural waters (Eq. 3.22) whereas 0,°~ is formed using (Eq. 3.14). Organic radi-
cals (R® and RO»®) can rapidly associate with one another (Eq. 3.23), and organo
peroxide radicals can combine (Eq. 3.24) to terminate the chain reactions. The ter-
mination reactions (Eqgs. 3.23, 3.24) are competitive with (3.21, 3.22), which leads
to complicated reaction kinetics (Perkowski et al. 2006).

Oxidation—reduction of transition metal ions is an important pathway for the for-
mation of organic peroxides in natural waters. A general mechanistic scheme for these
oxidation—reduction chain reactions (Eqs. 3.25-3.27) can be expressed as follows:

First, oxidation of the metal ions (M"T) forms the superoxide radical anion
(02°7) (Eq. 3.25). Oo°~ then combines with H* or with an alkyl ion (RT=HT,
positively charged alkyl group, etc.) to form an hydro-peroxide or organo-peroxide
radical (RO2°, R = H or alkyl group, Eq. 3.26). RO,° can then associate with H'
or a metal ion (M®™*+D+)_ to form ROOH (where R = H or an alkyl group) and a
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further oxidized M®™*+2* jon (Eq. 3.27). Therefore, formation of O,*~ is an impor-
tant step in the generation of organic peroxides in natural waters.

M™ 4+ 0, - M®*D 4 0,°~ (M = Fe?t, Cu™, etc) (3.25)
0,*” +R" — RO,* (R = H'/CHT, etc) (3.26)

RO,* + MU+ 4 g — ROOH + M™* (R=H'/CH]) (3.27)

3.2 Microbial Formation of H,0; and ROOH

H>0, and ROOH compounds are typically produced under dark incubation by microbial
activity in natural waters (Fig. 2) (Palenic and Morel 1988; Moffett and Zafiriou 1990;
Vermilyea et al. 2010a, b). They are susceptible to be formed by several biological pro-
cesses. Biota is thought to be the main source of dark HO, and ROOH production in
natural waters (Fig. 2b) (Paradies et al. 2000; Forman and Boveris 1982). For instance,
dark production of H>O; in seawater is particle-dependent and the production rates are in
the range of 0.8-2.4 nM h~! (Moffett and Zafiriou 1990). Recent studies demonstrate the
high dark production rate (29-122 nM h™!) of H,O; in several lake waters (Vermilyea
et al. 2010). Moreover, HyO, and ROOH may be formed extracellularly by marine phy-
toplankton or cyanobacteria (Palenic and Morel 1988; Zepp et al. 1986). Extracellular
H05 can be produced under dark conditions by enzymatic reduction of oxygen at the
cell surface (Palenic et al. 1987) and upon oxygen reduction by other electron trans-
port chains. The latter include the mitochondrial reduction of oxygen followed by HyO»
diffusion out of the cell (Forman and Boveris 1982; Frimer et al. 1983). Also the auto-
oxidation of organic material may produce H,O, and ROOH in the aquatic environment
(Stevens et al. 1973). In seawater, H»O, may be produced by particle-dependent and
light-independent microbial processes (Moffett and Zafiriou 1990). For example, a net
H,0, production (dark production minus dark consumption) of 1-3 nM h™! has been
observed at 40-60 m in an in situ experiment conducted in the Sargasso Sea (Palenic
and Morel 1988). Finally, ROOH compounds are produced in bulk natural-water DOM
by light-independent microbial processes (Fig. 2) (Sakugawa et al. 2000). For example,
net ROOH production has been observed in both filtered and unfiltered river waters (2b),
while H,O» is merely produced in filtered river waters (Fig. 2a). ROOH compounds are
typically more concentrated in deep seawaters than in surface waters (Sakugawa et al.
2000).

4 Factors Controlling the Production and Decay of H,O»
and ROOH in Natural Waters

Concentration levels of HoO, and ROOH as well as production rates of H,O, dif-
fer in a variety of natural waters (Table 1). The magnitude of the H,O, production
decreases from coastal waters to open oceans (Zika et al. 1985a, b; Fujiwara et al.
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1993). The influence of riverine fluxes having high DOM plays an important role
in the production of H>O; in coastal seawaters. The lowest H,O, concentration
was seasonally detected in southern oceans (5-25 nM), which was 10 to 20 times
lower compared to other oceanic environments (Table 1). The major factors behind
the low H,O; concentration in the southern ocean are thought to be: (i) Low inci-
dent solar intensity and penetration efficiency in the surface water layer (Zika et
al. 1985), solar irradiance being a major factor for the photoinduced formation of
H>0; in natural waters. (ii) Water temperature that is normally below <5 °C in the
southern ocean. (iii) Vertical mixing (Johnson et al. 1989). (iv) DOC concentration
(Zika et al. 1985a, b). (v) Distinct latitude or solar zenith angle, considering that
H>0O; photoproduction decreases with increasing apparent-noon solar zenith angle
(Sikorsky and Zika 1993a, b).

Therefore, the production and decay of H,O, and ROOH and their lifetimes
in the aquatic environment (Table 1) generally depend upon a complex set of fac-
tors, which can be distinguished as: (1) Effects and variation of solar radiation;
(2) Contents and molecular nature of DOM; (3) Presence of phytoplankton, algae
and microbes; (4) Photodegradation; (5) Photosynthesis; (6) Photolytic and chemi-
cal processes; (7) Physical processes; and (8) Precipitation (e.g. rain).

4.1 Effects and Variation of Solar Radiation

Solar radiation is one of the key factors in the generation of HyO, and ROOH in
natural waters (Mostofa and Sakugawa 2009; Obernosterer et al. 2001; Richard
et al. 2007; Rusak et al. 2010; Holm-Hansen et al. 1993). The diurnal cycle of
H>0,, where an increase of solar radiation intensity increases the production of
H>0; and vice versa, is a typical example of the strong dependence between solar
intensity and H,O, generation (Fig. 6). It has been estimated that the production of
H>0; and ROOH is usually higher by several times in the summer season than in
the winter one. Production of HyO» is higher in summer by 55-79 % in upstream
waters, 162-364 % in polluted waters, and 137-146 % in clean river waters. In
the case of ROOH the summer production is higher by 116-240 %, 521-1322 %,
and 244-550 %, respectively, compared to the winter one. Such effects are mostly
considered to be the effect of variation in solar intensity, which is much higher in
the summer season (by 84 %, 32 %, and 216 %, respectively) compared to win-
ter during a sampling day (Fig. 9) (Mostofa and Sakugawa 2009). Therefore, an
increase in solar intensity would enhance the production of H,O» in aqueous solu-
tion (Mostofa and Sakugawa 2009).

The solar intensity is highly variable in different regions. In the subtropical
zone, ultraviolet (UV) B radiation (280-320 nm) is stable, but it is much higher
(~ten fold) than that in the Antarctica (Holm-Hansen et al. 1993). Depletion of the
stratospheric ozone layer increases the ground-level UV B radiation in the polar
regions (Crutzen 1992) as well as at temperate latitudes (Stolarski et al. 1992).
H,0O; formation is largely dependent on the radiation wavelengths (Obernosterer
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Fig. 9 Seasonal variations of the HyO, (a) and ROOH (b) concentrations in the waters of the
Kurose River and Ohta River in the Hiroshima prefecture, Japan. The error bar indicates the
standard deviation of seasonal average value of peroxides. Mean values labelled with different
letters are significantly different at P < 0.05 (Fisher’s 1.s.d. analysis). Data source Mostofa and
Sakugawa (2009)

et al. 2001; Richard et al. 2007), and the contribution of UV-B, UV-A and pho-
tosynthetically active radiation (PAR) is 40, 33 and 27 %, respectively (Richard
et al. 2007). Production of H,O, at vertical depths depends on the penetration
of solar radiation, and decreases with an increase in depth of lakes or oceans
(Obernosterer et al. 2001). A model study on a freshwater stream shows that the
H>O; concentrations over time significantly depend on photoinduced production
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rates from ultraviolet-B (UVB), UVA and photosynthetically active radiation
(PAR), and loss rates from temperature-dependent and temperature-independent
processes (Rusak et al. 2010). The retrieved model terms confirm that H,O» is pro-
duced by both UVB and UVA radiation. These results demonstrate that changes
in solar radiation reaching the study site are closely correlated with the observed
seasonal pattern in HyO; concentrations in the water (Rusak et al. 2010).

4.2 Production and Decay Affected by Contents
and Molecular Nature of DOM

The production and decay of H,O, and ROOH in natural waters are signifi-
cantly affected by the total contents and molecular nature of DOM (Mostofa and
Sakugawa 2009; Scully et al. 1995). An increase in standard Suwannee River
Fulvic Acid (SRFA) contents in aqueous solution increases the photoinduced pro-
duction of H>O,, but the production of ROOH decreases with an increase in SRFA
concentration. It is suggested that the photoinduced generation of HyO, depends
on the total contents of DOM components in natural waters. It is demonstrated that
the production rates of HyO; are greatly different for a variety of waters, and the
production rates for various standard organic substances are also widely variable
(Table 2). The photoinduced generation of H,O, by natural waters and standard
organic substances is generally much higher at short irradiation times (60 min),
after which it often decreases. Such an effect has been observed in upstream
waters as well as in aqueous solutions of Suwannee River Fulvic Acid (SRFA),
Suwannee River Humic Acid (SRHA), tryptophan, DSBP and DAS1, during photo
experiments carried out with a solar simulator (Fig. 1a, b) (Mostofa and Sakugawa
2009). The production of HyO; and its disappearance for prolonged irradiation
times has suggested two important phenomena. Firstly, H>O; is initially generated
as a consequence of the excitation of highly efficient functional groups of organic
substances. These groups are effectively excited and transformed by solar radia-
tion, after which the effectiveness of the functional groups to yield H,O, gradually
decreases. This effect, combined with consumption processes, causes a decrease of
H>0O; concentration at the end of the long-term irradiation period. Secondly, H,O»
produced upon irradiation is photolytically converted to HO®, which can degrade
the parent organic substances and yields a variety of photoproducts in the aqueous
solution (Southworth and Voelker 2003; Kramer et al. 1996; Legrini et al. 1993;
von Sonntag et al. 1993; Corin et al. 1996; Schmitt-Kopplin et al. 1998; Wang et
al. 2001; Leenheer and Croué 2003). These results suggest that the photoinduced
generation of H»O, and ROOH depends on the molecular nature of DOM com-
ponents in natural waters. The relationship between DOC concentration and pro-
duction rates of H,O, (Fig. 10) shows that the rate is higher for upstreams and
groundwater, and increases non-linearly with an increase of DOC concentration
in rivers (Fig. 10) and lakes (Scully et al. 1996). It can be considered that the
highly reactive DOM is photolytically and rapidly degraded into photoproducts in



180 K. M. G. Mostofa et al.
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stagnant lake or seawaters or during the transportation of water from the source
to the lake or ocean (Moran et al. 2000; Mostofa et al. 2005a, 2007a, b; Wu et al.
2005). Indeed, previous photoprocessing is a likely reason for the photostability of
DOM sampled in surface lake environments (Vione et al. 2009). H,O, production
is less efficient in the presence of DOM from lake or seawater, which suggests that
the generation of hydrogen peroxide depends also on the nature and not only on the
total amount of DOM in natural waters. Therefore, H>O, production follows the
order: upstreams > groundwater > rivers > lake > coastal sea > open ocean.
Fluorescent DOM (FDOM) or chromophoric DOM (CDOM) plays an active
role in the generation of H,O, and ROOH in natural waters (Table 1) (Mostofa and
Sakugawa 2009; Obernosterer et al. 2001; Fujiwara et al. 1993; Moore et al. 1993;
O’Sullivan et al. 2005). It can be noted that CDOM or FDOM moieties undergo
rather efficient photoionization under sunlight (Wu et al. 2005; Senesi 1990). For
example, a significant correlation has been observed between fluorescence inten-
sity (FI) of fulvic acid and the photoproduction of hydrated electrons (Fujiwara
et al. 1993). Similarly, the production rates of HxO; are highly correlated with
the fluorescence of fulvic acid present in river (Mostofa 2005) and lake waters,
rather than with DOC concentrations (Scully et al. 1996). Moreover, the produc-
tion of H,O, by a variety of river waters is highly different due to a variation in
their DOM components such as fulvic acid, fluorescent whitening agents and
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tryptophan-like compounds (Mostofa and Sakugawa 2009). Thus, production of
H>0; and ROOH significantly depends on the molecular nature and composition
of FDOM or CDOM rather than on DOC concentration.

4.3 Production and Decay Affected by Phytoplankton,
Algae and Microbes

Production and decay of H»O, and ROOH are greatly influenced by marine
phytoplankton, algae and microbes. Two phenomena are involved. First, marine
phytoplankton, algae and microbes may produce autochthonous DOM, which is
then involved into the photoinduced or microbiological (the latter being highlighted
under dark incubation) generation of H,O, and ROOH compounds in natural waters.
Second, the decay of HO, and ROOH compounds may be caused by catalase, per-
oxidase and superoxide dismutase produced by phytoplankton, algae and microbes.

A variety of marine organisms or phytoplankton can produce or excrete
organic compounds such as riboflavin (Dunlap and Susic 1985; Mopper and
Zika 1987), amino acids including tryptophan, proteins, carbohydrates and satu-
rated and unsaturated fatty acids (McCarthy et al. 1997; Rosenstock and Simon
2001; Nieto-Cid et al. 2006). All of these organic compounds are photolytically
reactive. For example, 1 nM riboflavin added to seawater can produce approxi-
mately 10 nM H>O, (Mopper and Zika 1987), and tryptophan can produce H>O;
at a rate of 648 nM h~! in aqueous media (Table 2). The organisms, 10° cocco-
lithophorid cells L™!, can produce H,O; at a rate of 1-2 nM h~! in oligotrophic
waters (Palenic et al. 1987). Production of HyO> by the eukaryotic phytoplankton
species Hymenomonas carrterae is induced by amino acid oxidation by cell-sur-
face enzymes (Palenic et al. 1987). The photorespiration cycle of phytoplankton
involves production of H,O» during glycolate oxidation (Lehninger 1970), which
can be expressed as follows (Eq. 4.1):

CH,OHCOOH + 0, ***"“$"*** cHocooH + H,0, (D)

The rate of photorespiration increases with high light intensity, possibly as a
way to dissipate the excess light energy (Harris 1979), but its exact role is unclear
(Ogren 1984).

The exposure of algae suspensions to sunlight can produce H,O» ((Johnson et
al. 1989; Collen et al. 1995; Zepp et al. 1987), possibly by photoinduced excita-
tion of DOM released under photo- and microbial assimilation of algae (Mostofa
et al. 2009b; Medina-Sanchez et al. 2006; Fu et al. 2010; Takahashi et al. 1995;
Maraiion et al. 2004). This hypothesis is supported by the fact that the HO; pro-
duction from algal suspensions is low in the initial two hours of irradiation, and is
greatly increased with further irradiation (Zepp et al. 1987). It can be assumed that
the high production of H,O; after two hours occurs because of the photodegrada-
tion of organic substances newly released from algal suspensions in the reaction
media during the initial irradiation period. For example, the production rates of
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H,0, due to sunlight effects on algae are 0.04—1.7 x 10° M h~! for five algae at a
concentration of 0.097-1.0 x 1073 mg m= Chl a (Zepp et al. 1987).

4.3.1 Mechanism of Microbial Decomposition of H;O; and ROOH

Decay of peroxides (H2O, and ROOH) by phytoplankton, algae and microbes is a
reverse effect of peroxide production in natural waters. Peroxides (HHOOH, H' = H
or R) may be decomposed by catalase, peroxidase and superoxide dismutase, pro-
duced by phytoplankton, algae and microbes to generate energy for their growth
and to eliminate excessive intracellular levels of HyO, and O,°~ (Fujiwara et al.
1993; Moffett and Zafiriou 1990; Zepp et al. 1987; Mostofa et al. (Manuscript in
preparation); Wong et al. 2003). Such a decomposition effect induced by phyto-
plankton, algae and microbes would usually occur constantly, until the concen-
tration of peroxides reaches a minimum level that would afford inefficient further
decomposition. Catalase enzymatically activates the peroxides (H/OOH") to use
them as oxidants (electron acceptors) and reductants (electron donors). Afterwards,
disproportionation of activated H'OOH" converts them into water or alcohols and
oxygen. A reaction scheme (Eqs. 4.2, 4.3) for the decomposition of peroxides by
catalase can be generalized as follows (Moffett and Zafiriou 1990):

H'OOH + Catalase — H'OOH* + Catalase” (4.2)
2H'OOH* + Catalase” - H — O —H + O, + Catalase (4.3)

where Catalase” is the activated state of catalase.

Peroxidase enzymatically activates the peroxides (H/OOH") to detoxify them
to HyO or any other end product. As reducing species it uses organic compounds
(H2R) other than H'OOH. A reaction scheme (Egs. 4.4, 4.5) for the decomposition
of peroxides is presented below (Moffett and Zafiriou 1990):

H'OOH + Peroxidase — H'OOH* + Peroxidase” (4.4)

H' OOH*+ HyR + Peroxidase® > H —O—H + H— O — H + R + Peroxidase
4.5)

where Peroxidase” is the activated state of peroxidase. It has been shown that the
percentage decay of HyO, was 65-80 % by catalase and 20-35 % by peroxidase, as
estimated by isotopic measurements in seawater (Moffett and Zafiriou 1990). The
sources of catalase and peroxidase in natural waters are bacteria and marine phyto-
plankton (Kim and Zobell 1974), but these enzymes are also part of the dissolved
organic matter (Serban and Nissenbaum 1986). Similarly, chloroplasts have a per-
oxidase-mediated H>O; scavenging system (Tanaka et al. 1985). Natural marine
peroxidases are also capable of catalyzing H>O,-mediated halogenation reactions
in the oceanic environments (Theiler et al. 1978; Baden and Corbett 1980). The
decay of H,O» is usually low (12 % after 5 h incubation) in upstream waters due to
the presence of few bacteria (some 10° cells mL~"), and much higher in polluted
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Fig. 11 The decay of peroxides by the occurrence of bacterial incidences in upstream and pol-
luted river waters with an addition of standard 1,000 nM of H,O» (a) and 1,000 nM of peracetic
acid (b) under dark incubation in NK system BIOTRON at controlled temperature (21 °C). Con-
trolled or sterilized samples (addition of 2 % solution of HgCl,) conducted under the same condi-
tion and same incubation period. Data source Mostofa et al. (Manuscript in preparation)

rivers (74 %) where the bacteria are more numerous (of order 10° cells mL~1)
(Fig. 11a). Similarly, the decay of peracetic acid (ROOH) was 40 % and 85 %,
respectively (Fig. 11b). The initial degradation rate is roughly double for ROOH
(peracetic acid) than for HyO», thus the concentrations of ROOH found in rivers
are generally lower than those of H>O». It is suggested that ROOH compounds are
chemically unstable and more reactive than H>O; in natural waters (Mostofa and
Sakugawa 2009). Therefore, enzymatic or microbial degradation of peroxides is a
rapid process that may control the steady-state concentrations of both HyO; and
ROOH compounds in natural waters (Fujiwara et al. 1993; Cooper and Zepp 1990;
Zepp et al. 1987; Serban and Nissenbaum 1986; Tanaka et al. 1985).

It has been shown that the algal-catalyzed decomposition of HyO, under dark
conditions is second-order overall, first-order with respect to HpO, and first-
order with respect to the algal biomass (Petasne and Zika 1997; Zepp et al. 1987,
Cooper and Lean 1992). The median second-order rate constant for nine algae is
approximately 4 x 1073 m? (mg Chl @)~! h~!. Natural levels of the blue-green
Cyanobacterium sp. can greatly increase the decay rates of H,O», which follow a
second-order rate constant of 3.5 x 10710 L cell”! h~! (Petasne and Zika 1997).
Similar kinetics has been observed for Vibrio alginolyticus, in which case the
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decay of H,O, was second-order overall, and first-order in both HyO; concentra-
tion and number of bacterial cells (Cooper and Lean 1992). Such a kinetic can be
expressed as follows:

Rate = —d [H;0;] /dt = k; [H,0;] [Number of bacterial cells]  (4.6)

where ky = 1.6 x 1072 mL cell”!min~!. The freshwater bacterium Enterobacter

cloaceae showed a similar rate constant, kp = 1.5 x 1072 mL cell™! min~!.

4.4 Production and Decay by DOM Photochemistry

Photodegradation of DOM depends on the incident light intensity, which is
directly linked to the production of H»O, and ROOH through photoinduced reac-
tions in natural waters (Cooper and Zika 1983; Moore et al. 1993; Baxter and
Carey 1983). For example, H,O» concentration gradually increases with irradia-
tion time in natural waters as well as in aqueous solutions of standard organic sub-
stances (Fig. 3) (Obernosterer et al. 2001; Cooper et al. 1988). Similarly, a 10-20
times lower H,O» production was observed in river waters during the cold season
compared to summer, and in the Southern Ocean in Antarctic regions (5-25 nM)
compared to other oceanic environments, respectively (Fig. 9; Table 1). The photo-
degradation of DOM is greatly influenced by the stratospheric ozone hole events,
particularly in Antarctic waters. The ozone hole can increase the fluxes of solar
ultraviolet radiation (UVR, 280-400 nm), which may substantially enhance the
photoinduced generation of reactive species (HO, ROOH, HO®, etc.) in natu-
ral waters (Yocis et al. 2000; Rex et al. 1997; Qian et al. 2001). For example, a
decrease in stratospheric ozone from 336 to 151 Dobson units during an ozone
hole event resulted in an increase by 19-42 % in the production of H>O; at the sur-
face of Antarctic waters (Yocis et al. 2000). An increase in ozone hole events can
thus cause a higher degree of DOM photodegradation upon generation of highly
reactive free radicals.

4.5 Production and Decay by Photosynthesis

As a result of photodegradation of DOM, along with the production of H,O, and
ROOH compounds, several other photoproducts such as CO,, CO or other forms
of dissolved inorganic carbon (DIC = sum of dissolved CO,, H,CO3, HCO3™,
and CO3%7), low molecular weight (LMW) DOM, and thermal energy, E (£) are
simultaneously produced in natural waters (Mostofa et al. 2009; Wu et al. 2005;
Amador et al. 1989; Moran and Zepp 1997; Wang et al. 2009; Xie and Zafiriou
2009. A general scheme (Eq. 4.7) for the photodegradation of DOM can be
expressed as follows (Mostofa et al. 2009a, b):

DOM + hv — H0, + CO,/CO/DIC + LMW DOM + E (£) (4.7)
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H>0; and CO; that are simultaneously produced by DOM photodegradation
can take part to photosynthesis, to form carbohydrate-type compounds (Eq. 4.8)
(Mostofa et al. 2009a, b):

xCOyn,0) + yYH200H,0) + hv — C; (H20)y 4+ O+ E(%) 4.8)

2H,0;+ photo (hv) or biological processes — O+ 2H,O or unknown oxidants
4.9)

where Cx(H2O)y (Eq. 4.8) represents a generic carbohydrate. In natural waters,
H>0; acts as a key component together with carbon dioxide (CO;) to form carbo-
hydrates and oxygen through photosynthesis (Eq. 4.8). The formation of oxygen in
the photosynthesis process might also occur via either H,O; disproportionation or
biological processes (Eq. 4.9) (Komissarov 2003; Moffett and Zafiriou 1990; Liang
et al. 2006; Buick 2008). Note that the contribution of HyO; decay is 65-80 % by
catalase enzyme and 20-35 % by peroxidase enzyme, respectively, as estimated
by isotopic measurements in seawater (Moffett and Zafiriou 1990). E (&) is the
energy produced during photosynthesis. The new concept of photosynthesis was
firstly hypothesized in plants by Komissarov (1994, 2003). He proposed that inter-
action of CO3 in air and H>0», instead of H>O, may form carbohydrate in plants. It
is interesting to note that during the diurnal cycle, H,O, production is the highest
at noon time, thereby simultaneously causing the maximum production of CO; or
DIC due to photodegradation by H>O; or photoinduced generation of HO®. The
new reaction mechanim for photosynthesis (Eq. 4.2) will be discussed in details in
photosynthesis chapter “Photosynthesis in Nature: A New Look™.

It is demonstrated that microbial consumption is the dominant sink of oce-
anic carbon monoxide (CO), and that the rate constant (kcg) of microbial CO
consumption is positively correlated with chlorophyll a (Chl a). It is suggested
that Chl a concentration can be used as an indicator of CO-consuming bacterial
activity in natural waters (Xie et al. 2005). Photodegradation and photosynthesis
may be important in natural waters with high contents of DOM; photodegradation
induces the production of CO; and peroxides, which would in turn favor photo-
sysnthesis in the aquatic environments. This would lead to the multiplication of
algae, small aquatic plants and phytoplankton. For example, high algal production
is operational in some Chinese Lakes during the summer season, which might also
be an effect of high DOM photodegradation that favor photosynthesis in lake eco-
systems (Mostofa et al. 2009b).

4.6 Production and Decay by Photolytic and Chemical
Processes

Production of H,O, and ROOH by photolytic processes may involve their pho-
toinduced formation from DOM under natural sunlight, as explained earlier. The
decay of peroxides by photolytic processes (Moffett and Zafiriou 1990; 1993;
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Petasne and Zika 1997) may follow two pathways. First, photolytic decomposi-
tion of HyO; can occur in seawater (e.g., filtered Vineyard Sound waters) to
yield O;. The photodecomposition was approximately 5 % of the correspond-
ing photoproduction (Moffett and Zafiriou 1990). However, HyO> decomposition
typically does not occur in oligotrophic seawater after 2 h of irradiation. This sug-
gests that the contaminants associated with HyO; synthesis in Vineyard Sound
samples might be susceptible to the photolytic decomposition of H,O, (Moffett
and Zafiriou 1990). Second, H>O, and ROOH can photolytically form free radi-
cals (R’'OOH + hv — RO* + HO® where R’ = H or R). For example, ROOH
compounds are lower in surface seawater than in the deeper layers (Sakugawa
et al. 2000). The ROOH compounds are negatively correlated with solar intensity
(Sakugawa et al. 2000). This suggests that ROOH may be decomposed by pho-
tolytic processes in surface seawater. This result can be justified by the observa-
tion of a significant correlation between H»O, and HO® generated photolytically
in experiments conducted on river waters, standard Suwannee River Fulvic Acid
and DASI using a solar simulator Mostofa KMG and Sakugawa H (unpublished),
which indicates the photoinduced formation of HO® from H»O,. Therefore, decay
of peroxides by photolytic processes is a typical phenomenon that may signifi-
cantly occur in natural waters.

Formation of H,O, and ROOH by chemical processes may include several
chain-reactions among various reactant species (Egs. (3.2-3.5, 3.10-3.12, 3.27).
The decomposition of peroxides by chemical processes may involve the Fenton
reaction (HyO, + Fe** — Fe’™ 4+ HO® + OH™) (Fenton 1894), photo-Fenton
reaction (H,Os + Fe?™ + hv — Fe’* + HO® + OH™) (Zepp et al. 1992), photo-
ferrioxalate reaction (Fel'(C,04) + Hy0, + hv — Fel(C,04) + HO® + OH™)
(Safazadeh-Amiri et al. 1997) and other chain reactions (Egs. 3.7, 3.8, 3.16). Free
radical oxidation of H,O; by transition metal ions is one of the most important
chemical decomposition processes of H,O» in natural waters (Jeong and Yoon
2005; Fenton 1894; Millero and Sotolongo 1989).

4.7 Physical Mixing Processes

The rates of production and decay of peroxides may be influenced by physical pro-
cesses, such as the mixing by strong waves in the surface mixing zone (Mostofa
KMG and Sakugawa H, unpublished; Scully et al. 1998). Physical mixing by
strong waves can facilitate the contact of the reactants and increase the reaction
rates. For example, the production rate of H,O, was increased by mechanical stir-
ring during irradiation of seawater (86 nM h~!) and standard Suwannee River
Fulvic Acid (445 nM h™!) samples, compared to the same samples that were not
stirred (51 and 211 nM h™!, respectively). The photoexperiments on site were car-
ried out with a solar simulator Mostofa KMG and Sakugawa H (unpublished).
Mixing phenomena can contribute to the relatively elevated H,O» concentration
that is often observed in the mixing zone or in the upper surface layers of lake or
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seawater (Johnson et al. 1989; Sakugawa et al. 2000; Sikorsky and Zika 1993a,
b; Scully et al. 1998). Similarly the vertical convective overturn, which is usu-
ally caused by nocturnal cooling in the upper lake or ocean, may greatly decrease
the surface H,O, concentration through distribution in the whole water column
(Johnson et al. 1989; Sarthou et al. 1997; Yuan and Shiller 2001).

4.8 Salinity Effect on Production of H;0;

The photoproduction of H,O, significantly increases with salinity in natural
waters (Osburn et al. 2009). The generation of H»O» upon irradiation of ultrafil-
tered river DOM substantially increases from 15 to 368 nM h~! with increasing
salinity at circumneutral pH values (Osburn et al. 2009). The increase in HyO»
production with salinity has a linear trend (Eq. 4.10) (Osburn et al. 2009):

H,0, (M) = 83.15 x salinity —69.16 (r> = 0:99, p = 0: 001,n = 10)
(4.10)

The apparent quantum yield of H,O, photoproduction from ultrafiltered river
DOM, Qhp, also increases with salinity from 1.64 X 1074 to 37.02 x 1074
(Osburn et al. 2009).

The mechanism of high production of H,O, with salinity is not well docu-
mented in ealier studies. It is hypothesiszed that hydrated electrons (eaq ™) are con-
siderably formed in ionic (saline) solution under irradiation. This phenomenon can
substantially increase the production of superoxide radical (0,°”) and, through
disproportionation, of H,O, in aqueous solution. This is evidenced by the pho-
toinduced formation of aqueous electrons (e,q~) from organic substances and by
their high production in NaCl-mixed solutions compared to pure (Milli-Q) water
(Fujiwara et al. 1993; Gopinathan et al. 1972; Zepp et al. 1987b; Nakanishi et
al. 2002; Assel et al. 1998; Richard and Canonica 2005). In the presence of high
salinity it was also observed a significant increase of CDOM loss (10-40 %) and
high photoelectrochemical degradation of methyl orange (~48 % increase in 0.5 M
NaCl) (Osburn et al. 2009; Zhang et al. 2010). The mechanisms behind the high
photoinduced reactivity of DOM with salinity are discussed in details in other
chapters (see chapters “Colored and Chromophoric Dissolved Organic Matter in
Natural Waters” and “Fluorescent Dissolved Organic Matter in Natural Waters”).

4.9 Production Affected by Precipitation

Precipitation in the form of e.g. rain greatly increases the peroxide concentra-
tions in natural waters (Sakugawa et al. 1995; Avery et al. 2005; Cooper et al.
1987; Yuan and Shiller 2000). This might be caused by the mixing of highly
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concentrated H>O» in rainwater, where the measured levels are 0-110,600 nM
in Europe, 17,000-199,000 nM in Brazil, 30—-120,000 nM in the USA, 500-
34,000 nM in Canada, 24-56,400 nM in Japan and 3,500-82,000 nM in marine
areas (Table 1) (Lazrus et al. 1985; Cooper and Lean 1989; Hellpointner and
Gib 1989; Sakugawa et al. 1990, 1993, 2006; Hewitt and Kok 1991; Cooper and
Lean 1992; Yuan and Shiller 2000; Miller et al. 2008). ROOH concentrations in
rainwater are 400-1600 nM in Europe and 60-6500 nM in the USA (Table 1)
(Hellpointner and Gib 1989; Sakugawa et al. 1993; Hewitt and Kok 1991). The
levels of H,O, and ROOH in rainwater (Table 1) usually show some common
trends. First, there are strong diel variations with highest concentrations in the
afternoon and lowest ones in the night time and in the early morning. Second,
high variations are observed between summer and winter, which are presumably
caused by high light intensity in summer that induces elevated H>O, produc-
tion. Rain drops may scavenge H,O, and ROOH generated in the gas phase or
within cloud droplets. Because of the observed diel trend, daytime precipitation
might be a more important source of peroxides to natural waters compared to the
nighttime one.

5 Significance of H;O; and ROOH in the Aquatic
Environment

H>O, and ROOH compounds are uncharged, non-radical active oxygen species
that may act as oxidants and reductants in natural waters. These features of perox-
ides are also of importance for their use in chemical reactions and in our daily life.
The main effects of HyO, and ROOH can be distinguished as: (1) Natural puri-
fiers in natural waters; (2) Photo-Fenton reaction for the decomposition of organic
pollutants; (3) Indicators of microbial changes in bulk DOM; (4) Function as a
redox agents in aqueous solution, (5) Medical treatment and commercial uses;
(6) Growth of terrestrial vegetation by rainwater H»O, and ROOH; and
(7) Oxygen evolution in photosynthesis.

5.1 Natural Purification in Aquatic Ecosystems

H>0, and ROOH compounds are powerful oxidants, which can directly oxi-
dize the DOM or other reactants in natural waters (Draper and Crosby 1984; Ho
1986; Samuilov et al. 2001). Peroxides are formed photolytically from DOM in
natural water, and their productions reach maximum at noon time. The photoin-
duced generation of HO® from peroxides can degrade organic pollutants or DOM
(Gao and Zepp 1998; Brezonik and Fulkerson-Brekken 1998; Goldstone et al.
2002), which accounts for the role of HyO, and ROOH as purifiers in natural
waters.
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5.2 Photo-Fenton Type Reaction for Decomposing
Organic Pollutants

One of the key applications of HyO» is its use in the degradation of organic pollut-
ants in the wastewater treatment industry by means of Fenton’s reaction (Fe?* and
H»0,), photo-Fenton reaction (UV/Visible-Fe?t/H,0,, A < 580 nm), UV/Visible-
ferrioxalate/H>O; reaction and ozone with HyO; (Zepp et al. 1992; Voelker et al.
1997; Fenton 1894; Safazadeh-Amiri et al. 1997; Glaze and Kang 1989; Tizaoui et
al. 2007). Among many other applied technologies, these four are major commer-
tialized technologies.

5.3 Indicators for Microbial Modification of Bulk DOM

ROOH compounds are significantly produced in natural waters under dark conditions
(Figs. 1 and 2) and are more concentrated in deep seawater than in the surface layer
(Sakugawa et al. 2000). Net ROOH formation (dark production minus dark con-
sumption) is observed in both filtered and unfiltered river waters (Fig. 2). In contrast,
net H>O; formation is only observed in filtered waters. The microbial modification
of bulk DOM can yield ROOH compounds in natural waters. Microbially-induced
changes in the bulk DOM composition are in agreement with the observation of a red
shift of the fulvic acid-like fluorescence (peak C) with an increase in fluorescence in
deeper lake or seawaters (Hayase and Shinozuka 1995; Mostofa et al. 2005; Moran et
al. 2000). Therefore, dark production of organic peroxides could be a useful indicator
for the microbial modification of bulk DOM in aquatic environments.

5.4 Function of H,0; as an Oxidizing-Reducing Agent
in Aqueous Solution

On the basis of the reduction potential V, the oxidizing agents in aqueous solution can
be classified according to the following order: Fluorine (V = 3.0) > Hydroxyl radi-
cal (HO®) (V = 2.8) > Ozone (V = 2.1) > Peracetic acid (ROOH) (V = 1.8) > H,O»
(V = 1.8) > Potassium permanganate (V = 1.7) > Hypochlorite (V = 1.5) > Chlorine
dioxide (V = 1.5) > Chlorine (V = 1.4) (Buettner 1993).

H>0;, and ROOH compounds act as intermediates in the reduction of oxygen in
natural waters. They can act as oxidants or reductants in their reactions with metal
ions (Moffett and Zika 1987a, b). For example, Ho O, and ROOH compounds can
oxidize Cu(I) and Fe(Il) in natural waters (Moffett and Zika 1987a, b), a process
that can be schematically generalized as follows:

M"t + ROOH — M®D+ 4 R'O*+ OH™ (R'= HorR) (5.1
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M"t + R'O* + HY — M®™tD+ 4+ R'OH (5.2)

On the other hand, the reduction of Cu(Il) and Fe(Ill) by H,O, and ROOH
compounds (Moffett and Zika 1987a; Moffett and Zika 1987) can be generalized
in the following scheme:

R'OOH = H' + R'O; (R' =HorR) (5.3)
MO+ 4 R'O; — M™F 4+ RO, (5.4)
HO,* = H* 4+ 0, (-5
MOFDF 1 0,0 - M™ + 0O, (5.6)

These reactions have already been verified for various chemical and biochemical
processes in natural waters.

5.5 Medical Treatment and Commercial Uses of H,0;

H>O; therapy is commonly used in bio-medical sciences. The singlet oxygen
atoms produced from H>O; in the human body (H,O, — Hy0 + Oj) can kill or
severely inhibit the growth of anaerobic organisms (bacteria and viruses that use
carbon dioxide for fuel and leave oxygen as a by-product) (Gorren et al. 1986).
Bacteria and viruses do not have an enzyme coating, thus they are easily oxidized
by O;. Application of H,O; is particularly effective for asthma, leukemia, multi-
ple sclerosis, degenerative spinal disc disease, high blood pressure and wound care
(Gorren et al. 1986; Nathan and Cohn 1981). In addition, H,O; is widely used to
bleach textiles and paper products, in processing foods, minerals, petrochemicals,
consumer products (detergents), and in some daily uses such as cleaning and sani-
tizing the kitchen, soaking the toothbrush to prevent transfer of germs, cleaning
vegetables and fruits for freshness and good taste.

5.6 Growth of Terrestrial Vegetation by Rainwater’s H,0>
and ROOH

High concentrations of H,O, (0-199000 nM) and ROOH (60-6500 nM) in rain-
water (Table 1) should be able to promote photosynthesis in plants and algae
(Komissarov 1995, 2003; Mostofa et al. 2009a, b). The detailed mechanism in that
regard has been discussed in photosynthesis chapter (see chapter “Photosynthesis
in Nature: A New Look”). The occurrence of HyO, and ROOH in rainwater could
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thus contribute to the good health and efficient growth of plants. However, high
concentrations of HyO» (50-100 wM) in the presence of iron (Fe) and oxalate can
generate HO® that would decrease the plant productivity and growth (Kobayashi et
al. 2002). Furthermore, the ability of HoO, and ROOH compounds to act as anti-
bacterial and anti-fungal agents additionally suggests that an optimal level of per-
oxides could play a positive role toward good health and efficient growth of earth’s
plants.

5.7 Role of H,0; in Oxygen Production by Photosynthesis

Photosynthetic O, evolution involves different stages that carry out a gradual accu-
mulation of oxidizing equivalents in the Mn-containing water-oxidizing complex
(WOC) (Samuilov et al. 2001). The WOC can exist in different oxidation states
(Sp, where high n indicates the most oxidised states), which can be probed by
addition of different redox-active molecules. The interaction of H>O, with the
S states of the WOC is depicted in the scheme below (Fig. 12) (Samuilov et al.
2001):

Eo=1.77V
H,0, + 2H* 21,0
S, TS R e—
0, + 2H* 0, o Sy
By 171V 2 H,0, + 2H*
Ey=0.69 V

Fig. 12 Different oxidation states of HoOj and its interaction with the S states of the water-
oxidizing complex. Data source Samuilov et al. (2001)

6 Impacts of H;O; and ROOH in Natural Waters

H>0;, and ROOH compounds are uncharged and non-radical active oxygen spe-
cies, and capable of acting as oxidants and reductants in chemical reactions
in natural waters. These properties have some impact on the aquatic organisms,
which can be listed as follows: (1) Acid rain; (2) Inhibition of photosynthetic elec-
tron transport in cells of cyanobacteria; (3) Effect of H,O, on bacterial growth
in waters; and (4) Impact of H,O, on microbial quality of recreational bathing
waters.
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6.1 Acid Rain

H>0;, and ROOH compounds are key components in the conversion of dissolved
sulfur dioxide (SOy) to sulfate (SO4>7) or sulfuric acid (HSO4) in atmospheric
clouds (Sakugawa et al. 1990; Zuo and Hoigné 1993). Sulfuric acid (SO427) can
be formed in cloud drops by reaction of HSO3~ with H,O, (Eq. 3.7) and is a
major contributor to acid precipitation to the earth surface.

6.2 Inhibition of Photosynthetic Electron Transport in Cells
of Cyanobacteria

H>O», can control a large number of stages of cell metabolism, including those
involved in the induction of programmed cell death (Samuilov et al. 2001). H,O»
can inhibit growth at concentrations as low as 1075-10~* M under the conditions
of a dialysis culture (Samuilov et al. 2001). H»O; can inhibit the photosynthetic
electron transport in cells of cyanobacteria (Samuilov et al. 2001, 2004). It can
also destroy the function of the oxygen-evolving complex (OEC) in some chlo-
roplasts and photosystem II preparations, causing release of manganese from the
cyanobacterial cells, which inhibits the OEC activity.

6.3 Impact of H>O; on Bacterial Growth in Aquatic
Ecosystems

Bacterial growth has a seasonal variability, reaching the maximum in spring to
early summer and greatly decreasing in summer, e.g. when water temperature in
lakes becomes higher than 25.5 °C (Zhao et al. 2003). Sunlight inactivates bacte-
ria in seawater (Fujioka et al. 1981), which suggests that some photoinduced pro-
cesses may be involved. The bacterial abundance is commonly affected by water
temperature (Zhao et al. 2003; Darakas 2002), but the latter is directly connected
with solar radiation that can generate strong oxidizing agents such as peroxides
(H0, and ROOH), O," ~ and HO®. These reactive species can reduce the activity
of the catalase, peroxidase and superoxide dismutase enzymes present in bacterial
cells, DOM, algae and phytoplankton. Bacterial cells protect themselves from the
oxidizing species (H2O,, 02" ~ and HO®) by adjusting the level of their enzymes
(Chance et al. 1979). An experimental study conducted on marine invertebrates
suggests that HyO;-scavenging enzymes can protect against external photodynamic
effects and internal respiratory by-products (Dykens 1984). It can be assumed that
the activity of the enzymes in dealing with the external effects would decrease their
ability to scavenge the internal by-products, with harmful effects for the organisms.
Low levels of HyO; (~100 nM) affect oxidative stress to bacteria in coastal waters
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by increasing the concentration of the catalase enzyme. The diurnal periodicity of
catalase activity matched the diurnal changes of H>O; (Clark et al. 2008; Angel et
al. 1999). The effects of HyO, and peroxides can be particularly important during
the summer season when their levels are higher. Moreover, ozone hole events in
Antarctic waters may greatly increase photodegradation processes that can gener-
ate reactive free radicals and peroxides, with a damaging influence on biogeochem-
ical cycles in Antarctic waters (Diffey 1991; Smith et al. 1992; Randall et al. 2005).

6.4 Impacts of H,0; on Microbial Quality of Recreational
Bathing Waters

Microbial water quality is assessed from the concentration of fecal indicator bacteria
(FIB) because of their adverse health effects (Cabelli et al. 1979; US Environmental
Protection Agency 2000; Wade et al. 2003. Frequent FIB contamination episodes in
the surf zone resulted in multiple beach closures in the USA (Boehm et al. 2002). It is
shown that elevated levels of HyO,, ROOH, superoxide (O;' ) and hydroxyl radical,
photolytically produced, can cause damage and cell lysis in microorganisms. This
may result into high FIB mortality in recreational bathing waters (Gonzalez-Flecha
and Demple 1997; Weinbauer and Suttle 1999; Mitchell and Chamberlin 1975; Clark
et al. 2008). It is estimated that approximately ~100 nM of H>O» can cause oxidative
stress to bacteria in waters (Angel et al. 1999). Diurnal cycles of FIB mortality in the
surf zone (Clark et al. 2008; Boehm et al. 2002), which well resemble the diurnal
cycle of HyO3, suggest that the FIB mortality may be linked to the photoinduced gen-
eration of HyO, and ROOH in sunlit surface waters.

7 Role of H>0; in the Origin of Autochthonous DOM
and of other Oxidising Agents

H>0; can contribute to the production of autochthonous DOM by different impor-
tant processes. First, it is involved in the photosysthesis process that is a major
source of organic matter (e.g. algae) (Mostofa et al. 2009a, b). The photoinduced
and microbial assimilation of organic matter, including algae, can produce autoch-
thonous DOM in natural waters (Mostofa et al. 2009b; Fu et al. 2010; Harvey
et al. 1995; Carrillo et al. 2002; Coble 2007; Yamashita and Tanoue 2004;
Yamashita and Tanoue 2008). Coherently, a correlation has been observed between
production of organic carbon and concentration of photolytically formed H>O»
(Anesio et al. 2005). The autochthonous production of DOM (Mostofa et al. 2005;
Yoshioka et al. 2002) is typically observed during the summer season, and a major
DOM component that is produced is autochthonous fulvic acid, often termed
sedimentary fulvic acid (Hayase and Tsubota 1985). Other produced compounds
include marine humic substances (Coble 1996, 2007), carbohydrates and unknown
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substances (Fu et al. 2010; Mostofa et al. (Manuscript In preparation); Hamanaka
et al. 2002; Hayakawa 2004; Farjalla et al. 2006).

Second, H,O,, formed photolytically from water using UV radiation, can
react with CO, under abiogenic conditions to produce various organic substances
(CH,0, HCOOH, CH30H, CHy, and CgH2O¢; Eqs. 7.1-7.5, respectively) in the
aqueous solutions (Lobanov et al. 2004). The reactions between H>O, and CO; as
well as their thermodynamic parameters such as enthalphy changes (AH®) and the
Gibbs free energy changes (AGY) are mentioned as follows (Lobanov et al. 2004):

H,0, 4+ CO, — CH,0 4+ 3/20, (7.1)

AH? = 465kJ, AGY = 402kJ

H>,O, + CO», — HCOOH + O, (7.2)

AH? = 172kJ, AG® = 166kJ

2H;0;, + CO,; — CH30H + 5/20; (7.3)

AH® = 530kJ, AG® = 464 k]

2H,0, + CO» — CH4 + 309 (7.4)

AH® = 649kJ, AG® = 580kJ

H,O, + COy — 1/6CcH 1206 + 3/20, (7.5)

AH? = 426kJ

Therefore, these organic substances produced photolytically may play an
important role in biogeochemical processes in natural waters.

Third, H,O; can react with nitrous acid to yield peroxynitrous acid, a power-
ful nitrating agent and an important intermediate in atmospheric chemistry (Vione
et al. 2003). The kinetics of the reaction is compatible with a rate-determining
step involving either H30,+ and HNO,, with rate constant 179.6 + 1.4 M~ ! s,
or H>O, and protonated nitrous acid, with rate constant 1.68 & 0.01 x 10 M~!
s~! (diffusion-controlled reaction) (Vione et al. 2003). Thus, H>O, might be a key
environmental factor in atmospheric oxidative chemistry.

8 Scope of the Future Challenges

The determination of HyO, and ROOH as well as their spatial-temporal varia-
tions, sources, production and decay mechanisms have been examined in natural
waters. Compared to HyO», relatively little attention is paid to the determination
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of ROOH compounds and their concentrations in natural waters. Investigations
based on the detection of ROOH would be crucial to improve the understand-
ing of the photoinduced processes along with H,O, generation in natural waters.
Limited attention is also devoted to what fractions of DOM are most involved
in the photoinduced production of peroxides in freshwater and marine environ-
ments. Other important research demands for future challenges are the following:
(1) Identification of the DOM components involved into the production of H,O» in
freshwater and marine water. (ii) Elucidation of the temperature and pH effect on
the production of HyO, and ROOH compounds by aquatic DOM components and
standard organic substances. (iii) Clarification of the correlation between diurnal
variations of HpO, and ROOH levels in natural waters and DOM concentration.
(iv) Investigation of the role of the photo-Fenton reaction in the production of per-
oxides in iron-rich waters. (v) Elucidation of the relationship between peroxides
and free radicals. (vi) Study of the dark production of HyO, and ROOH by phy-
toplankton, algae and bacteria in fresh and marine waters. (vii) Effect of variable
diurnal levels of H»O», on bacteria in DOM-rich waters. (viii) Detection of ROOH
compounds generated photochemically by standard organic substances in aqueous
solution and by DOM components in natural waters.

Problems

(1) Explain the nature and biogeochemical function of H,O, and ROOH in natu-
ral waters.

(2) Discuss the steady-state concentration of HoO, and ROOH in natural waters

(3) Explain how H>O; acts as REDOX agent.

(4) Explain the mechanisms of photoinduced generation of HyO, and ROOH in
the gas phase and in natural waters.

(5) How does fulvic acid photolytically produce H,O, and ROOH in natural
waters?

(6) What are the sources of HyO; in natural waters?

(7) What factors are involved in the diurnal cycle of HyO; production in natural
waters?

(8) Explain the controlling factors for the decay of H,O» and its decay mecha-
nism by biological processes in natural waters.

(9) What is the importance of H>O, and ROOH?

(10) Which is the impact of H>O» on organisms?

(11) What is the link between H>O», photosynthesis and the autochthonous pro-
duction of DOM in natural waters?

(12) How does H,O; differ chemically from ROOH?

(13) What is the principle of HyO, and ROOH measurement by the fluorometric
method?

(14) In a diurnal cycle in river water, the concentration of H,O, gradually
increased from 4 to 69 nM in the period from before sunrise to noon and
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then gradually decreased to 20 nM. What is the concentration of H,O»
accounted for by diurnal effects in the river waters?

(15) What is the steady state concentration of H,O» in natural waters? Find out
the production of H,O» in a natural water when its steady-state concentration
is 350 nM, microbial degradation 20 nM, and consumption by DOM photo-
degradation 30 nM.
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Photoinduced Generation of Hydroxyl
Radical in Natural Waters

Khan M. G. Mostofa, Cong-qiang Liu, Hiroshi Sakugawa, Davide Vione,
Daisuke Minakata, M. Saquib and M. Abdul Mottaleb

1 Introduction

Hydroxyl radical (HO®) is a short-lived free radical, and it is the most potent
oxidizing transient among the reactive oxygen species. It is an effective, nonselec-
tive and strong oxidant that is ubiquitously formed in natural sunlit surface waters
(rivers, lakes and seawater and so on), rain, dew, cloud, fog, snow, aerosol, and in
all living organisms. The HO® is photolytically formed from a variety of sources in
natural waters. The first experimental report of a reaction that is now known to pro-
duce HO® dates back to Henry John Horstman Fenton, who described the oxidation
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of Fe(Il) with H>O, in aqueous media (Fenton 1894). The Fenton’s reaction has
been studied by several researchers afterwards (Haber and Weiss 1934; Barb et al.
1951; Hardwick 1957; Wells and Salam 1967, 1968; Po and Sutin 1968; Skinner
et al. 1980; Rush and Bielski 1985; Moffett and Zika 1987a, b; Lloyd et al. 1997,
Kremer 1999; Lindsey and Tarr 2000). Haber and Weiss in 1934 firstly postulated
that the reactivity of the Fenton’s reagent is due to the generation of HO in aqueous
solution, and that Fe(II) acts as a catalyst for the decomposition of H,O; into HO®.
The Fenton’s reaction can be used to promote the oxidation of organic compounds
(Walling 1975) and has been widely studied to this purpose in the last 25 years
(Sychev and Isak 1995; Chen and Pignatello 1997; Gallard et al. 1998; Barbeni
et al. 1987; Lindsey and Tarr 2000; Kang et al. 2002; Pignatello et al. 2006).

Hydroxyl radical is also a photo-product of many photolysis reactions that
occur in natural waters (Zafiriou 1974; Zafiriou and True 1979a, b; Mill et al.
1980; Draper and Crosby 1981; Russi et al. 1982; Zafiriou et al. 1984; Cooper
et al. 1988; Mopper and Zhou 1990; Gjessing and Killqvist 1991; Dister and
Zafiriou 1993; Takeda et al. 2004; Vione et al. 2006, 2009a, b; al Housari
et al. 2010). In particular, HO® can be produced photolytically from NO,~
and NO3~ (Zafiriou and True 1979a, b; Russi et al. 1982; Takeda et al. 2004,
Zafiriou and Bonneau 1987; Zepp et al. 1987; Zellner et al. 1990; Brezonik and
Fulkerson-Brekken 1998; Mack and Bolton 1999) and upon irradiation of vari-
ous dissolved organic matter (DOM) components (Mill et al. 1980; Mopper and
Zhou 1990; Vaughn and Blough 1998; Holder-Sandvik et al. 2000). Hydroxyl
radical can be experimentally determined by use of selective probe molecules
such as cumene (isopropylbenzene) and pyridine in dilute solution, benzene, tere-
phthalic acid and and para-chlorobenzoic acid (»CBA) (Mill et al. 1980; Takeda
et al. 2004; Fang et al. 1996). The rate of HO® production mostly depends on the
quantity and quality of DOM, on the concentration of other chemical species such
as nitrate and nitrite, and on the pH of natural waters.

The chemical reactivity of the Fenton’s reaction (Fe?t and H,0») is signifi-
cantly increased by UV/Visible irradiation (A < 580 nm), which has for instance
been shown to enhance the mineralization of organic pollutants (Haag and
Hoigné 1985; Cooper et al. 1991; Zepp et al. 1992; Ruppert et al. 1993; Faust
1994; Voelker et al. 1997; Arakaki et al. 1998; Bossmann et al. 1998; Rossetti
et al. 2002; Zepp 2002; Southworth and Voelker 2003; White et al. 2003).
Similarly, the H;O,/UV process can produce HO® that can decompose organic
substances in aqueous solution (Draper and Crosby 1981; Zellner et al. 1990;
Hunt and Taube 1952; Baxendale and Wilson 1956; Volman and Chen 1959;
Ho 1986; Vel Leitner and Dore 1996; Berger et al. 1999; Wang et al. 2001;
Goldstein and Rabani 2008) as well as in ice (Chu and Anastasio 2005). An
advanced process that exploits the photo-Fenton system is the photo-ferrioxa-
late/H,0O; reaction, where UV/visible irradiation (A < 550 nm) is combined with
the presence of excess oxalate (Huston and Pignatello 1996; Safazadeh-Amiri
et al. 1996, 1997; Wu et al. 1999; Arslan et al. 2000; Nogueira and Guimaraes
2000; Emilio et al. 2002; Lee et al. 2003; Hislop and Bolton 1999; Jeong and
Yoon 2005). The HO® radical can also be generated in aqueous suspensions of



Photoinduced Generation of Hydroxyl Radical in Natural Waters 211

TiO,, which plays a key role in the heterogeneous photocatalytic degradation
of organic contaminants (Sun and Bolton 1996; Ullah et al. 1998; Konstantinou
and Albanis 2004). However, an important difference between TiO» photo-
catalysis and the other processes of HO® generation described before is that
the irradiation of TiO, mainly causes the production of surface-bound HO®
groups, which are somewhat less reactive than homogeneous HO® (Serpone
and Pelizzetti 1989). The hydroxyl radical has been detected in rainwater,
dew, cloud and fog (Arakaki et al. 1998, 1999a, b; Arakaki and Faust 1998;
Nakatani et al. 2001; Kobayashi et al. 2002), snow (Chu and Anastasio 2005;
Anastasio et al. 2007; Matykiewiczova et al. 2007), aerosols (Anastasio and
Jordan 2004), in aqueous extracts of cigarette tar (Zang et al. 1995), and in liv-
ing organisms (Buettner et al. 1978; Buettner 1987; Miller et al. 1990; Buettner
and Jurkiewicz 1996; Cadet et al. 1999; Bourdat et al. 2000; Paradies et al.
2000; Blokhina et al. 2003; Li et al. 2008). The HO® is rapidly consumed in
natural waters by the subsequent reactions with dissolved organic compounds
(Schuchmann and von Sonntag 1979; Neta et al. 1988; Westerhoff et al. 1999;
Goldstone et al. 2002; Miller and Chin 2002; Miller et al. 2002; Ervens et al.
2003) and several inorganic species (Zafiriou et al. 1984, 1987; Brezonik and
Fulkerson-Brekken 1998; Neta et al. 1988; Song et al. 1996).

The generation of HO® and its interaction with the dynamics of DOM and
nutrient as well as with aquatic organisms are very important in natural waters.
There are a number of factors that can control the production and consumption of
HO?® in that ecosystem. However, there is no general overview published on HO®
in natural waters. A short review by von Sonntag (2007) covers the formation of
free radicals and their reactions in aqueous solution.

This review will provide a general overview on sources, production mecha-
nisms, steady state concentration and biogeochemical functions of HO® in water
environment. This paper also discusses the analytical methods that can be adopted
to measure the photoinduced generation of HO®, the factors controlling its produc-
tion and decay, as well as the significance and impact of HO® in the aquatic eco-
systems. It is shown how the production of HO® differs among DOM components,
as well as between freshwaters and marine environments.

2 Hydroxyl Radical (HO*) and Other Free Radical Species

The hydroxyl radical (HO®) is the most powerful oxidizing agent among the
photolytically generated ones. It is a short-lived, highly reactive and non-
selective transient, able to oxidize dissolved organic substances and other
chemical species in natural waters. The oxidation potentials for a series of com-
mon oxidants in surface waters is as follows: Fluorine (E = 3.03 V) > HO®
(2.80 V) > Atomic oxygen (2.42 V) > Ozone (2.07 V) > Peracetic acid (ROOH)
(1.80 V) > H,O; (1.78 V) > Perhydroxyl radical (1.70 V) > Potassium permanga-
nate (1.68 V) > Chlorine dioxide (1.57 V) > Hypochlorous acid (1.49 V) > Chlorine
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Table 1 Oxidation potentials of major oxidants

Free radicals Oxidation potentials (E°)
V)
Fluorine 3.03
Hydroxyl radical 2.80
Atomic oxygen 242
Ozone 2.07
Hydrogen peroxide 1.78
Perhydroxyl radical 1.7
Permanganate 1.68
Chlorine dioxide 1.57
Hypochlorous acid 1.49
Chlorine 1.36

Data source Sun et al. (1997)

(1.36 V) whilst one (Table 1) (Sun et al. 1997). The oxidizing capacity of the
hydroxyl radical can be described in terms of its reduction potential (E), which
allows the comparison with other powerful oxidants (Buettner and Jurkiewicz 1996;
Buettner 1993; Ross et al. 1994). One-electron reduction potentials at pH 7.0 for
selected radical couples are 2.31 V for HO*, H/H,0; 1.60 V for RO", HY/ROH
(aliphatic alkoxyl radical); 1.00 V for ROO®, H*/ROOH (alkyl peroxyl radical);
0.92 V for GS*/GS™ (glutathione); 0.60 V for PUFA', H/PUFA-H) (bis-allylic-H);
0.59 V for HU™, HY/UH?" (urate); 0.48 V for TO", HY/TOH (tocopherol); 0.32 V
for HyO,, HT/H,0, HO"; 0.28 V for ascorbate™, Ht/ascorbate monoanion; 0.12 V
for Fe(IIHEDTA/Fe(INEDTA; and —3.30 V for O,/O;" (Buettner and Jurkiewicz
1996; Buettner 1993). The HO® reacts with organic compounds at close to diffusion-
limited rate constants, which are the fastest after equilibrium reactions and the rate
constants (kobs) for the reaction of the equilibrium mixture of ascorbic acid spe-
cies (AscHy/AscH/Asc?™ at pH 7.4) are 1.1 x 10 M~! 57! for HO"; 1.6 x 10°
M 57! for tert-Butyl alkoxyl radical (RO"); 1-2 x 10° M~ s7! for Alkyl peroxyl
radical, e.g. CH;00" (ROO); 1.8 x 108 M~! s~!for CICOO"; 6 x 108 M~! s7! for
glutathiol radical (GS"); 1 x 10°® M~! s~! for urate radical (HU™); 2 x 10° M~! s7!
for tocopheroxyl radical (TO"); 2 x 10° M~! s7! for dismutation (Asc™); 1.4 x 10°
M-! 57! for chlorpromazine radical action (CPZ™"); ~10*> M~! s! for Fe"EDTA/
Fel'EDTA; and 1 x 10° M! s7! for O,"7HO," (Buettner and Jurkiewicz 1996;
Buettner 1988; Ross et al. 1994). The HO" radical is formed by a variety of sources
such as NO;™ and NO3™ under UV irradiation, the Fenton and the photo-Fenton reac-
tion, the photo-ferrioxalate/H,0O, system and so on (Legrini et al. 1993). It is directly
responsible for a number of important biogeochemical functions in natural waters.
Among other radical species present in natural waters, organic peroxy radicals
(ROO°®) are intermediates formed photolytically and thermally from organic perox-
ides, or directly from the degradation of dissolved organic matter. These radicals
are short-lived and highly reactive transients. An important process that involves
ROO?® is the formation of new organic compounds upon rapid combination of
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peroxide radicals with organic substances in aqueous solution (Mill et al. 1980;
Mageli and Kolczynski 1966; Faust and Hoigne 1987; Blough 1988; Kieber and
Blough 1990; Sakugawa et al. 1990; Faust and Allen 1992; Mostofa and Sakugawa
2009). Furthermore, the thermal decomposition of organic peroxides can initiate
the polymerization of vinyl monomers or induce cross-linking of a polymeric sub-
strate upon formation of free radical sites on the polymer (Mageli and Kolczynski
1966). The overall (unspeciated) photostationary-state concentration of peroxyl
radicals in sunlit cloud and fog waters is around 1-30 nM (Faust and Allen 1992).

The superoxide radical anion (O;°") is the one-electron reduction product
of molecular oxygen. It is an early photoinduced and short-lived intermediate
that is formed in chemical reactions occurring in natural waters, where oxy-
gen acts as the ultimate electron acceptor (Jeong and Yoon 2005; Bielski et al.
1985; Petasne and Zika 1987; Zafiriou 1990; Micinski et al. 1993; Zafiriou et al.
1998; Millington and Maurdev 2004). It has been shown that the photoinduced
superoxide production rates are 0.1-6.0 nM min~' under full-sun irradiation in
spring, and 0.2-8.0 nM min~! in fall in a variety of Eastern Caribbean waters
(Micinski et al. 1993). A key reaction of O° is the production of HO; by dis-
mutation; hydrogen peroxide is then able to generate HO® by direct photolysis or
upon photo-Fenton type reactions in sunlit aqueous solutions (Cooper et al. 1988;
Micinski et al. 1993; Fischer et al. 1985). Interestingly, the organic complexes of
Cu as well as the copper-catalyzed dismutation (involving Cut and Cu®*) can be
significant sinks of photoproduced O,°" in seawater (Zafiriou et al. 1998; Voelker
et al. 2000).

The carbon dioxide radical anion (CO;*") is a short-lived and highly reac-
tive intermediate that is photolytically formed in the ferrioxalate reaction sys-
tem. It is a strong oxidizing agent that is able to oxidize metals and other
chemical species in aqueous solution. The CO;°*~ is formed photolytically (C,04°~

— COy* + COy; k =2 x 10° s7!) upon decomposition of the oxalyl radical
anion (C,04°"). The latter is produced by the photoinduced decomposition of the
highly photosensitive ferrioxalate complex [Fe(C204)3]>~ in aqueous solution
(Hislop and Bolton 1999; Jeong and Yoon 2004, 2005; Mulazzani et al. 1986). A
key role played by CO,*" is its ability to oxidize the metal ions, therefore affecting
the biogeochemical cycling of metal-containing species. These processes can have
an impact on the generation of HO® and of the superoxide radical anion in natural
waters (Hislop and Bolton 1999; Jeong and Yoon 2004, 2005; Wang et al. 2010).
Another potentially important process is the transformation of organic substances
induced by CO,*", which is formed photolytically from ferrioxalate complexes in
the aqueous solution (Huston and Pignatello 1996).

In addition, it has been reported that quinones photolytically produce species capa-
ble of hydroxylation (Alegria et al. 1997; Pochon et al. 2002; Gan et al. 2008; Maurino
et al. 2008; Maddigapu et al. 2010; Page et al. 2011). Some of these quinone-derived
hydroxylating species exhibit reactivity that is around one order of magnitude lower
than free HO® (Pochon et al. 2002; Gan et al. 2008). It is hypothesized that quinone-
derived hydroxylating species may contribute at least in part to the photoinduced HO®
production by DOM (Vaughn and Blough 1998; Page et al. 2011).
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2.1 Sources of HO"® in Natural Waters

The HO® radical is formed photolytically from various sources in natural waters. In
rivers, contributions to HO® photoproduction are 1-89 % from NO;~, 2-70 % from
NO3~, 1-50 % from H,O,, and 2-70 % from the photo-Fenton reaction and/or irra-
diated CDOM (Takeda et al. 2004; Vione et al. 2006; White et al. 2003; Page et al.
2011; Nakatani et al. 2007; Mostofa KMG and Sakugawa H, unpublished data).
Experimental studies show that DOM isolates from rivers may contribute up to 50 %
of the hydroxylation through production of H,O» (Page et al. 2011). The results dem-
onstrate that NO,~ is a key contributor (48-80 %) for HO® production in sewerage-
polluted river waters, but NO3™ can be a major contributor (1649 %) in clean river
waters. In seawater the major sources of HO® are 7-75 % from NO,", 1-8 % from
NOs~, 0-1 % from H>O,, and 24-93 % from unknown sources. These data were
obtained from a study carried out in Seto Inland and the Yellow Sea (Takeda et al.
2004). The formation of HO® from different sources in natural waters can be distin-
guished as: (i) the photolysis of nitrite and nitrate in the aqueous solution (Mopper
and Zhou 1990; Takeda et al. 2004; Zepp et al. 1987); (ii) the irradiation of CDOM
components via formation of H>O; in the aqueous solution. In this case the pro-
duction of HO® depends on the nature of the CDOM components (Fig. 1) (White
et al. 2003; Mostofa and Sakugawa 2009; Mostofa KMG and Sakugawa H,
unpublished data), but a useful correlation has been found between the forma-
tion rate of HO® and the content of dissolved organic carbon in different lake
water samples (Vione et al. 2006); (iii) the Fenton reaction (Fenton 1894; Walling
1975; Kang et al. 2002), the photo-Fenton reaction (Zepp et al. 1992; Arakaki
et al. 1998; Southworth and Voelker 2003) as well as the photo-ferrioxalate/H,O»
system in natural waters (Southworth and Voelker 2003; Safazadeh-Amiri et al. 1997;
Hislop and Bolton 1999); (iv) the direct photolysis of hydrogen peroxide, i.e. UV/
H,0; processes in aqueous solution (Draper and Crosby 1981; Wang et al. 2001). The
UV irradiation of natural waters can produce H,O; that further yields HO® (Gjessing
and Killgvist 1991; Cooper et al. 1996); (v) the reaction of hydroperoxide radical
(HO2*) with NO (HO2* + NO — HO® + NO3) (Sakugawa et al. 1990); (vi) the
photolysis of dimeric [Fe, (OH), (H20)8]4Jr species in aqueous solution (Langford
and Carey 1975); (vii) the photolysis of Fe'''(OH)?>* in aqueous solution. The gen-
eration of HO® upon photolysis of Fel(OH)?* is very efficient (quantum yield ~0.2),
but the Fe(IlT) hydroxocomplex is present in significant concentration only at strongly
acidic pH values that have little environmental significance(Jeong and Yoon 2005;
Pozdnyakov et al. 2000); (viii) the generation of singlet states of oxygen atoms ('Oy)
by ozonolysis, followed by reaction with H>O to form HO® (Hoigné and Bader 1978,
1979; Staehelin and Hoigné 1985; Takahashi et al. 1995); (ix) the reaction of O3 with
H»0; (peroxone process), which generates HO® (H,O, + 203 — 2HO® + 30,)
(Hoigné 1998); (x) the production of HO® by auto-oxidation of cytotoxic agents
(Cohen and Heikkila 1974); (xi) chemical effects of ultrasound, which can generate
HO?® in aqueous solution (Makino et al. 1983); (xii) ultrasound-induced cavitation
in aqueous solution, yielding HO® upon water splitting (H,O + ultrasound — HO®,
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Fig. 1 Photoinduced
generation of HO® from river
waters (a), various standard
organic substances (b)

and various (inorganic and
organic) chemical species

(c) in photoexperiments
conducted using a solar
simulator. Aqueous solutions
(1 mg L~") of standard all
organic substances are used
for production of HO radicals
in (b) and all chemical
species in (c) are adjusted to
100 WM. All data depicted in
these figures are calibrated
for natural sunlight on 6 July
2004 at Hiroshima University
Campus at noon under clear
sky conditions. Data source
Mostofa KMG and Sakugawa
H (unpublished data)

(a)

—~
=
~

HO' production (nM)

~
o
~

215

140007 - - -™- - - upstream water (KR1)
- --0-- - upstream water (KR2)
120001 —®—— downstream water (KR3)
—=&—— downstream water (KR4)
10000 |1 —&—— downstream water (KRS)
—2&—— downstream water (KR6)
80004 —9— Milli-Q water
6000
4000
2000
0 [l====="" g
0 30 60 180 360 600
1200 7 ---®--- SRFA
---0--- SRHA
1000 —&— Tryptophan
—&— Phenylalanine
800 T —&— DSBP
—2—DASI
600 —0— Milli-Q water
400
200
() == Y Y !
0 30 60 180 360 600
30000 T - - -®- - - Hydrogen peroxide
== =0~ = = Peracetic acid
—@—— Nitrite
25000 ——O—— Nitrate . R
—— Sulphate .
20000 1 —24—— Chloride -
—<— Milli-Q water
= = 2\ g ’%
0 30 60 180 360 600

Irradiation time (min)

H>0,, Hy) (Henglein 1987); (xiii) autooxidation of aqueous extracts of cigarette tar
(ACT), giving HO® in air-saturated, buffered aqueous solutions. It is thought that the
process is caused by the autooxidation of hydroquinone- and catechol-related species
in ACT (Zang et al. 1995); (xiv) photoinduced HO® production from aqueous suspen-
sions of algae(Li et al. 2008); and (xv) photoinduced HO® production can occur from
DOM, the reactive triplet states of which could be involved in oxidation of water and/
or OH™ and in the production of lower energy hydroxylating species that simulate
DOM reactivity (Alegria et al. 1997; Pochon et al. 2002; Gan et al. 2008; Maurino
et al. 2008; Maddigapu et al. 2010; Page et al. 2011; Maddigapu et al. 2011; Brigante

et al. 2010; Sur et al. 2011).
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2.2 Biogeochemical Functions of HO" in Natural Waters

The HO® is responsible for the occurrence of many important biogeochemi-
cal functions in natural waters: (i) photoinduced decomposition of DOM, which
causes the production of a number of low molecular weight (LMW) photoprod-
ucts. The latter are microbiologically labile and constitute a significant source of
carbon and energy to the microbial food chains, as well as an important pathway
for DOM turnover in natural waters (Zhou and Mopper 1990; Blough and Zepp
1995; Tranvik 1992; Moran and Zepp 1997; Bertilsson and Tranvik 1998; Mopper
and Kieber 2000; Mostofa et al. 2009a, b). However, despite the major role played
by HO® in the mineralization processes of organic pollutants in the framework of
the AOPs, the HO® is expected to contribute to a minor extent to the photomin-
eralization of natural DOM in surface waters (Vione et al. 2009); (ii) photoin-
duced production of low-molecular weight chemical species such as HyO; and
CO; (both dissolved and gaseous forms). These processes play some role in the
occurrence of photosynthesis, which produces algal biomass that is involved into
the generation of autochthonous DOM in natural waters (Mostofa et al. 2009a, b;
Komissarov 2003; Fu et al. 2010). However, the importance of such reactions is
limited by the relatively low generation rate of HO® in surface waters (Brezonik
and Fulkerson-Brekken 1998); (iii) photo-bleaching of DOM induced by solar
radiation in waters (Moran et al. 2000; del Vecchio and Blough 2002; Mostofa
et al. 2005, 2007); (iv) photodegradation of persistent organic pollutants, which are
usually recalcitrant to biological, chemical, and direct photodegradation in water
(Brezonik and Fulkerson-Brekken 1998; Haag and Yao 1992; Grannas et al. 2006;
Vione et al. 2009); (v) cycling of transition metal ions that can be oxidized by HO®
(Jeong and Yoon 2004; Faust and Zepp 1993; Kwan and Voelker 2002); (vi) use
of HO® in water treatment processes such as the Advanced Oxidation Technology
(AOT), to purify sewerage or industrial wastewater effluents, with the purpose of
controlling the organic pollution for sustainable development (Safazadeh-Amiri
et al. 1996, 1997; Kang et al. 2000); (vii) damage to macromolecules such as
DNA, proteins and lipids, membrane leakage, breakdown of the cellular metabo-
lism, and finally of tissues in biological systems. These processes can be induced
by the HO®, alkoxyl (RO®) and peroxyl (ROO®) radicals, which may be produced
by the autooxidation of biomolecules such as ascorbate, catecholamines or thiols
in organisms (Paradies et al. 2000; Blokhina et al. 2003; Berlett and Stadtman
1997; von Sonntag 2006).

2.3 Steady-State Concentration and Life-Time of HO*
in Natural Waters

The steady state concentration of HO® can be determined on the basis of its major
sources, which control the total photoinduced formation rate constants, and on sinks
or scavengers of HO® that control the total consumption rate constants in natural
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waters (al Housari et al. 2010; Brezonik and Fulkerson-Brekken 1998; Arakaki
et al. 1999b; Hoigné et al. 1989; Schwarzenbach et al. 1993; Nakatani et al. 2004).
DOM and carbonate are the major scavengers or sinks of HO® in freshwaters
(White et al. 2003; Nakatani et al. 2004), but in seawater the bromide (Br™) ions
are actually the main scavengers (Song et al. 1996; Nakatani et al. 2004; Zafiriou
et al. 1987). The steady-state concentration of HO® shows a large variability in
natural waters. Examples of concentration values reported in the literature are
(3.0-8.5) x 107! M in rivers (Brezonik and Fulkerson-Brekken 1998; Arakaki
et al. 1999b; Nakatani et al. 2004), (9.41 £ 0.12) x 1077 M to (1.72 £ 0.01) x 10~
16 M in estuarine waters (al Housari et al. 2010), 12 x 107!® M in coastal sur-
face seawater and 1.1 x 107" M in the open ocean (Mopper and Zhou 1990). In
Antarctic waters the steady-state concentrations have been determined as 4.3 x 10~
19'M in coastal waters and 2.6 x 107! M in the open ocean (Qian et al. 2001).
Elevated HO® concentration values (from 6.7 x 10715 to 4.0 x 1072 M) have been
described in surface stream waters contaminated with acidic mine drainage (AMD).
These waters have pH ~2.1-3.4, are highly rich of iron (6-1203 mg L~!) and have
a high concentration of NO3™ (5.9 x 10°-5.8 x 103 M) (Allen et al. 1996). The
reported data suggest that the steady-state concentration of HO® can be very varia-
ble in different water systems. A major caveat that should be considered while com-
paring different studies is that the irradiation conditions are usually unequal, which
accounts for at least part of the variability. However, variations in the steady-state
HO® concentration have also been observed with waters of different origin under
the same irradiation conditions. The major factors that account for the variation of
the steady-state concentration of HO® in the aquatic environments are: (i) presence
of elevated concentrations of NO;~ and NO3~ ions; (ii) presence of the elevated
amounts of Fe>*-containing complexes; (iii) occurrence of photo Fenton-type reac-
tions that take place between H>O, and reduced transition metal ions; (iv) amount
and nature of the dissolved organic matter (DOM).

The reciprocal of the consumption rate constant allows the assessment of
the life-time of HO®, which is (2.6-6.0) x 107 s in river, dew and cloud water
(Arakaki and Faust 1998; Arakaki et al. 1999b; Nakatani et al. 2004) and several
times higher (3.0-66.0 x 1070 s) in remote polluted clouds, as estimated from a
modeling study (Jakob 1986).

2.4 An HPLC Method for Measuring HO® in Irradiated
Natural Waters, Based on Benzene as Probe Molecule

This section reports a detailed description of a possible method that can be
adopted for the determination of HO®, based on benzene as a probe. The descrip-
tion is very detailed to enable the reader easily reproducing a similar experimental
set-up. Note that other probe molecules can also be used for HO® determination,
e.g. cumene (isopropylbenzene), pyridine and terephthalic acid (Mill et al. 1980;
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Fang et al. 1996). Other substrates, such as benzoic acid and nitrobenzene are less
suitable as HO® probe molecules (Vione et al. 2010). The photoinduced generation
of HO® can be quantitatively determined by measuring the phenol (Eq. 2.1) that is
produced photolytically from benzene + HO®, when natural waters under illumi-
nation are added with benzene. For irradiation it is possible to adopt a quartz cell
under a Xe lamp or sunlight (Takeda et al. 2004; Mostofa KMG and Sakugawa H,
unpublished data). Note that the light of a xenon lamp should be equipped with
special glass filters to filter out the radiation below 300 nm, if one wants to simu-
late sunlight irradiation.

OH
©) + 1o~ ©O) e

The phenol concentration can be determined by a HPLC method.

Experimental Details

The benzene solutions (e.g. a ~1 mM stock solution) should be prepared by ben-
zene addition to water, followed by gentle shaking. The solution should be kept
for 24-h under dark conditions to mix up benzene well with the water sample. The
light intensity of the artificial Xe lamp or sunlight can be determined by measuring
the photo-degradation rate of 8-wM standard aqueous solution of 2-nitrobenzalde-
hyde (2-NB) after illumination in a quartz cell (e.g. 60 mL). The illumination time
of 2-NB should usually be kept short, e.g. up to 5 min for an irradiation intensity
comparable to that of sunlight. In the case of the transformation reaction of ben-
zene into phenol the irradiation time should be longer (up to 10-20 h), except for
samples with unusually elevated HO® production rate. 2-NB can be measured by
HPLC-UV. Elution can be carried out with a C18 reverse-phase column. Upon
adoption of HyO:CH3CN = 40:60 as isocratic eluent at a flow rate of 1 ml min~!,
if one employs a (5 pwm, 4.6 x 250 mm) column the retention time of 2-NB could
be something around 5 min. The recommended detection wavelength is 260 nm. It
is also recommended to remove the air from the eluent before use, by 20-30 min
sonication or by magnetic stirring under vacuum.

Phenol can be determined under the same elution conditions, setting the
UV detection wavelength at 210 nm or adopting a fluorescence detector. In the
latter case, recommended wavelengths are 270 nm for excitation and 297 nm for
emission.

Calculations: The concentration of phenol that are produced can be estimated
by comparison with a standard. The photo-formation rate of HO® (rgo) can be
calculated from Eq. 2.2 (Takeda et al. 2004; Nakataniet al. 2004):

Tp

rHO = 2.2
Fp o xYp 2.2)
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where rp is the photo-formation rate of phenol obtained experimentally
M s, Fgno is the fraction of HO radicals that react with benzene [i.e., kgos
ph X CHo X Cpp/(kuopn X Co X Cpn + > ki Cxo Ci), where i is scaven-
ger], and Yp is the yield of phenol formed per benzene oxidized by HO®. It is
Yp = 0.75 £ 0.07 in natural waters (Arakaki and Faust 1998). The Fg on values
are much variable for a variety of natural waters, also depending on the concen-
tration of added benzene and on the amount of the natural HO® scavengers. For
addition of 1.2 mM benzene it has been found Fgpo = 0.94 for cloud waters
(Arakaki and Faust 1998), 0.92 and 0.99 for rivers, and 0.68 for seawaters (Takeda
et al. 2004). The high values of Fpno in rivers and cloud suggest that most of
the HO radicals formed photolytically reacts with benzene. In contrast, the low
value in seawater samples suggests the 32-34 % of photolytically formed HO rad-
icals reacts with various scavengers of HO radical other than benzene. There are
many scavengers, DOM components, HCO3™, COs%", NO,™, halides (X, but chlo-
ride only in acidic medium) etc. that can interact with HO® in aqueous solution
(Zafiriou 1974; Mopper and Zhou 1990; Vione et al. 2006; Zepp et al. 1987,
Voelker and Sulzberger 1996; Minakata et al. 2009). In seawater, the bromide ion
(Br™) alone scavenges approximately 93 % of photo-generated HO® (Mopper and
Zhou 1990).

To mathematically derive the terms in Eq. 2.2 for any added benzene concen-
tration, one requires a kinetic model where the scavengers and benzene simultane-
ously react with photogenerated HO® at the rates Rsc and Rp, respectively (Takeda
et al. 2004). Under the steady-state condition, the formation rate of HO® is equal
to the consumption rate as follows (Takeda et al. 2004):

'HO =7sC + 7B 23)
rsc = ksc[SCI[HO]ss = kgc[HO]ss (2.4)
rs = kg[B][HO]ss (2.5)

where kgc is the reaction rate constant of HO radicals with various scavengers in the
water sample, kg = ksc [SC] is the apparent scavenging rate constant of the HO
radical, kp is the reaction rate constant of HO® with benzene (i.e., 7.8 x 10° M™!
s, [B] is the concentration of benzene added to the water sample (e.g. ~1 mM),
and [HO]ss is the steady-state concentration of HO®. Under conditions where ben-
zene is in excess (i.e., rg >> rsc), most of the photo-generated HO® react with ben-
zene, thus Fg go =~ 1. In contrast, in the most general case it is:

B [B]

FHo = = 2.6
r+ Rsc  [BI+kic/ks @0
From Egs. 2.3-2.6, the phenol formation rate (rp) can be expressed as:
1 1 k!
_ ;K @.7)

rp rao+Yp  ryo + Yp x kp[B]
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According to Eq. 2.7, the plot of 1/rp versus 1/[B] should be straight line (Takeda
et al. 2004) and k§ /kp can be calculated from the slope and intercept of the plot.
Thus, Fg Ho can be calculated with Eq. 2.6 using the values of k/SC/kB and [B].

2.5 Levels of Photoinduced Generation of HO®
in Natural Waters

The production rates of HO® that have been estimated in a variety of waters, in
the presence of standard chemical species (NO,~, NO3~ and H>O,) or of stand-
ard organic substances under sunlight are summarized in Table 2 (Mopper and
Zhou 1990; Takeda et al. 2004; Zepp et al. 1987; Haag and Hoigné 1985; White
et al. 2003; Arakaki and Faust 1998; Nakatani et al. 2007; Mostofa KMG and
Sakugawa H, unpublished data; Nakatani et al. 2004; Qian et al. 2001; Allen et
al. 1996; Mabury 1993; Grannas et al. 2006; Anastasio and Newberg 2007). The
rates are typically varied in a range from 107 to 101" M s7! in aqueous solu-
tion (Table 2). Production rates in rivers are (0.6-7.5) x 107! M s~! in upstream
waters, (0.4-7.4) x 108 M s! in upstream waters contaminated with AMD,
(1.0-2.9) x 107" M s7! in non-polluted river waters, 2.4 x 107! M s7! in
Ogeechee River, (2.0-6.0) x 1071 M s7! in Wetland on Lake Erie and Artificial
Agricultural wetland, 6.4 x 107! M s7! in Rice field water, (2.0-17.0) x 10~
10M 7! in Satilla River and Pine Barrens that have iron-rich waters (Table 2). It is
noticeable that the production rates of HO® are higher by two to five orders of mag-
nitude in stream waters contaminated with AMD (Allen et al. 1996) than in typical
river waters. Such an effect might be caused by the photo-Fenton reaction that is
considerably favored in the presence of elevated iron contents (Allen et al. 1996;
McKnight et al. 1988). Similarly, high production rates of HO® have been observed
in Satilla River water (White et al. 2003), where more than 70 % of the total HO®
production is accounted for by the photo-Fenton reaction. Therefore, the latter pro-
cess is expected to be the main contributor to HO® photo-production in iron-rich
waters. In contrast, upstream waters mainly contain DOM components (mostly ful-
vic and humic acids) that are the major contributors to HO® photo-production in
these systems. A possible pathway that yields HO® from DOM is the photoinduced
formation of H,O, (Eqgs. 3.13-3.18, see chapter ‘“Photoinduced and Microbial
Generation of Hydrogen Peroxide and Organic Peroxides in Natural Waters”),
which could induce the photo-Fenton reaction in the presence of Fe or produce
HO® by direct photolysis (Nakatani et al. 2007; Mostofa KMG and Sakugawa
H, unpublished data). An alternative explanation for the production of HO® from
DOM is the oxidation of water by the excited triplet states ((DOM*) (Brigante
et al. 2010).

In lake water the production rates of HO® are very variable, ranging from
1.8 x 10713 to 4.6 x 1071 M s~! (Table 2). The HO® photo-production depends
on the irradiation wavelength. For instance, the formation rate of HO® observed on
extracted lake DOM under sunlight is higher [(1.6-1.8) x 10719 Ms~! at 308 nm]
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for shorter wavelength than for longer one [(4.7-6.1) x 10~!! Ms~! at 355 nm] in a
variety of lake waters (Table 2) (Grannas et al. 2006). Thus, the production of HO®
greatly depends on the light wavelength.

In seawater, the HO® production rate is higher [(4.3-42.0) x 107> M s7!]
in coastal waters than in the open ocean [(2.8-3.1) x 1072 M s7!], and it is
very low [(1.04-10.3) x 10713 M s7!] in Antarctic waters (Table 2). The
production rates of HO® are lower in surface seawater and gradually increase
with increasing depth (Takeda et al. 2004; Zafiriou and Dister 1991). For exam-
ple, the production rate of HO® is (5.7-15.0) x 107'> M s~! at 0-20 m depth,
49 x 10" M s at 30 m, and 7.2 x 10" M s7! at 60 m in Seto Inland Sea
and the Yellow Sea (Takeda et al. 2004), obviously under the same irradiation
conditions that is not the case of the real environment. The lower production
rates at the surface compared to the deeper layers may be caused by the fact
that the natural solar radiation is active in surface waters where it produces
HO® and other reactive transients. These species can lead to the photo-degra-
dation of DOM (e.g. photo-bleaching that reduces the ability of DOM to absorb
sunlight), a process to which the direct photolysis could also contrib-
ute. Therefore, the sources of HO® in surface waters can be reduced, e.g. by
decreasing the concentration of NO,™ and the capability of DOM to photo-gen-
erate HO®. The intensity of solar radiation that reaches the deeper layers is quite
limited. Therefore, the deep water has the double feature of generating the high-
est potentiality to produce HO®, but also of being involved to a very limited
extent into HO® photo-production in the real natural environment. An impor-
tant exception could be represented by the sites where the deep oceanic water
emerges to the surface.

Studies observe that the sea-salt particulate matter (SS PM) extracted from
coastal seawaters can demonstrate substantially high HO® production (rate:
~2778-27778 M s~1), approximately 3—4 orders of magnitude greater than HO®
photoformation rates in surface seawater (Anastasio and Newberg 2007). The
results show that photolysis of nitrate is a dominant source of HO® (on average
59+£25 %) in the SS PM whilst other source is presumably considered the organic
compounds. The fact behind the other phenomenon is that irradiated organic
compounds or DOM can induce photoinduced production of H,O, that is a HO®
source via photolysis or the Fenton reaction, and the photoinduced generation of
H,0; is enhanced by salinity. Salinity or NaCl solutions are capable of generat-
ing high production of aqueous electrons (e,q~) photolytically in aqueous media
(Gopinathan et al. 1972; Assel et al. 1998) that may enhance the HyO» produc-
tion from DOM components in waters (Mostofa and Sakugawa 2009; Moore et
al. 1993) (see also chapter “Photoinduced and Microbial Generation of Hydrogen
Peroxide and Organic Peroxides in Natural Waters”). In fact, photogeneration of
H>0; from river DOM was substantially increased with salinity, from 15 to 368
nM h~! at circumneutral pH that may enhance the HyO, production from DOM
components in waters (Osburn et al. 2009). Salinity effect on irradiated CDOM
might be another most important source of high photoproduction of HO® in sea-
salt particulate matter in seawaters.
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3 Mechanisms for Photoinduced Generation of HO*
in Natural Waters

The photoinduced generation of HO® significantly depends on several impor-
tant factors such as the presence of NO,™ and NO3™ and their concentration, the
chemical nature of DOM and its quantity, and finally the total content of Fe. The
most important mechanisms for HO® formation in natural waters are discussed
below.

3.1 In situ Generation of HO® from DOM

One of the main HO® sources in natural waters (Table 2) (Vione et al. 2006;
Mostofa KMG and Sakugawa H, unpublished data) is the photoinduced gen-
eration of HO® from DOM components (either Fluorescent Dissolved Organic
Matter-FDOM or Colored Dissolved Organic Matter-CDOM). This process can be
accounted for either by the oxidation of water by the triplet states SDOM¥*, or by
the generation of HoO, upon DOM irradiation (reaction 3.1) and its detailed mech-
anisms are discussed in earlier chapter (see chapter ‘“Photoinduced and Microbial
Generation of Hydrogen Peroxide and Organic Peroxides in Natural Waters”). In
the latter case, HO® could be produced upon photolysis of H,O; (Eq. 3.2) (Legrini
et al. 1993; von Sonntag et al. 1993).

DOM + 0> + H,0 + HT ™ H,0, + DOM** + 0, + HO~  (.D
H,0, ™% 2HO® (3.2)

The quantum yield of reaction 3.2 has been determined as 0.5 under UVC
irradiation (Legrini et al. 1993; von Sonntag et al. 1993). The quantum yield
varies with wavelength, but it also depends on the band that absorbs radiation.
In the case of H>0», the same band is responsible for radiation absorption and
photolysis in both the UVC and UVB regions. The hypothesis that the formation
of HO® by irradiated DOM is accounted for by H,O; photoproduction. It is con-
sistent with the observed, gradual and parallel increase of HyO; concentration and
of phenol formation from benzene, upon irradiation of natural river waters and of
relevant standard organic substances (Fig. 2). A similar, parallel trend of both phe-
nol (its formation being used as HO® probe) and H,O; has been observed upon
irradiation of upstream DOM mostly containing fulvic acid (Fig. 2a), of stand-
ard Suwannee River Fulvic Acid (SRFA) (Fig. 2¢) and of diaminostilbene type
(DAST1) (Fig. 2d). The same trend has not been observed in sewage polluted river
waters (Fig. 2b), which might be the effect of additional production from other
HO?® sources such as the NO,~ and NO3~ ions, present in high amount (Takeda
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Fig. 2 In-situ generation of H,O, and HO® for river waters and standard organic substances
during the 10 h of irradiation period in photoexperiments conducted using a solar simulator.
Upstream DOM having mostly fulvic acid (a); polluted river waters, mostly affected by mixture
of sewage effluents and upstream DOM (b); standard Suwannee River Fulvic Acid (c); and stand-
ard diaminostilbene (DAS1) (d). Data source Mostofa KMG and Sakugawa H (unpublished data)

et al. 2004; Mostofa KMG and Sakugawa H, unpublished data; Nakatani et al.
2004). Therefore, the generation of HyO, by DOM could account for most of the
production of HO® by unpolluted water samples, with a relatively elevated content
of fulvic acid in DOM (Fig. 3) and a relatively low concentration of other HO®
sources, such as nitrate, nitrite and Fe.

3.2 Direct Photolysis of Nitrate and Nitrite

The direct photolysis of nitrite and nitrate induces HO® photoproduction (Zafiriou
and True 1979a, b; Takeda et al. 2004; Zepp et al. 1987; Mack and Bolton 1999).
There is evidence that irradiation in the 200-400 nm wavelength region can con-

vert NO, ™~ into NO® and O°" (Egs. 3.3, 3.4) (Zepp et al. 1987; Mack and Bolton
1999):

NO; +hv — [NO; I* 3.3)

[NO; J* — NO® + 0°~ (3.4)
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Fig. 3 Relationship between HyO, and HO® in situ produced from river waters and standard
organic substance during the 10 h of irradiation period in photoexperiments conducted using a
solar simulator. The relationships of the (a, b, ¢ and d) are the same samples of Fig. 1. Data
source Mostofa KMG and Sakugawa H (unpublished data)

At pH < 12 in aqueous solution, O°®~ is protonated to form HO®:

k
0°*~ + H,0 ké‘s HO® + HO™ 3.5)
-35
where k35 = 1.7 x 10° M~! s~! for the HO® formation reaction and k_35 = 1.2 x
10'0 M~! s~! for the reverse reaction. The radical HO® can significantly recombine
with NO® and NO,; such reactions are very fast (diffusion-controlled) in aqueous

media (Mack and Bolton 1999):

HO® + NO®* — HNO; (3.6)
where k36 = 1.0 x 100 M~ s~ 1,

HO' +NO; — NO, + OH~ 3.7)

where k37 = 1.0 x 1019 M~! s~!. These reactions can limit the steady-state con-
centration of HO® and, therefore, the ability of the hydroxyl radical to take part in
photooxidation reactions of organic compounds in natural waters. Note, however,
that the main HO® scavengers are DOM in freshwater and bromide in seawater
(Takeda et al. 2004).
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As far as NO3~ photolysis is concerned (Eq. 3.8), the process can be expressed
as follows (Zepp et al. 1987; Mack and Bolton 1999):

NO3 +hv — NO; +1/20; (3.8)

This stoichiometry can be followed in the absence of HO® scavengers, over the
entire pH range and at irradiation wavelength around 200 nm (Shuali et al. 1969;
Wagner et al. 1980). However, irradiation above 280 nm results into two primary
photoinduced pathways (Zepp et al. 1987; Mack and Bolton 1999):

NOj3 +hv — [NO;|* 3.9)

[NO; T NO, + OCP) (3.10)

N
L . .. H0 . . .
NO,* + O~ =" HO® + HO™ + NO, (3.11)

In this mechanism, NO3~ absorbs a UVB photon yielding an excited state,
[NO371" (Eq. 3.9), which undergoes disintegration following two pathways: the
first one produces the nitrite ion (NO;7) and atomic oxygen, 0(CP) (Eq. 3.10).
The second pathway produces nitrogen dioxide (NO»°®) and O°®". The latter is
rapidly protonated to form HO® (Eq. 3.11). The formation of NO,™ in Eq. 3.10
can be followed by nitrite photolysis to give HO®, as shown in (Egs. 3.3-3.5).
It can be noted that HO® is a strong oxidant that can react with DOM more
quickly than does atomic oxygen, OCP). Indeed, the main fate of O(C’P)
(Eq. 3.4) would be the reaction with oxygen to form ozone, which is rapidly
consumed in natural waters by reaction with NO,~ or decomposition to HO®
(Zepp et al. 1987).

3 HO-’ Production from the Fenton Reaction

The ferrous ions (Fe?T) catalyzes the formation of HO® in the presence of HyO»
(Fenton 1894). An aqueous solution of HyO; and ferrous or ferric salts is termed
as Fenton’s reagent. The oxidation efficiency of the Fenton reaction is the high-
est at pH values ranging from 2 to 5 and at a 1:1 molar ratio of HyO, and Fe**
(Walling 1975). The reactivity of the Fenton’s reagent is the effect of the gen-
eration of HO® in the reaction media (Haber and Weiss 1934). The mechanism
for the chain Fenton reaction was initially depicted as follows (Egs. 3.12-3.16)
(Barb et al. 1951):

Fe?t + H,0, — Fe’T + HO® + HO™ (3.12)
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Fe’t + HO® — Fe** + HO™ (3.13)

HO®* + H,0; — HO»* + H,0 (3.14)
Fe’™ + HO,* — Fe’t + HO,*~ (3.15)
Fe’t + 0% = Fe?t + 0, (3.16)

Recently, the reaction rate constants of the Fenton system have been measured
at various pH values, an issue that will be discussed later (Kwan and Voelker 2002;
Duesterberg et al. 2008). At low [H,0,)/[Fe*t] ratios in both reactions (3.12) and
(3.13), only the reactions are important, and the overall process is second-order with
respect to the reactants. At high [H,0,]/[Fe? ] ratios, there is also an important contri-
bution from the competitive reactions (3.15, 3.16) (Rush and Bielski 1985). The ear-
lier studies have examined the Fenton reaction at low pH (<1.0) with the reactants at
mM levels. The production of HO® from Fe?* + H,0, is also important in AOTS, as
it allows the use of transition metals to catalyze the oxidation of organic compounds.

Recent studies demonstrate that the formation of HO® increases linearly with
the HyO, concentration (Lindsey and Tarr 2000). Experiments carried out using
ESR spin trapping together with water labeled with 17O suggest that HO® is derived
exclusively from hydrogen peroxide, and that there is no exchange of oxygen atoms
between HyO, and the water solvent (Lloyd et al. 1997). It has been demonstrated
that fulvic and humic acid reduce the HO® formation in the Fenton reaction under
most conditions, but fulvic acid increases HO® formation at certain pH values
(Lindsey and Tarr 2000; Voelker and Sulzberger 1996). Fulvic acid can inhibit the
degradation of dissolved aromatic compounds (e.g. phenol, fluorene and phen-
anthrene) by the Fenton reagent in aqueous solution (Lindsey and Tarr 2000).
Accordingly, natural organic matter could inhibit the remediation of pollutants by the
Fenton process in water and soil environments. However, it has also been shown that
humic acids are able to enhance the degradation of phenol in the second step of the
Fenton process. Indeed, after the reaction between Fe?* and H,0, is completed, fur-
ther degradation of the organic substrate can be directed by the reduction of Fe(IIl) to
Fe”*. The latter process is enhanced by humic substances (Vione et al. 2004).

Indeed, the ferric ion (Fe3T) catalyzes the decomposition of H,0, into HO® and
Fe?t (Fe3t + H,0, — Fe?t + HO,® 4+ HT) (Barb et al. 1951; Walling and Weil
1974; Lee et al. 2003; Lee and Sedlak 2009). The rate of the Fenton process is
greatly enhanced when the temperature is raised from 10 to 50 °C, because of the
high activation energy (22126 kJ mol™!) of the reaction (Lee et al. 2003). A high
production of Fe?* causes a correspondingly high production of HO® in the reac-
tion system (Eq. 3.12).

The effective catalytic oxidation of organic compounds by the system Fe’*/
H,0; is usually limited to the acidic pH region, because of the low solubility
of Fe3t and of the low efficiency of the oxidant generation at neutral pH values
(Lee and Sedlak 2009). The addition of polyoxometalate ions (POM) greatly
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increases the yield of oxidant species in the reaction. Under acidic conditions,
POM can mediate the electron transfer from nanoparticle zerovalent iron or Fe(II)
to oxygen, thereby increasing the production of H>O;. The latter is subsequently
converted to HO® through the Fenton reaction (Lee et al. 2008).

3.4 HO-* Production from the Photo-Fenton Reaction

The reactivity of the Fenton’s reagent, and in particular of Fe3* + H,0, is greatly
enhanced by UV/Visible irradiation (A < 580 nm), which can for instance increase
the extent of mineralization of organic pollutants (Zepp et al. 1992; Voelker et al.
1997; Southworth and Voelker 2003; Nakatani et al. 2007; Vermilyea and Voelker
2009). The photo-Fenton reaction is defined as the reaction of photoproduced Fe>*+
with H>O, to form the highly reactive HO® (Egs. 3.17, 3.18). The main chemical
reactions occurring in the photo-Fenton system are the following:

Fe** + hv — Fe?T + 0, + HT (3.17)
Fe2© + Hy0, 2% Fe3t + HO® + HO™ (3.18)

Irradiation of Fe(III) species causes the production of Fe?* and possibly of
HO® (e.g. in the photolysis of the complex FeOH>"). In the presence of H,O;,
further HO® is produced by the Fenton process between H,O» itself and the pho-
togenerated Fe>. The latter reaction yields again Fe(III), but continuing irradia-
tion may recycle Fe(Ill) to Fe(I) in the reaction media. Therefore, it is possible
to continuously generate HO® under irradiation without any net consumption of
Fe(II), which significantly accelerates the overall reaction rate in the photo-Fenton
system. The HO® formation in the photo-Fenton system is limited only by the
availability of radiation and by the content of H>O; in the reaction medium. The
photo-Fenton reaction is observed in open ocean whereas vertical profiles of Fe(II)
show maxima consistent with the plume of the iron infusion whilst HyO, profiles
demonstrate a corresponding minima showing the effect of oxidation of Fe(Il) by
H»0; (Croot et al. 2005). Observations also show that the detectable Fe(IT) con-
centrations can exist for up to 8 days after an iron infusion (Croot et al. 2005).

3.5 HO* Production from Photo-Ferrioxalate/H,0; Reaction

The photo-ferrioxalate/H,O, reaction is an advanced modification of the photo-
Fenton reaction and an effective technique of generating Fe(Il) in the reac-
tion media. The addition of oxalate to the photo-Fenton system significantly
accelerates the HO® production under UV/visible irradiation (A < 550 nm)
(Egs. 3.19-3.25; Table 3) (Hislop and Bolton 1999; Jeong and Yoon 2005;
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Bielski et al. 1985; Mulazzani et al. 1986; Jeong and Yoon 2004; Buxton et al.
1988; Pignatello 1992; Zuo and Hoigné 1992; Sedlak and Hoigné 1993; Balmer
and Sulzberger 1999). In the photo-Fenton reaction, the HO® radical is formed
photolytically from Fe(OH)>t (Eq. 3.27). The relevant reaction mainly
takes place at pH 2.5-5 (Eq. 3.26), but its quantum yield is relatively low:
Qreny = 0.14 £ 0.04 at 313 nm and ¢yo = 0.195 £ 0.03 at 310 nm (Hislop
and Bolton 1999). When Fe(II) is complexed with a carboxylic anion (e.g. oxa-
late), the quantum yield of Fe(II) production (@rer) is significantly increased to
@Fean = 1.24, at 300 nm, pH = ~2 and 6 mM ferrioxalate (Murov et al. 1993).
This result is accounted for by the considerable photosensitive nature of the
ferrioxalate complex [Fe(C204)3]3~, which combines elevated absorption of visible
radiation with a very high quantum yield of Fe** photoproduction. Interestingly,
the photolysis of the ferrioxalate complex generates an additional reactive radical
species, the carbon dioxide radical anion (CO,°*7) (Egs. 3.19-3.21; Table 3).

The radical CO,*~ can produce Fe(Il) via reaction (Eq. 3.21) and by other
reaction pathways (Eqgs. 3.23, 3.24). The kinetic and equilibrium constants for
the photo-ferrioxalate/H>O, reaction are shown in Table 3. CO,°" can react
with oxygen to form the superoxide anion (0,*") (Eq. 3.22), which can further
enhance the quantum yield for the generation of Fe?t (Egs. 3.23, 3.24, 3.28) and
contributes to the production of HyO, (Eq. 3.17). When ferrioxalate is irradiated
in the presence of H»O; under ideal conditions, a radical HO® is produced by
the Fenton reaction per every Fe(Il) generated (Eq 3.25, Table 3). In the reaction
media (Eq. 3.25), both uncoordinated Fe>* and Fe'l(C;04) can react with H,O,.
Therefore one gets an overall, apparent second-order rate constant for the reac-
tion between Fe(Il) and H,O;. In the presence of excess oxalate, Fe(IIl) will be
coordinated with either two or three oxalate ligands. Fe(IIl) is recycled to Fe(Il) in
both the photo-Fenton and the photo-ferrioxalate/H,O» reaction. In the latter case
the formation of HO® depends on the availability of radiation, H,O; and oxalate,
the latter two components being consumed by the reaction. The enhancement of
HO® photoproduction that is observed upon addition of oxalate depends on the
very high photolysis quantum yield of the Fe(Ill)-oxalate complex(es), which
largely compensates for the facts that the photolysis of Fe(IlI)-oxalate, unlike that
of FeOH2™, does not yield HO®, and that oxalate is a HO® scavenger.

3.6 HO’ Production from Photocatalytic Metal Oxide
(TiO3) Suspensions

Titanium dioxide is the most frequently used metal oxide photocatalyst, which
undergoes excitation at near-UV wavelengths. The irradiation by sunlight of aque-
ous suspensions of TiO, can induce very significant generation of HO® in aqueous
solution. Below it is reported a general scheme of HO® photo-production, pro-
posed in early studies to describe the behavior of aqueous suspensions of TiO; in
the presence of DOM (Konstantinou and Albanis 2004; Murov et al. 1993; Tseng
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and Haung 1991; Fox 1993; Chen et al. 2001; Han et al. 2009) (Egs. 3.13-3.18,
see chapter “Photoinduced and Microbial Generation of Hydrogen Peroxide and
Organic Peroxides in Natural Waters”):

DOM + hv — 'DoM* 25 3pom* (3.39)
TiO; +hv — Ti0; - TiOz (e~ +h™) (3.40)
3DOM* + 05 — DOM*T + 0,° (3.41)
TiOz(e” +h™) + 0y — TiOs(ht) + 0,°~ (3.42)
s (3.43)

0,” +H" - HO,* pK, =4.8
20,° - 03 + 0y pK, =<0.35M" 157! (3.44)
HO,® + HO»®* — Hy0, + 02 k=8.6x 10° M~ 's7! (3.45)

HO,®* +0,*” + H,O — H20, 4+ 0o +OH™ k=1.0x 103M~'s™! (3.46)

H,0; + hv — 2HO® (3.47)
H,0, + HO® — HO* + HO, k=3.0x 10’M~'s7! (3.48)
DOM*' + HO® — the photo degraded products (3.49)

Major oxidants arising upon UV irradiation of TiO; are the valence-band holes
(h™), which can be trapped by surface Ti-OH™ groups to yield Ti-HO® radical spe-
cies (surface-bound HO® or HO®,q5). In contrast, the conduction-band electrons
(¢7) can be trapped to form surface and sub-surface Till species: The latter can
react with dissolved oxygen to give hydrogen peroxide radical (HO,®), which dis-
proportionates to H,O; that is photolyzed to give HO® in solution (Murov et al.
1993; Tseng and Haung 1991; Fox 1993).

As already reported, a semiconductor photocatalyst generates electron/hole
pairs upon irradiation, with free electrons produced in a nearly empty conduction
band and positive holes remaining in the valence band (Bard 1979; Schiavello
1987). The lifetime of an electron/hole pair can vary from a few nano-seconds to
a few hours depending on the ambient conditions (Pleskov and Gurevich 1986).
Once formed the HO® radical (surface-bound or in solution) reacts with organic
compounds, which results into the heterogeneous photocatalytic degradation
of organic contaminants in solution (Sun and Bolton 1996; Ullah et al. 1998;
Konstantinou and Albanis 2004; Tseng and Haung 1991; Fox 1993; Han et al.
2009; Prousek 1996; Vione et al. 2001; Muifioz et al. 2006; Saquib et al. 2008).
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3.7 Photoinduced Generation of HO" from Algae

Recent studies demonstrate that chlorophyll @ and algae can photolytically produce
HO?® in natural waters (Li et al. 2008; Dykens et al. 1992; Oda et al. 1992). It is
hypothesized that HO® is produced by HyO» (Eq. 3.2), which is initially formed
in irradiated aqueous suspensions of algae. The photo formation of HyO; from
algae is a well-known phenomenon in natural waters (Lehninger 1970; Zepp et al.
1987; Collen et al. 1995), which has been explained in detail in the second chap-
ter (see chapter “Photoinduced and Microbial Generation of Hydrogen Peroxide
and Organic Peroxides in Natural Waters”). As found by in vitro studies carried out
in aerated water—acetone mixtures, the generation of HyO; proceeds through the
photo-formation of superoxide ion by chlorophyll a (You and Fong 1986). It has
been shown that the HO® photoproduction increases with increasing algal concentra-
tion and irradiation time (Li et al. 2008). It has also been shown that for the marine
microalga Dunaliella salina, the HO® production is significantly enhanced by the
addition of Pb(II), or by Pb(Il) and methylmercury. However, the HO® production is
decreased by addition of methylmercury only, suggesting a complex effect of metal
pollution on the HO® production from algae suspensions (Li et al. 2008).

4 Factors Controlling the Production and Decay of HO*
in Natural Waters

Major sources of HO® in irradiated natural waters are NO,~, NO3~, H,O», photo-
Fenton reaction (which depends on the concentrations of Fe and H,0,), humic
substances (fulvic and humic acids), tryptophan amino acid, autochthonous and
even unknown DOM components as well as anthropogenic DOM such as com-
ponents of household detergents or fluorescent whitening agents (FWAs) such as
(DAS1) and distyryl biphenyl (DSBP) (Table 2). The concentration values and,
in the case of DOM, also the nature of these species are very variable among
rivers, lakes and oceans, which significantly affects the HO® sources in natu-
ral waters (Takeda et al. 2004; White et al. 2003; Nakatani et al. 2007; Mostofa
KMG and Sakugawa H, unpublished data; Mostofa et al. 2005; Zika et al. 1993).
Interestingly, the concentration values of NO;~ and NO3™ in surface seawaters are
lowered by solar irradiation that induces transformation reactions. This is a key
factor that limits the role of nitrite and nitrate as HO® sources in the surface sea-
water layer. Unknown or little known photoinduced HO® sources in natural waters
are still poorly characterized DOM components such as humic substances (fulvic
and humic acid), amino acids, proteins, components of detergents or FWAs, as
well as their daughter photoproducts, unidentified organic compounds and photo-
Fenton reactions. Therefore, the production of HO® in natural waters depends on
several factors, which can be listed as: (1) Wavelength spectrum of solar radiation;
(2) Nature and contents of DOM; (3) Consumption of HO®* by DOM and other
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chemical species; (4) Nitrite and nitrate: Effect of wavelength spectrum, tempera-
ture, and pH; (5) HO,: Effect of wavelength spectrum and temperature; (6) Fenton
reaction: Effect of pH, temperature and salinity; (7) Photo-Fenton reaction; and
(8) Photo-ferrioxalate/H,O, reaction: Dependence of pH and reactants. These
issues will be discussed below.

4.1 Wavelength Spectrum of Solar Radiation

The production of HO® significantly depends on the spectrum of the inci-
dent radiation in the ultraviolet (UVC = 200-280 nm; UVB = 280-320 nm;
UVA = 320-400 nm) and visible (400-700 nm) regions. Note that UVC radiat-
ion is not present in the sunlight spectrum in the troposphere. The maximum HO®
photo-production has been observed upon UVB irradiation of three DOM frac-
tions isolated from lake water, and it decreased at higher wavelengths (Grannas
et al. 2006). A rough estimation shows that the HO® production is approximately
191-247 % and 103-178 % higher at 308 nm than at 355 and 330 nm, respec-
tively. The photoproduction of HO® by nitrate is only induced by UVB radia-
tion, while the production of HO® by nitrite and DOM can take place under both
UVB and UVA. Note that UVA radiation is able to penetrate more deeply than
UVB into the water bodies (Mopper and Zhou 1990; Zafiriou and Bonneau 1987;
Zellner et al. 1990; Qian et al. 2001). H,O; generates HO® (Eq. 3.2) mostly by
non-environmental UVC with quantum yield around 0.5, but the radiation absorp-
tion by H>O, is extended to the UVB region and the photolysis quantum yield
is expected to be similar (Legrini et al. 1993; von Sonntag et al. 1993). During
non-ozone hole conditions, HO® formation from nitrate contributed ~33 % to the
total HO® photoinduced generation in open oceanic surface waters, while the role
of DOM plus nitrite was ~67 % (Qian et al. 2001). During an ozone hole event
(e.g., 151 Dobson units) the corresponding results were ~40 and 60 % for nitrate
and DOM plus nitrite, respectively, because of an increase in UVB irradiance that
enhanced the photolysis of nitrate. A model estimation of HO® photoinduced gen-
eration in Antarctic seawater during an ozone hole (151 Dobson units) shows that
the production is enhanced by at least 20 %, mostly from nitrate photolysis and
to a minor extent from DOM photoinduced reactions (Qian et al. 2001). Similar
results have been obtained for Arctic water (Rex et al. 1997; Randall et al. 2005).

4.2 Nature and Amount of DOM Components

The radical HO® is generated photolytically from various organic substances in
natural waters (Table 2) (Mill et al. 1980; Mopper and Zhou 1990; Vaughn and
Blough 1998; Holder-Sandvik et al. 2000; Page et al. 2011; Grannas et al. 2006).
The most common dissolved organic compounds are humic substances (fulvic and
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humic acid), amino acids, fluorescence whitening agents (FWAs) or components of
detergents such as diaminostilbene (DAS1) and distyryl biphenyl (DSBP), phenolic
compounds, various kinds of autochthonous DOM components and unknown ones
(Page et al. 2011; Mostofa et al. 2011). The HO® production greatly depends on
the DOM components, an increase of which can enhance the HO® formation rate
in the aqueous solution (Fig. 1) (Page et al. 2011; Mostofa KMG and Sakugawa H,
unpublished data). Study shows that DOM isolates from the Suwannee River photo-
lytically produce free HO®, while Elliot Soil Humic Acid (ESHA), and Pony Lake
Fulvic Acid (PLFA) hydroxylate arenes, at least in part, through a lower-energy
hydroxylating species (Page et al. 2011). The photoinduced generation of HO®
from various standard organic substances (1 mg L~ aqueous solutions) has been
studied using a solar simulator (Table 2; Fig. 1) (Mostofa KMG and Sakugawa H
unpublished data). The differences in production rates among different substances
are attributed to the variation of the fluorophores or functional groups on the highly
unsaturated aliphatic carbon chains present in various DOM components (FDOM
or CDOM) (Mostofa et al. 2011; Senesi 1990). The electronic transitions involving
illuminated DOM can lead to the release of free electrons, which can induce the
production of HyO» in natural waters. It would then follow HO® production upon
H>0; photolysis, and the photogenerated hydroxyl radicals can contribute to the
transformation of DOM or of the pollutants present in natural waters. That would
lead to photoinduced self-transformation of DOM via photogenerated HO®. Table 2
reports the main HO® sources that are operational in the natural environment.

In polluted sewage waters, the HO® formation is greatly enhanced after 60 min
of irradiation (Fig. 3a). This finding could be compatible with HO® production by
photogenerated H>O,, which would not be present in the system before irradiation
and would undergo accumulation at earlier irradiation times. The HO® generation
being proportional to [H,O»], the accumulation of hydrogen peroxide would lead
to an increase of the formation rate of the HO®.

The photogenerated HO® is rapidly consumed in natural waters upon reaction with
dissolved organic compounds (Brezonik and Fulkerson-Brekken 1998; Southworth
and Voelker 2003; Westerhoff et al. 1999; Goldstone et al. 2002; Miller and Chin 2002;
Miller et al. 2002; Moran and Zepp 1997). A rough estimation showed that the con-
sumption of HO® by DOM is 12-56 % in rivers (Nakatani et al. 2004). Considering
the DOM as a major sink, the maximum steady-state concentration of HO® is equal to
the production rate divided by the decay rate constant, and can be depicted by (Eq. 4.1)
(Schwarzenbach et al. 1993):

T[] — 107¢MC7]
[HO]SS,Fenton = Z (4.1)
Py zKpomC

where the 1—10~€®*C% i5 the light attenuation at the depth z (cm), ¢ is the appar-
ent quantum yield for the generation of HO® from DOM (mole Einstein™!), €
is the absorption coefficient of DOM [(mg C L~")"lem™!], C its concentration
of DOM (mg C L), and kpom (M~! s7!) is the second-order reaction rate con-
stant between HO® and DOM. The rate constant for the reaction of HO® with



238 K. M. G. Mostofa et al.

Suwannee River Fulvic Acid is (3.8-4.4) x 10* (mg C)"' L s' (Southworth
and Voelker 2003; Westerhoff et al. 2007). Rate constants in the same ranges,
(1-7) x 10* (mg C)~! L s7!, have been determined for the reaction between HO®
and DOM present in natural water samples or extracted from them (Vione et al.
2006; Westerhoff et al. 1999; Goldstone et al. 2002; Gao and Zepp 1998). The
half-life of a model pollutant can be estimated as f;, = In 2 (kto[HO®]ss) ™,
where kyo is the second-order reaction rate constant with HO®, and [HO®] is
given by Eq. (4.1). Depending on the mixed layer depths that influence [HO®]s,
and for ko values of the order of 10°~10'" M~! 57!, t;/, can vary from some days
to some months.

4.2.1 Fulvic Acid as a Producer and Scavenger of HO®
in Natural Waters

Fulvic acid (FA) can produce HO® photolytically in aqueous solution (Table 2)
(Vaughn and Blough 1998; Goldstone et al. 2002). FA can account for approxi-
mately 23-70 % of H>O; production in rivers (Mostofa and Sakugawa 2009).
A general reaction of FA that leads to the formation of H,O, (Eq. 4.2) can
be depicted on the basis of Egs. (3.13-3.18) (see chapter “Photoinduced and
Microbial Generation of Hydrogen Peroxide and Organic Peroxides in Natural
Waters”):

FA + Oy + H,O ™% FA** 4 HyOy 4+ Oy + OH™ 4.2)

The generation of HyO; from FA can lead to HO® (HO; + hv — 2HO®) that
could further react with FA, at the same time being consumed and causing trans-
formation of FA (Voelker and Sulzberger 1996). Recent experimental studies indi-
cate that at least 50 % of the hydroxylation reactions photosensitized by DOM
isolates would be a result of a pathway that is independent of hydrogen peroxide
(Page et al. 2011). Recently, the photo-degradation of various functional groups
in DOM by HO® has been observed, and the rates determined in aqueous solution
(Minakata et al. 2009). The results suggest that DOM or FA is important scaven-
gers of photolytically generated HO® in aqueous solution.

4.3 Other Chemical Species or Processes as HO® Sinks

There are several processes that can inhibit HO® formation or consume these radi-
cals in the aquatic environments, which can be distinguished as:

(1) Decrease in light intensity in deeper waters, which reduces the formation
rate of H,O, and of Fe(Il). Photo-generated H>O; and Fe(I) at the surface could
be moved downward through vertical mixing processes, thereby reducing their
concentration in the surface layer (Southworth and Voelker 2003; Pullin et al.
2004). Such an effect can greatly decrease the HO® production in water.
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(2) Upon oxidation of carbonate and bicarbonate by HO®, the carbonate radi-
cal (CO3*") is produced (Egs. 4.3, 4.4) in surface waters (Minella et al. 2011) and
DOM is the key component to sink CO3°~ by the reaction between them (Eq. 4.5)
in surface waters (Buxton et al. 1988; Canonica et al. 2005).

HO® + CO3%~ — OH~ + CO3°" [k4,3 —3.9x105M"! s_l] 4.3)
HO* + HCO7 — H20 +CO3* [kug =8.5x 10°M7' 57| (44)

DOM + CO3*~ — DOM*® + CO32" [k4,5 — 10> (mg C)! s_l] 4.5)

These reactions are all dependent on pH since pK, of carbonate and bicarbo-
nate has 10.3 and 6.3 (Tossell 2005). At around neutral pH, bicarbonate is domi-
nant over carbonate so HO radical scavenging is not so significant as to higher pH
(i.e., carbonate is more dominant).

(3) In seawater, HO® is mainly consumed by Br~ ions (Zafiriou et al. 1984;
Neta et al. 1988; Goldstone et al. 2002; Song et al. 1996; Zafiriou et al. 1987; Das
et al. 2009). The reaction of HO® with Br~ generates the oxidized bromine radical
species (BrOH®") (Eq. 4.6), which can be transformed into Br and Br,*~ (Eq. 4.7)
(Goldstone et al. 2002; Song et al. 1996; Zafiriou et al. 1987; von Gunten and
Oliveras 1997; Grebel et al. 2009).

HO® + Br~ — BrOH®*~ (4.6)
BrOH™ + H* — Br* + H,0 25 Br,*~ + H,0 4.7

Moreover, the bromine radical species could also react with DOM and induce
transformation reactions. The half-life of BrOH®™ is less than a few seconds, for
a H>O, concentration of 0.1 mg L~! in cloud water at pH 8. However, at pH 5 the
half-life of BrOH®~ is several hours for the same H,O» concentration (von Gunten
and Oliveras 1997). A recent study shows that bromide scavenges the HO® radi-
cals formed upon photolysis of nitrate, before they leave the solvent cage, thereby
inhibiting the geminate recombination between the photogenerated HO® and
°NO>. The result is that the formation rate of HO® + Br,*~ with nitrate 4+ bromide
is higher than that of HO® with nitrate alone. Such an effect compensates for the
lower reactivity of Bry*~ compared to HO® toward certain organic substrates, e.g.
phenol and tryptophan (Das et al. 2009). It has also been shown that the radical
Br,*" is an effective brominating agent for phenol (Vione et al. 2008).

(4) In stimulated polymorphonuclear leukocyte systems, a water extract from
green tea and green tea polyphenols had the strongest scavenging effect on HO®,
much stronger than vitamin C or vitamin E. Moreover, rosemary antioxidants and
curcumin have weaker scavenging effects than vitamin C, but a stronger one than
vitamin E (Zhao et al. 1989).
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4.4 Dependence on NO;~ and NO3~ Photolysis: Effect
of Wavelength Spectrum, Temperature, and pH

The photoinduced generation of HO® largely depends on the presence of NO;~
and NOs3™ in natural waters (Zafiriou and True 1979a, b; Takeda et al. 2004;
Zafiriou and Bonneau 1987; Zepp et al. 1987; Zellner et al. 1990; Brezonik and
Fulkerson-Brekken 1998; Mack and Bolton 1999). The quantum yield of HO®
(®no) for NO,™ and NOs3™ photolysis significantly depends on the temperature,
wavelength and pH in the aqueous solution (Tables 4 and 5) (Zepp et al. 1987,
Zellner et al. 1990; Goldstein and Rabani 2008; Matykiewiczova et al. 2007;
Treinin and Hayon 1970; Strehlow and Wagner 1982; Warneck and Wurzinger
1988; Mark et al. 1996; Vione et al. 2001; Chu and Anastasio 2003). The ®yo
of NO,~ photolysis has been determined for a NO,~ concentration of 3 x 1073
M, for 4 < pH < 11 and temperatures between 278-353 K at 308 nm (Table 4)
(Zellner et al. 1990). The absorption coefficient of NO;™ at 308 nm is e303 = 4.1
L mol™! ecm™! (Strickler and Kasha 1963). For the same solution, ®po has also
been determined in the temperature range of 278-358 K, for pH 8 and under
351 nm irradiation (Table 4). Note that the absorption coefficient of NO;™ is
€351 = 9.4 L mol™! cm™! (Strickler and Kasha 1963). The results have demon-
strated that ®yo generally increases with temperature and decreases with pH
(Fig. 4).
The temperature dependence of ®p is mathematically derived, based on the
results of NO,~ photolysis at 308 (Eq. 4.8) and 351 nm (Eq. 4.9) at room tempera-
ture (Table 4) (Zellner et al. 1990). It can be expressed as:

Dpo(298 K) =0.07£0.01 for7<pH <9 (4.8)

Dpo(298 K) =0.046+0.009  for pH = 8 4.9)

Using the averaged data over the range 7 < pH < 9, the temperature depend-
ence of ®yp at 308 nm (Eq. 4.10) becomes:

Opo(T) = Do (298 K) exp [(1560 + 360) (2;8 - ;)} (4.10)

where the apparent activation energy is E4 = 13 £ 3 kJ mol~!. This equation is
in good agreement with previous data (Zafiriou and Bonneau 1987), where it has
been obtained E4 = 12 & 6 kJ mol™! at 298.5 nm and in the temperature range of
296-322 K.

The temperature dependence of ®yo for NO;~ photolysis at 351 nm can be
expressed as (Eq. 4.11):

1 1
Dpo(T) = P (298 K) exp |:(1800 =+ 400) (298 - T)i| (4.11)
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Fig. 4 Quantum yields of HO® of NO,™ photolysis with variation in temperature at a specific
wavelength at 308 nm for various pH (a) and at 351 nm (b) at pH 8. Data source Zellner et al.
(1990)

These results allow the hypothesis that the temperature dependence of ®yo for
NO;™ photolysis is independent of wavelength, despite a decline of the absolute
dyo value with increasing wavelength (Fig. 4) (Zellner et al. 1990).

On the other hand, the ®gp of NO3~ photolysis has been determined for
a NO3~ concentration of 3 x 102 M in the range 4 < pH < 11, at temperature
between 278-353 K and 308 nm irradiation (Table 5) (Zellner et al. 1990). The
absorption coefficient of NO3™ at 308 nm is €303 = 6.5 L mol™! cm™! (Meyerstein
and Treinin 1961). It has been shown that the quantum yields at each temperature
are generally independent of pH in the range 4 < pH < 9. At higher pH’s, the
quantum yield is typically decreased (Fig. 5).

Fig. 5 Quantum yields of 0.044 -
HO® of NO3~ photolysis with
variation in temperature at a
specific wavelength (308 nm)
for various pH. Data source E 0.033 4
Zellner et al. (1990) o
2
S
>
= 0.022 1
2
S
0.011 4
0 T T T |

278 298 318 353
Temperature (K)
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The ®yo of NO3~ photolysis at room temperature (298 K) is (Eq. 4.12)
Ppo(298 K) = 0.017 &£ 0.03 for4 <pH <9 (4.12)

The temperature dependence of ®yp is mathematically derived from the results
of NO3™ photolysis at 308 nm, in the range of 4 < pH < 9 (Table 5). It can be
written as (Eq. 4.13) (Zellner et al. 1990):

1 1
Dpo(T) = P (298 K) exp |:(1800 +480) (298 — T)i| (4.13)

where the apparent activation energy E4 = 15 & 4 kJ mol~'. The effect of tem-
perature on the HO® quantum yield is relatively stronger than the effect of pH:
dyo increases by almost a factor of 5 over the temperature range 278-353 K, for
4 < pH < 9 (Zellner et al. 1990). Because of the low molar absorption coefficient
of NO3~ at 351 nm (351 ~ 0.05 L mol~! cm™!) (Meyerstein and Treinin 1961),
nitrate is a less effective HO® source at 351 than at 308 nm. However, the results
indicate that the HO® quantum yield and the temperature dependence are constant
at these wavelength (Zellner et al. 1990). There is an overall consistency between
the results of different studies into the temperature and wavelength dependence of
the HO® quantum yield for NO3~ photolysis (e.g., obtained ®po = 0.015 %+ 0.003
at 313 nm) (Zepp et al. 1987).

4.5 Dependence on H>O;, Photolysis: Effect of Wavelength
Spectrum and Temperature

The photoinduced generation of HO® from H,O, (H,O; 4+ hv — 2 HO®) depends
on the wavelength spectrum of UV-B radiation and on water temperature (Zellner
et al. 1990; Hunt and Taube 1952; Baxendale and Wilson 1956; Volman and
Chen 1959; Goldstein and Rabani 2008; Chu and Anastasio 2005; Goldstein
et al. 2007). The quantum yield of HO® (®yo) has been determined for
3 x 102 M H,0, at pH 7, at the wavelengths of 308 and 351 nm (Zellner et al.
1990). The H,O, absorption coefficients for these wavelengths are €303 = 1.10 and
€351 = 0.11 L mol™! cm™, respectively (Taylor and Cross 1949). It has also been
shown that the HO® production gradually increases with an increase in temperature
at pH 7 (Fig. 6; Table 6) (Zellner et al. 1990). Zellner and his co-workers derived
the equations for the temperature dependence of ®yo upon H,O; photolysis.
For the photolysis at 308 nm, ®yo can be expressed as (Eq. 4.14):

Do (298 K) = 0.98 £ 0.03 (4.14)

The temperature dependence of ®yo can be expressed as (Eq. 4.15):

Oro(T) = Do (298 K) exp |:(660i 190) ( 2;8 _ ;)] (4.15)
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Fig. 6 Quantum yields of 11 —— Wavelength (308 nm)
HO*® of H>O, photolysis with ---0--- Wavelength (351 nm)
variation in temperature at
specific wavelengths (308

w2

and 351 nm, respectively) at EQ 17
pH 7. Data source Zellner et 4
al. (1990) .S
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Table 6 Quantum yield of HO® production (®yo) from H,O, photolysis at pH 7 as a function of
temperature (T)

T (°K) Py at pH 7

308 nm 351 nm
278 0.82 +£0.03 0.83 +£0.05
283 0.86 £+ 0.09 0.88 £ 0.06
288 0.91 £0.04 0.90 £ 0.06
293 0.93 £ 0.07 0.93 £+ 0.08
298 0.98 £0.03 0.96 £ 0.04

Data source Zellner et al. (1990)

where the activation energy is 5.5 + 1.6 kJ mol ..
These values are essentially constant for HoO» photolysis at 351 nm (Egs. 4.16,
4.17):

D®po (298 K) = 0.96 £ 0.04 (4.16)

Opo(T) = Po(298 K) exp |:(580j: 160) ( b )} (4.17)
298 T

A recent study has shown that the quantum yield ®yo = 1.11 £ 0.07 in the
excitation range of 205-280 nm for the photolysis of H,O». This is in agreement
with earlier studies (Goldstein et al. 2007). Therefore, the available data suggest
that the photolysis of aqueous HyO; at wavelengths > 300 nm generates HO® with
a quantum yield ®yo ~1 at room temperature (25 °C). ®oy decreases to approxi-
mately 0.82 at 5 °C (278 K). It can be noted that the effective quantum yield of
H»O» dissociation is approximately 0.5, but the photolysis of H»O; yields two
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Table 7 The reaction rate constants for generation of HOe in Fenton reaction at various pH
ranges in the absence of light

Reaction type pH3 pH 4 pHS Equations

Reaction rate constant (k) (M~ !s~1)

Fe™ + H,0, — Fe) 4+ HO® + OH™ 63 12x 102 57 x 10> 418
Fe™ 4 H,0, — Fe®™ 4+ HO»,*/0, + HT 2 x 1073 25 x 1073 2.6 x 1073 4.19
H,0, + HO® — HO,*/0,~ + H,0 3.7 x 107 33 x 107 33x107 420
Fe™ 4+ HO,*/0,~ — Fe™ + 0, + H 78 x 100 6.8 x 10° 3.1 x 107 421
Fe™ + HO® — Fe™D 4+ OH~ 32x 108 32x108 32x10% 4.22
Fe + HO,*0,~ — Fe) 4+ HO,* 13 x 10° 24 x10° 6.6 x 10° 4.23
HO* + HO® — H,0, 52x10° 52x10° 52x10° 424
HO,*/0>~ + HO»*/0,~ — H,0» 23 x10° 12x107 23 x 107 425
HO® 4+ HO»*/0,~ — H,0 + O, 71 x10° 75x10° 89 x 10° 4.6

Data source (Kwan and Voelker 2002)

HO?®. Therefore, the quantum yield of HO® photoinduced generation from H,O;
is double compared to that of HyO» photolysis (Hunt and Taube 1952; Baxendale
and Wilson 1956; Volman and Chen 1959).

4.6 Fenton Reaction: Effect of pH, Temperature and Salinity

The Fenton reaction depends on the presence of Fe?* (or Fe’*) and H,05 in natu-
ral waters. The oxidation of Fe(Il) with H,O» in seawater depends on pH (2-8.5),
temperature (5-45 °C) and salinity (0-35 g L") (Wells and Salam 1968; Moffett
and Zika 1987a, b; Gallard et al. 1998; Bossmann et al. 1998; Duesterberg et al.
2008; Millero and Sotolongo 1989; de Laat and Gallard 1999; Duesterberg
and Waite 2006; Duesterberg et al. 2005; Farias et al. 2007; Jung et al. 2009).
The rate constants of the chain Fenton reactions and the relevant dependence on
pH are presented in Table 7 (Kwan and Voelker 2002). The reaction rate constant
between Fe?* and H,O; significantly increases with pH in the range from 3 to 5
(Eq. 4.18; Table 7), and a similar effect is observed with some of the chain reac-
tions (Egs. 4.19-4.26; Table 7).

A recent study that has been carried out in the pH range 2.5-4.0, both in the
presence and absence of a target organic substance (formic acid), also high-
lights the importance of the Fenton system in the catalytic redox cycling of iron
(Duesterberg et al. 2008). Supply of oxygen can enhance the efficiency of the
Fenton oxidation, which is understandably attenuated by competition with the
organic intermediates in the reaction media (Sychev and Isak 1995; Duesterberg
et al. 2005).

It is shown that the addition of phosphotungstate (PW1,040°7), a polyoxo-
metalate, extends the working pH range of the Fenton system (Fe3T/H,05) up
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to pH 8.5. This is because PW 2040°~ forms a soluble complex with iron that
converts H,O, into HO® (Lee and Sedlak 2009). The Fenton reaction for the
catalytic oxidation of organic compounds is usually limited to the acidic pH
region, due to the low solubility of Fe(Ill) and the low efficiency of oxidant
production at neutral pH values. The coordination of Fe2+ by PW2040°~ can
alter the mechanism of the reaction of Fe(II) with H,O, at neutral pH, yield-
ing a reactive species capable of oxidizing aromatic compounds (Lee and
Sedlak 2009).

An increase in temperature significantly enhances the efficiency of the
Fenton reaction towards the degradation of organic pollutants in aqueous solu-
tion (Fig. 7) (Farias et al. 2007). From the results of Farias et al. (2007) it is
possible to estimate a HCOOH degradation enhancement of 164-191 % at
313 K and 370-561 % at 328 K compared to 298 K, after 20 min of reaction
time, with H,O»: formic acid molar ratios between 3 and 8 (Fig. 7). The results
also show that the conversion of the organic pollutant is the highest at 328 K,
with a low H,O,: formic acid molar ratio. Conversion gradually decreases
when the H>O»: formic acid molar ratio is increased from 3 to 8 at the same
temperature (328 K) (Fig. 7). However, at 313 K the conversion of the organic
pollutant gradually increases when the HyO,: formic acid molar ratio is
increased from 3 to 8 (Fig. 7).

The overall Fenton reaction (Fe** + H»0,) is first-order with respect to the
concentration of total Fe(II) and HO,. It can be expressed as follows (Eq. 4.27)
(Moffett and Zika 1987a, b; Millero and Sotolongo 1989):

d[Fe (I)] /dt = —k {[Fe (I)] [H,0,]} 4.27)

where the brackets denote the total molar concentrations. With an excess of
[H203], the overall reaction becomes pseudo-first order and can be depicted as fol-
lows (Eq. 4.28):

d[Fe (ID)] /dt = —kﬂ [Fe (ID] (4.28)
Fig. 7 The percentage 1207 A Photo-Fenton 3
degradation of organic 0 Photo-Fenton 5
pollutants by photo-Fenton o 100 1 ;’( 1l;hoto-F;:nton 8 %
and. Fenton reactions in g T FZEESE 3 X
a stirred tank laboratory %“ & 801 =Fenton§
photoreactor. 3, 5 and 8 5 e o
indicates the molar ratio of £ g 60 3
the reactant H,O» to formic = = +
acid in the aqueous solutions. <2 T& 40 o
Data Source Farias et al. En o x
(2007) A 20 1 i

0 T T T 1
290 300 310 320 330

Temperature (K)
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where k| = k[H,0,]. The reaction is quite fast at high temperature and pH, and
it becomes quite difficult to be examined at 25 °C and pH 8. The reaction at 5 °C
and pH 3.5 followed first-order kinetics with respect to Fe(I) for seawater sam-
ples, giving ¥’ = 0.0385 £ 0.0009 min~! and log k = 1.50 £ 0.02 (k in M~ ! s71)
(Millero and Sotolongo 1989). At higher pH and temperature, the second-order
reaction rate constants have been determined at the stoichiometric ratio [Fe(II)]/
[H20;] = 2, following Eq. (4.29) (Benson 1960)

1/[Fe(ID] = 1/[Fe(ID]o + (k/2)t (4.29)

where [Fe(I)], is the initial concentration of Fe(II).

The rate constant k (M~! s7!) for Eq. (4.29) is independent of pH below pH
4, and increases significantly at high pH values. It is a linear function of [H*] or
[HO™] from pH 6 to 8 in seawater. The effect of pH is not affected by a variation
of the temperature

The effects of temperature (T) and ionic strength (/) on k at pH 6 can be
expressed as (Eq. 4.30) (Millero and Sotolongo 1989):

logk = 13.73 — 2,948/T — 1.701'? + 1.201 (4.30)

The reaction rates can be depicted as (Eq. 4.31) (Millero and Sotolongo 1989):
d[Fe(ID]/dt = —ky[Fe(ID][H,02][HO™] (4.31)

where the values of ky are independent of temperature. This is attributed to the
fact that the activation energy is of the same order of magnitude as the heat of ion-
ization of water (AHy,"). The effect of the ionic strength on log k> can be depicted
as (Eq. 4.32) (Millero and Sotolongo 1989):

logky = 11.72 — 2.141'7% + 1.381 (4.32)

The overall reaction rate k over the entire range of pH, temperature and ionic
strength can be expressed by (Eq. 4.33) (Millero and Sotolongo 1989):

k = koare + kiotreoH (4.33)

where ape and afe.oH, ko and k; are the fractions of the two Fe(Il) species and the
rate constants for the oxidation of Fe?>* and FeOH, respectively. The values of k,
and k; can be expressed by (Egs. 4.34, 4.35) (Millero and Sotolongo 1989):

logko = 8.37 —1,866/T (4.34)

log ky = 17.26 —2.948/T — 1.701'/% 4+ 1.201 (4.35)

The addition of HCO3™ at constant pH linearly increases the reaction rate, inde-
pendently of the temperature and salinity. This result can be attributed to FeCO3°
reacting faster than FeOH™ with H,O,. At a given pH and ionic strength, the reac-
tion rates in seawater are almost the same as in NaCl. These results can explain
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the differences in the reaction rates observed between estuarine waters of various
alkalinity and seawater diluted with water (Millero and Sotolongo 1989).

A recent study demonstrates that the rates of the Fenton reaction do not vary
in the presence of chloride, nitrate and perchlorate. However, in the presence of
sulfate the rate of Fe(Il) oxidation is higher and depends on pH and the concen-
tration of sulfate. This result has been obtained under dark conditions at pH < 3,
25 £ 0.5 °C and controlled ionic strength (<1 M) (Le Truong et al. 2004). It has
also been shown that H>O; is more stable in Fenton-like than in Fenton’s systems,
and that the lifetime of H>O, is highly affected by the solution pH. Indeed, pH-
buffered acidic conditions are preferred to ensure sufficient H,O, lifetime, which
is an important factor in the feasibility of Fenton’s and Fenton-like reactions with
haematite and magnetite for soil and groundwater remediation (Jung et al. 2009).

4.7 Photo-Fenton Reaction

The formation of HO® in the photo-Fenton reaction (Fe(IlT) + H>O; + hv) signifi-
cantly depends on light intensity, HyO; and Fe(III) concentration, and pH (Zepp
et al. 1992; Voelker et al. 1997; Southworth and Voelker 2003; Vermilyea and
Voelker 2009). Studies on the ferrioxalate system (air- and argon-saturated) sug-
gest that the Fe(II) photoproduction rates are not affected by the reducing interme-
diates (CO,*", O,°", scavenger-derived radicals) produced in the aqueous solution
(Zepp et al. 1992). The results demonstrate that the photolytically generated Fe(II)
can efficiently react with HyO; to produce HO® in water at pH 3-8 (Zepp et al.
1992). It has been shown that the Fe(II) concentration in upstream waters grad-
ually increased from zero (0530 h JST, Japan standard time) to 3.8 puM (1300 h
JST), and decreased to zero again after sunset (1900 h JST) (Fig. 8a) (Mostofa
KMG and Sakugawa H unpublished data). In the meantime, pH varied from 7.0
to 7.6 (Mostofa and Sakugawa 2009). In downstream waters, the Fe(I) concen-
tration increases from 2.3 (0530 JST) to 4.0 uM (1200 JST) and then decreased
to 2.2 uM (1900 JST) after sunset (Fig. 8b) (Mostofa KMG and Sakugawa H
unpublished data). The pH varied from 7.0 to 7.3 (Mostofa and Sakugawa 2009).
The production of Fe(Il) was the highest at noon, and it was almost the same in
clean upstream river (3.8 pM, 7.3 % of the total Fe) and polluted river waters
(4.0 M, 1.9 % of the total Fe). In a similar way, the HyO, production was also
maximum at noon and reached 40 and 63 nM, respectively (Fig. 8, “Photoinduced
and Microbial Generation of Hydrogen Peroxide and Organic Peroxides in Natural
Waters”) (Mostofa and Sakugawa 2009). Similarly, Fe2T has been observed
to reach up to 0.9 nM in a Swiss Lake at pH 8.0-8.5; 15 nM in a low-land lake
in the United Kingdom at pH 7.0-7.5; and approximately 0—145 pM in a salt
marsh at Skidaway Island in the USA (Viollier et al. 2000; Aldrich et al. 2001;
Emmenegger et al. 2001). The peak concentration of Fe(II) ranged from 4 to 8 %
of the total iron concentration at pH 8 in waters of Narragansett Bay. It was also
observed an increase of Fe(Il) concentration by lowering the pH over the entire
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course of the experiment (Miller et al. 1995). All the reported results suggest that
the photo-Fenton reaction under sunlight proceeds at the highest rate at noon in
natural waters, in correspondence with the peak values of Fe?>™ and H,0,. The
diurnal changes in the concentrations of Fe(Il) and H>O; are strongly correlated
to the losses in the DOM fluorescence: the latter was 28 % lower at noon than
before sunrise in the river waters (Mostofa et al. 2005). However, the contribu-
tion of the photo-Fenton reaction to the production of HO® was minor (2-29 %)
as compared to NO3™ (3-70 %) and NO;~ (1-89 %) upon irradiation of river water
samples from Japan (pH 6.7-9.0) (Nakatani et al. 2007). Interestingly, it has also
been shown that the oxidation of Fe?>* by H,0, is the key reaction step in the pres-
ence of high concentrations of Fe2™; in contrast, the back reduction of Fe(III) by
superoxide is important at low initial Fe2* concentrations and high pH (Pham and
Waite 2008). It has also been suggested that precipitation of Fe(IIl) has a marked
effect on the overall Fe(Il) oxidation, particularly at high pH. A recent study has
shown that the inhibition of the photo-Fenton degradation of organic material
(both synthetic phenol wastewater and an aqueous extract of Brazilian gasoline)
in the presence of chloride ions can be circumvented, by maintaining the pH of the
medium at or slightly above 3 throughout the process. In this way, it is possible to
limit inhibition of the oxidation reactions even in the presence of 0.5 M chloride
(Machulek et al. 2007).
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4.7.1 Kinetics of the Photo-Fenton Reaction

The kinetics of the photo-Fenton reaction can be determined as a function of
pH, based on the yield of HO® formed per Fe(Il) oxidized by H»0O,, and con-
sidering the photoreactions of aqueous organic substrates (Zepp et al. 1992;
Hoigné et al. 1988). Under illumination with constant irradiance of a diluted
probe compound (P) that reacts with HO® (Eq. 4.36), the hydroxyl radical would
rapidly reach a steady-state concentration. In the presence of P and of other HO®
scavengers (S), the decay of HO® can be expressed as follows (Eqgs. 4.36, 4.37)
(Zepp et al. 1992):

HO* + P " rection products (4.36)
o > K, (8] .
HO®* + S ——— scavenging products (4.37)

where k, is the second-order rate constant (M~ s71) for the reaction of HO® with
the probe P, and > ks[S] is the pseudo-first order rate constant (s71) for HO® scav-
enging by all the components present in the reaction medium, except the probe
compound.

The scavenging rate of HO® can be expressed as (Eq. 4.38) (Zepp et al. 1992):

rs = {kp[P]+ > ks [SI}[HO"] (4.38)

If the concentration of P or the reaction rate for the P is sufficiently low (i.e.,
> ks[S] » kp[P]), it is rs = (C_ks[S)[HO®]. Under the steady-state condition the rate
of generation of HO® is roy = rs, from which the hydroxyl radical concentration
becomes (Eq. 4..39) (Zepp et al. 1992):

[HO®], = rno/ (Z ks [S]) (4.39)

The oxidation rate (Ms™!) of the probe compound in an irradiated system (con-
version per unit time) is described as (Eq. 4.40) (Zepp et al. 1992):

—d[P]/dt = kp[HO®]  [P] =k [P] (4.40)

SS

If the concentrations of the photoactive Fe(IIl) species, H,O», and the scaven-
gers show a negligible variation as compared to [P], both roy and > ks[S] (and
[HO®]ss as a consequence) would be about constant. That would give a pseudo-
first order reaction with rate constant k. If the second-order rate constant, kp and
the scavenging rate constant, Y_ks[S] are known, then rog can be determined from
k by the following equation (Eq. 4.41) (Zepp et al. 1992):

o =k (D ks [1) /Cke) 44D)
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This steady-state approach has been successfully applied to examine the ther-
mal production of HO® in ozone-treated natural waters, as well as the photoin-
duced generation of HO® upon irradiation of natural waters and of nitrate ions
(Zepp et al. 1987, 1992; Haag and Hoigné 1985).

In natural waters for a thin layer at the surface of a water body, the photoin-
duced production rate of the reactive species (Schwarzenbach et al. 1993) can be
expressed as (Eq. 4.42):

rp=2.3> 1) x () x D) x C (4.42)
A

where rp is the production rate (M s7'), I is the incident light intensity
(mEinstein cm=2s7!), ¢ is either the quantum yield (mol Einstein™") or the appar-
ent quantum yield, € and C are the absorption coefficient and the concentra-
tion of the relevant light-absorbing reactive species, respectively, and ) is the
wavelength. Thus, it is possible to determine the near-surface production rate
of HO® from NO3~ photolysis from Eq. (4.39), from which one gets (Eq. 4.43)
(Southworth and Voelker 2003):

mos = (2% 1077) [NO3] (4.43)

To obtain (Eq. 4.43), the light intensity values were integrated over wavelength
for a solar declination of 20° (24-h averaged) (Schwarzenbach et al. 1993), adopt-
ing a quantum yield of 0.015 for the HO® photoproduction upon nitrate irradiation
at 25 °C (Zepp et al. 1987).

The degradation rate of formic acid in the photo-Fenton reaction increases
with temperature (Fig. 7) (Farias et al. 2007). From the cited results it can be
estimated that the conversion of HCOOH after 20 min of reaction time is
increased approximately by 70—120 % at 313 K and 160-202 % at 328 K com-
pared to the initial temperature of 298 K, with HoO>:HCOOH molar ratios in the
range from 3 to 8 (Fig. 7). It is also observed that irradiation in the photo-Fen-
ton system enhances degradation, compared to the corresponding dark Fenton
system at equal temperature. However, the effect of irradiation is decreased dra-
matically as temperature increases, so that at 328 K there is little advantage in
irradiating the system.

4.8 Photo-Ferrioxalate/H,0;, Reaction: Dependence
on pH and Reactants

Without addition of H»O» to the photo-ferrioxalate system, the reaction rate
gradually increases with increasing pH as can be measured from the degra-
dation of specific organic compounds (Jeong and Yoon 2005; Balmer and
Sulzberger 1999). The pH effect is thought to involve two phenomena (Jeong
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and Yoon 2005; Balmer and Sulzberger 1999). First, an increase in pH may
enhance the conversion of dominant ferric complexes such as [Fe(C,04)]F and
[Fe(C204)313~ (Eq. 3.19). It subsequently enhances the overall reaction rates
through the chain reactions of CO,*" that form H,O; and, through formation of
Fe2+ (Egs. 3.21, 3.23, 3.24), produce HO® as a consequence (Egs. 3.22, 3.43,
3.45, 4.23, 4.25). Second, the formation of the FeH(C204) complex increases
with pH and subsequently enhances the Fenton reaction, because Fe!l(C;0,4) can
react with H,O, at a faster rate (Eq. 3.25) than FeZt (Eq. 4.18). Thus, without
addition of H,O; the rate-determining step for the production of HO® is the for-
mation of HyO,. The latter is formed upon reaction of Fe(II) with O,* or HO;®,
or from Oy~ + H™ and chain propagation within HO,®. O,*" is formed from
CO,*" or from the reaction of O, with photoinduced electron (e”), emitted upon
photo-ionization of organic compounds. Therefore, an increase in pH will favor
the occurrence of Fe(Il), CO,°*~ and O,°", which leads to higher amounts of H>O»
and of Fe'(C,0,). Then, the reaction between H,O, and Fe'l(C,0,) favors the
formation of HO®. It is obvious that higher HO® photoproduction causes faster
degradation of the dissolved organic substrates.

With addition of H>O, to the photo-ferrioxalate system, the formation of HO®
depends on the concentration of H O (Hislop and Bolton 1999; Jeong and Yoon
2005). With H>O; above 10 mM the reaction rate may decrease, but the addition
of HyO; from 0.1 to I mM may enhance the degradation of organic substances.
Therefore, a high concentration of HO» is a major factor for decreasing the over-
all formation rate of HO®. First of all, excess HyO» can contribute significantly to
the HO® scavenging, consuming hydroxyl radicals and producing HO,*/O,*". The
latter species are then able to oxidize Fe(II), which might be kept low so that the
formation rate of HO® in the Fenton process is decreased. Lower HO® formation
and higher HO® consumption by H>O; can inhibit the degradation of dissolved
organic compounds; the inhibition would be higher at higher pH, where the oxida-
tion of Fe(IT) by HO»°*/O,°" is favored.

On the other hand, relatively low levels of H,O, (0.1 to 1 mM) can enhance
degradation, because the addition of hydrogen peroxide would by-pass the slow
step of H,O, formation in the photo-ferrioxalate system without H,O,. Moreover,
low H,0, levels would not be able to scavenge HO® significantly, nor to cause
Fe(II) oxidation.

5 Significance of HO* in Natural Waters

The HO® radical is the most reactive transient among the reactive oxygen species
(ROS) that can be present in natural waters. It is an effective, nonselective and
strong oxidant in natural waters for the following reasons:

(i) Photoinduced transformation of DOM by HO® into bioavailable compounds.
An example is the degradation of persistent organic substances, which are
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(ii)
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otherwise recalcitrant to biological and chemical degradation in natural waters
(Zepp et al. 1987; Miller and Chin 2002; Haag and Yao 1992; Vione et al.
2009; Grannas et al. 2006; Pullin et al. 2004; Draper and Crosby 1984; Ollis
et al. 1991; Sun and Pignatello 1993; Zimbron and Reardon 2005).
Degradation of organic pollutants or DOM in natural waters (Brezonik and
Fulkerson-Brekken 1998; Southworth and Voelker 2003; White et al. 2003;
Westerhoff et al. 1999; Goldstone et al. 2002; Kang et al. 2000; Gao and
Zepp 1998; Arslan et al. 1999; Katsumata et al. 2006; Mufioz et al. 2006;
Farias et al. 2010). Suwannee River Fulvic Acid (SRFA) can produce H»O»,
which can give HO® by direct photolysis or through the Fenton reactions
(Fig. 9) (Southworth and Voelker 2003). The Fenton process can also be
exploited from a technological point of view. Recently, a new pilot-plant
solar reactor for the photo-Fenton treatment of waters containing toxic
organic substances has been developed. In this reactor, the combined pho-
toinduced and thermal effects of sunlight can degrade 98.2 % of the initial
pollutant, for a reaction time of 180 min and a relatively low iron concentra-
tion (Farias et al. 2010).

(iii) A great interest is presently devoted to the utilization of HO® in the Advanced

Oxidation Technology (AOT) for treatment of sewerage or industrial effluents,
as a help to achieve sustainable development (Safazadeh-Amiri et al. 1996,
1997; Arslan et al. 2000; Venkatadri and Peters 1993).

(iv) The cycling of metals occurs through various redox chemical reactions in

)

natural waters, to which HO® gives a contribution (Faust 1994; Voelker et al.
1997; Jeong and Yoon 2005; Faust and Zepp 1993; Kwan and Voelker 2002;
Emmenegger et al. 2001).

Photoinduced generation of HO® upon nitrite and nitrate photolysis in natural
waters can cause hydroxylation, nitration and nitrosation reactions of many
aromatic compounds or organic contaminants (Matykiewiczova et al. 2007;
Torrents et al. 1997; Vione et al. 2003a, b, 2004). Some of the reaction inter-
mediates are mutagenic or carcinogenic and are, therefore, of immense envi-
ronmental concern in the water bodies.

(vi) The HO® radical is for instance involved in the ultrasonically induced oxida-

tion of arsenite, which plays a key role in the conversion of As(IIl) in aqueous
media and may be applicable as a pretreatment step for the removal of arsenic
from water (Xu et al. 2005).

6 Impact of Free Radicals on Biota (Proteins and Living

Cells) and Plants

Free radicals are an unavoidable by-product in biological systems and can
arise from foods containing unnecessary fat, smoking, alcohol, H>O», ozone,
toxins including the carcinogenic ones, ionization, environmental pollutants
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etc. The major sources of free radicals such as the superoxide ion (O;7) and
the hydroperoxyl radical (HO;®) are modest leakages from the electron trans-
port chains of mitochondria, chloroplasts and the endoplasmic reticulum
(Miller et al. 1990; Paradies et al. 2000; Blokhina et al. 2003). The HO?®,
alkoxyl radical (RO®), peroxyl radical (ROO®), and H,O; produced from the
autooxidation of biomolecules such as ascorbate, catecholamines or thiols, can
damage the macromolecules such as DNA, proteins and lipids in biological
systems (Miller et al. 1990; Buettner and Jurkiewicz 1996; Cadet et al. 1999;
Blokhina et al. 2003; Berlett and Stadtman 1997; Morse et al. 1977; Radtke
et al. 1992; Abele-Oeschger et al. 1994). These events have implications for
numerous human health problems. Autoxidation reactions would mostly be
catalyzed by transition metal ions (Fe?t, Cu™), and by semiquinones which
can act as electron (e”) donors (Buettner and Jurkiewicz 1996; Blokhina
et al. 2003). Four-electron reduction of oxygen in the respiratory electron
transport chain (ETC.) is generally associated with a partial one- to three-elec-
tron reduction, yielding reactive oxygen species such as 0,°~, HO®, H>O, sin-
glet oxygen (10,) and O3 (Blokhina et al. 2003). Both O,°~ and HO,® undergo
spontaneous dismutation to produce H>O». In the presence of reduced transi-
tion metals such as Fe?T or its complexes that are quite common in biological
systems, the HO® radical can be produced by the Fenton reaction. A mecha-
nistic scheme for the generation of HO® in biological systems can be depicted
as follows (Eqgs. 6.1-6.3) (Buettner et al. 1978; Buettner 1987; Buettner and
Jurkiewicz 1996; Blokhina et al. 2003):

Fe’*-chelate + 02°~ /AscH® — Fe?T-chelate + O5/Asc®” (6.1)

Fe?* -chelate + HyO, — Fe3t-chelate + OH™ + HO® 6.2)

Biomolecules + HO® + O, — Fe3T-chelate + OH™ + HO® (6.3)
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where 0,° and ascorbate (AscH™) can reduce the Fe’t-chelate to form Fe2'-
chelate (Eq. 6.1), which subsequently reacts with H>O, to form HO® in the Fenton
reaction (Eq. 6.2). HO® then induces the oxidation of biomolecules (Eq. 6.3) in
biological systems.

The presence of metals that can act as catalysts in biological systems is
caused by the fact that many biomolecules bind transition metals, especially pro-
tein moieties containing oxygen, nitrogen or sulfur atoms. The transition metals
are coordinated with biomolecules through the d-orbitals that can also permit the
simultaneous binding of a biomolecule and dioxygen, thus providing a bridge
between O; and the biomolecule (Miller et al. 1990; Buettner and Jurkiewicz
1996; Khan and Martell 1967; Valentine 1973). The major free radicals with
the highest reduction potential are HO®, RO®, LOO®, GS°®, urate, and even the
tocopheroxyl radical (TO®). Ascorbate itself acts as an antioxidant by replacing a
potentially very damaging radical (X*), through the following reaction (Buettner
and Jurkiewicz 1996; Buettner 1993, 1988):

AscH® 4+ X°* — Asc®™ + XH (6.4)

where Asc®” is the ascorbate radical, which has low reduction potential and does
not give additional reaction with O, to form further oxidizing species. The kinet-
ics of these electron/hydrogen atom transfer reactions are very fast, as is observed
for the equilibrium mixture of AscHo/AscH™/Asc>~ at pH 7.4 which has been
mentioned in earlier section (Buettner and Jurkiewicz 1996; Buettner 1988; Ross
et al. 1994). Therefore, ascorbate is an excellent antioxidant from both a thermo-
dynamic and kinetic point of view, but Asc>~ or Asc® can produce low levels of
superoxide. The removal of O>°~ by superoxide dismutase can prevent further free
radical oxidation in biological systems (Buettner and Jurkiewicz 1996; Williams
and Yandell 1982; Scarpa et al. 1983; Winterbourn 1993).

One of the most important impacts of harmful solar UV radiation in biologi-
cal systems is the skin cancer, which is generally induced by the photoinduced
production of free radicals. Formation of 'O, within cell membranes is caused by
the photodynamic action of the photosensitizers photofrin and merocyanine 540
(Buettner and Jurkiewicz 1996). The O, reacts with the membrane lipids to form
lipid hydroperoxides (LOOH). Skin is a significant iron excretion site (Green et
al. 1968), and Fe(Il) can react with LOOH to form highly oxidizing lipid alkoxyl
radicals (LO®) by a Fenton-like reaction (Eq. 6.5):

Fe?* + LOOH — Fe3t + LO® + OH™ (6.5)

Applications of iron chelators to the skin can give photoprotection in the case
of chronic exposure to UV radiation, by reducing the formation of free radicals
(Bissett et al. 1991).

Second, another most important impact of HO® is the declining of plants by
the effect of HO®, which is formed in dew waters of plants by several sources
such as NOy~, NOs~ and H>,O, + Fe + oxalate system present in the plants
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(Arakaki et al. 1998, 1999a, b; Arakaki and Faust 1998; Nakatani et al. 2001;
Kobayashi et al. 2002). It is considered that the HO® formed in the liquid phase
on the needle surfaces of Japanese red pine, which are frequently present in
the dew on sunny mornings in the warm-temperate region, are the cause of
ecophysiological disorders in plants (Kobayashi et al. 2002).These effects sub-
sequently affect to decrease in the maximum CO; assimilation rate, stomatal
conductance, minimal fluorescence and needle lifespan (Kume et al. 2000).

7 Summary and Scope of the Future Challenges

The HO® radical is the most reactive among the many oxygen transient spe-
cies produced photolytically in natural waters. However, a few studies on HO®
production have been conducted on fresh- and seawater as a whole. The HO®
production in acidic lake waters is not well investigated, although it is known
that acidification enhances the formation of HO® (Vione et al. 2009). The HO®
production varies with the contents of DOM, which may be a key factor to
understand the photoinduced processes in a variety of natural waters. Moreover,
there is no study conducted about production of alkoxide radicals (RO®) and
their role in the photodegradation kinetics of DOM along with HO®. An example
of key possible research on free radicals needed for the future challenges are:
(i) Effect of pH and temperature on the production of HO® for a variation in qual-
ity and quantity of DOM in natural waters. (ii) Investigation on the sources of
free radicals (HO® and RO®), particularly from fluorescent dissolved organic
matter (FDOM) for a variety of waters. (iii) Photoinduced generation of alkoxide
radicals (RO®) and their relative reaction kinetics with respect to HO® and other
solution components. (iv) Impacts of free radicals on specific biota in the aquatic
environment.

Problems

(1) List the various sources of HO® and their role in natural waters.

(2) List three important free radical species except HO® and their importance in
natural waters.

(3) How is the steady state concentration of HO® defined, and why does the
steady state concentration vary for a variety of natural waters?

(4) Explain why the potential of HO® formation is low in surface waters com-
pared to those of deep lakes and the sea.

(5) Mention the important processes of HO® formation in natural waters and
explain the mechanism of in situ generation of HO® from DOM via H,O,.

(6) Explain why the photo-Fenton reaction is more suitable than the Fenton
reaction in the degradation of organic pollutants in aqueous solution.
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(7) Explain how the photo-ferrioxalate/H>O;, reaction system degrades the
organic pollutants in the aqueous solution.

(8) Explain how photocatalytic TiO, suspensions degrade the organic pollutants
in aqueous solutions.

(9) What are the controlling factors for the production and decay of HO®?
Explain how fulvic acid plays a dual role in production and decay of HO®.

(10) Explain the effect of wavelength spectrum, temperature, and pH on the for-
mation of HO® from nitrite and nitrate photolysis in aqueous solution.

(11) Explain the effect of wavelength spectrum and temperature on H>O, pho-
tolysis in aqueous solution.

(12) Explain how the Fenton reaction is affected by pH, temperature and salinity
in natural waters.

(13) Explain what the photo-Fenton reaction is and what is its kinetics.

(14) What is the photo-ferrioxalate/H,0O, reaction? How is this reaction system
affected by variations in pH and reactants in aqueous solution?

(15) The quantum yield (®ygo) for the UV photoproduction of HO® by nitrite
photolysis at 308 nm is 0.07 at room temperature (298 K). Calculate ®yo at
the temperatures of 288 and 328 K.

(16) The @y for the UV photoproduction of HO® by nitrate photolysis at
308 nm is 0.017 at room temperature (298 K). Calculate the ®yg at the tem-
peratures of 278 and 318 K.

(17) If the photolysis of aqueous H,O5 at 308 nm generates HO® with ®po = 1 at
room temperature (298 K), then calculate ®yo at 288 and 303 K.

(18) Explain shortly the significance of HO® formation in natural waters.

(19) Explain how HO® impacts on biota in natural waters.
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Photoinduced and Microbial Degradation
of Dissolved Organic Matter in Natural Waters
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1 Background

Solar radiation is a universal and regular phenomenon in biosphere that is vital
for all life in the Earth’s crust. It maintains all the physical, chemical, photoin-
duced and biological processes of organic matter and dissolved organic matter
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(DOM) in natural waters. Photoinduced or photolytic processes can maintain the
acidity-alkalinity, water transparency, thermal stratification, redox reactions, pro-
duction of bioavailable carbon substrates to enhance biological productivity, nutri-
ent concentrations, production of dissolved inorganic carbon (DIC), autochthonous
production of DOM, photosynthesis, formation of surface chlorophyll ¢ maxima
(SCM) and so on (Harvey et al. 1995; Moran and Zepp 1997; Laurion et al. 2000;
Kopacek et al. 2003; Barbiero and Tuchman 2004; Huisman et al. 2006; Mostofa et
al. 2009a, b). Finally, solar radiation is a major source of energy that is of essen-
tial importance in natural water ecosystems. The Photoinduced degradation of
DOM and its consequences on natural waters are significantly dependent on the
spectral range of sunlight under consideration, namely the UV-A (315-400 nm),
UV-B (280-315 nm) or visible light (400-700 nm). Depending on the wave-
length, there are significant variations as far as sunlight penetration in the water
column is concerned (Scully et al. 1996; Morris and Hargreaves 1997; Reche
et al. 1999). DOM is typically able to absorb UV radiation in sea and lake water
(Kirk 1994; Morris et al. 1995), thereby controlling the penetration of UV in the
deep water layers. The penetration depths of UV radiation in natural waters are
greatly varied, with typical penetration in clear ocean water of ~20 m for UV-B
and ~50 m for UV-A radiation. In oligotrophic marine waters, penetration of UV-B
radiation is 5-10 m and 0.5-3 m in freshwater (Kirk 1994; Smith and Baker 1981;
Waiser and Robarts 2000). Therefore, any changes in the radiation wavelengths or
an increase in global temperature can greatly impact on the various biogeochemi-
cal processes mentioned earlier. However, researchers do not pay much attention to
photoinduced processes to assess the biogeochemical processes in natural waters.

The microbial process is a well-known observable fact that is typically respon-
sible for the in situ generation of DOM, cycling of nutrients, occurrence of deep
chlorophyll ¢ maxima (DCM), photosynthesis, thermal energy and degradation of
organic matter in soil or sediment porewaters, which are vital to water environments
(Mostofa et al. 2009a, b; Conrad 1999; Guildford and Hecky 2000; Rochelle-Newall
and Fisher 2002; Roberts et al. 2004; Lovley 2006; Yamashita and Tanoue 2008).
Microbial process is generally controlled by bacterial cells and microorganisms,
both autotrophs (plants, algae, bacteria) and heterotrophs (animals, fungi, bacteria)
in the aquatic environments. Microbial activity is often taking place at the hypolim-
nion in natural waters as well as in sediment porewaters, and it is most significant in
temperate, Arctic and Antarctic regions when the lake epilimnion is covered by ice.
There is also no photoinduced degradation taking place at the epilimnion during the
ice-covered period. The overall photoinduced and microbial changes in organic mat-
ter and DOM components in waters play a significant role in the global carbon cycle
and in the biogeochemical processes in the aquatic environment.

This review will provide a common overview on biogeochemical functions of
DOM for photoinduced and microbial processes, DOM degradation for a variety of
waters, theoretical model and mechanisms for photoinduced and microbial degradation
of organic matter and DOM components, reaction rate constants by functional group
contribution method, kinetics of photoinduced degradation of DOM, and interactions
between photoinduced and microbial degradation in waters. This study also discusses
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the key factors that may significantly affect the photoinduced and microbial activities in
waters. Finally, this study summarizes the various photoproducts of DOM and depicts
their importance on biogeochemical cycles in the aquatic environments.

1.1 Biogeochemical Functions of DOM for Photoinduced
Processes in Natural Waters

Photoinduced reactions caused by solar radiation can produce various biogeo-
chemical alterations of DOM that can be listed as follows (Mostofa et al. 2011):

(1) Photoinduced generation of free radicals, which are susceptible to induce pho-
toinduced degradation of DOM in aqueous media. The free radicals sources
include: (i) Photolysis of NO,;~ and NO3~ ions inducing production of
hydroxyl radical (HO®) in waters (Zafiriou and True 1979a, b; Takeda et al.
2004; Vione et al. 2006; Minero et al. 2007) (ii) Generation of free radical
species such as superoxide ion (0,°7), hydrogen peroxide (H»Oy), organic
peroxides (ROOH) and HO® by photolysis of CDOM or FDOM in waters
(Cooper et al. 1988; Moore et al. 1993; O’Sullivan et al. 2005; Mostofa and
Sakugawa 2009); (iii) Photoinduced production of HO® by the photo-Fenton
(Zepp et al. 1992; White et al. 2003) as well as the photo-ferrioxalate/HyO2
reactions (Safarzadeh-Amiri et al. 1996, 1997; Southworth and Voelker 2003).

(2) Production of new organic substances by photorespiration or assimilation
of particulate organic matter (POM: ca. algae or phytoplankton) and high
molecular weight DOM. These processes have a deep impact on the car-
bon cycling and include: (i) Photo-respiration or assimilations of algae that
can produce autochthonous fulvic acid and other organic substances as well
as nutrients in the aquatic environments (Mostofa et al. 2009b; Thomas and
Lara 1995; Fu et al. 2010). (ii) Photoinduced degradation of chlorophyll a
with production of new organic substances; this process is typically occur-
ring in the photic layer of natural lake and seawater (Rontani 2001; Cuny
et al. 2002). (iii) Photoinduced assimilation or degradation of algal biomass
in surface waters under natural sunlight, which may produce new DOM or
FDOM species in the aquatic environments (Rochelle-Newall and Fisher 2002;
Thomas and Lara 1995; Fu et al. 2010; Henrichs and Doyle 1986; Biddanda
and Benner 1997; Carrillo et al. 2002; Mostofa KMG et al. unpublished).
(iv) Microbial assimilation or degradation of algal biomass or phytoplank-
ton; in vitro experiments have shown that under dark incubation these pro-
cesses may produce new DOM or FDOM (Rochelle-Newall and Fisher 2002;
Yamashita and Tanoue 2008; Fu et al. 2010; Biddanda and Benner 1997,
Mostofa KMG et al. unpublished; Yamashita and Tanoue 2004; Stedmon and
Markager 2005). (v) Photoinduced transformation of high-molecular weight
DOM into low-molecular weight organic substances; in some cases the pro-
cess can lead to complete mineralization (Moran and Zepp 1997; Dahlén et al.
1996; Ma and Green 2004; Vihitalo and Jarvinen 2007; Vione et al. 2009).



276

©)

“

K. M. G. Mostofa et al.

Photoinduced degradation can regulate water-quality parameters. In particular:
(1) Photoinduced degradation changes the physical, chemical and optical properties
of water (Kopacek et al. 2003; Vahatalo et al. 2000; Twardowski and Donaghay
2002; Mostofa et al. 2005; Mostofa et al. 2007a, b; Moran et al. 2000), the struc-
ture of DOM (Kramer et al. 1996; Kulovaara 1996; Bertilsson and Allard 1996)
as well as its molecular weight (Twardowski and Donaghay 2002; Allard et al.
1994; Kaiser and Sulzberger 2004; Yoshioka et al. 2007); (ii) Photoinduced deg-
radation processes can affect the acidity-alkalinity balance and the consumption
of dissolved oxygen at the epilimnion level in both lacustrine and oceanic envi-
ronments (Kopacek et al. 2003; Amon and Benner 1996; Gao and Zepp 1998);
(iii) Photoinduced degradation decreases the absorbance of CDOM (and/or
FDOM), which can result in water discoloration (Reche et al. 1999) and increases
the water-column transparency. A notable consequence is the increased penetra-
tion of photosynthetically active radiation (PAR, 400700 nm) but also of damag-
ing UV radiation (280400 nm) in the water column (Laurion et al. 2000). These
effects have also an influence on the photoinduced degradation of deep-water
DOM (Morris and Hargreaves 1997; Siegel and Michaels 1996); (iv) Photoinduced
processes can induce the degradation of organic pollutants or contaminants. A wide
variety of photogenerated transients is involved (HO®, CO3°~, 10,, 3CDOM¥)
(Maddigapu et al. 2011; Minella et al. 2011; Arsene C 2011), but the hydroxyl rad-
ical is the reactive species that is less likely to produce secondary toxic pollutants.
Therefore, HO®*-induced processes are most likely to achieve efficient decontami-
nation. The photo-Fenton reaction or photo-ferrioxalate/H,O, reactions are par-
ticularly effective to this purpose (Safarzadeh-Amiri et al. 1997; Southworth and
Voelker 2003; Brezonik and Fulkerson-Brekken 1998); (v) Photoinduced degrada-
tion of DOM can interact with eutrophication by increasing the phosphate concen-
tration upon decomposition of organic phosphorus present in DOM (Reche et al.
1999; Carpenter et al. 1998; Kim and Kim 2006; Li et al. 2008); (vi) Production of
CO, as well as other dissolved inorganic carbon (DIC) species upon photoinduced
degradation of DOM can potentially influence the carbon cycling, and may have an
impact on climate change (Salonen and Viéhitalo 1994; Graneli et al. 1996, 1998);
(vii) The decomposition of DOM affects directly or indirectly the distribution of
trace elements in natural waters (Kopacek et al. 2003; Kieber et al. 1989).

Photoinduced degradation of DOM can be beneficial to the water ecosystem and
provides energy for microbial loops. Its effects include: (i) Supply of nutrients,
which are naturally important for plankton productivity in natural waters (Kim
and Kim 2006; Kirchman et al. 1991; Salonen et al. 1992; Wetzel 1992); (ii)
Increase in the pool of bioavailable carbon substrates, which are essential foods
for microorganisms (Bertilsson and Allard 1996; Lindell et al. 1996; Wetzel et
al. 1995; Benner and Biddanda 1998; Bertilsson and Tranvik 1998; Bertilsson et
al. 1999); (iii) Photo-production of reactive species by CDOM or FDOM, such
as hydrogen peroxide (H>0»), organic peroxides (ROOH) and HO®. These spe-
cies can contribute damage to macromolecules such as DNA, proteins and lipids
(O’Sullivan et al. 2005; Samuilov et al. 2001; Blokhina et al. 2003; Zhao et al.
2003). (iv) The simultaneous generation of H>O,, CO; and DIC from DOM
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could favor the occurrence of photosynthesis in natural waters, where H>O»
instead of HyO would be involved as reactant in photosynthesis (xCO> + yH»
O2(H20) + hv — Cx(H20)y + O2 + energy; and 2H;0, + hv — 2H0 + O»)
(Mostofa et al. 2009a; Komissarov 1994, 1995, 2003). (v) Production of CO»
and DIC by photoinduced degradation of DOM and particulate organic matter
(POM: ca. algae) can potentially influence carbon cycling and climate change
(Ma and Green 2004; Salonen and Vihitalo 1994; Graneli et al. 1998; Clark et
al. 2004; Xie et al. 2004; Borges et al. 2008; Kujawinski et al. 2009; Tranvik et
al. 2009; Omar et al. 2010; Ballaré et al. 2011; Zepp et al. 2011).

1.2 Biogeochemical Functions of DOM for Microbial

Processes in Natural Waters

The major changes in organic materials and DOM by microbial processes can be
listed as follows:

®

(ii)

Microbial degradation of vascular plant material is the only anaerobic pro-
cess that, according to physical (temperature, moisture), chemical (redox,
nutrient availability) and microbial (microfloral successional patterns, avail-
ability of microorganisms) factors can diagenetically produce the humic
substances (mostly fulvic and humic acids), proteins, carbohydrates, unidenti-
fied organic substances and nutrients in soil or sediment pore water environ-
ments (Mostofa et al. 2009a; Conrad 1999; Lovley 2006; Wetzel 1992; Malcolm
1985; Nakane et al. 1997; Uchida et al. 1998, 2000).

Microbial respiration or assimilation of POM (ca. algae or phytoplankton) can
produce autochthonous fulvic acid-like substances (C- and M-like) (see the
FDOM chapter for detailed description), various DOM components as well
as nutrients at different rates in aquatic environments (Harvey et al. 1995;
Mostofa et al. 2009b; Conrad 1999; Lovley 2006; Yamashita and Tanoue
2008; Fu et al. 2010; Weiss et al. 1991; Lehmann et al. 2002; Zhang et al.
2009). The microbial origin of these autochthonous organic substances and
nutrients in association with photoinduced production are susceptible to con-
trol the organic carbon and nutrients dynamics in natural waters.

(iii) Microbial processes may generally affect the chemical composition of aliphatic car-

bon (e.g. carbohydrates) in macromolecules such as humic substances (fulvic and
humic acids) of vascular plant origin, or autochthonous fulvic acids of algal or phy-
toplankton origin. Chemical alterations have been observed either experimentally
under dark incubation or in sediment pore waters (Mostofa et al. 2007a, b, 2009b;
Conrad 1999; Moran et al. 2000; Deshmukh et al. 2002; Li W et al., unpublished
data). The changes in pore-water autochthonous fulvic acid of algal origin can be
identified by the differences in excitation-emission matrix (EEM) spectra and by
an increase with depth of fluorescence intensity in sediment pore waters. Studies
observe that the relative increase in fluorescence intensity of peak C (relative to
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humic-like fluorophores) is 43 % in 2040 cm and 88 % in 42-60 cm depth sam-
ples, compared to the average fluorescence intensity at 1-20 cm (Li W et al.,
unpublished data). Similarly, microbial processes can degrade the protein-like and
tryptophan-like components, which are labile to microbial degradation. Microbial
processing of these components can be monitored by a decrease in their fluorescence
intensity, experimentally under dark incubation and in field observations in deeper
layers of natural waters (Mostofa et al. 2005, 2010, 2011; Baker and Inverarity 2004).

(iv) Methanogenesis caused by microorganisms (methanogens and acetogens) is
an important anaerobic process that can produce CHs and CO, by converting
either acetate (and formate) or H»/CO; in anaerobic environments (Conrad
1999; Zinder 1993; Lovley et al. 1996; Kotsyurbenko et al. 2001).

(v) Microbial changes either in organic substances (e.g. glucose) or in the func-
tional groups of macromolecules such as fulvic and humic acids of vascular
plant origin, as well as autochthonous fulvic acids of algal or phytoplankton
origin, may occur with the release of a variety of byproducts such as CHy,
CO,, DIC (sum of dissolved CO, + H,CO3 + HCO3~ + CO327), PO4*~,
NH4*, Hy0, and organic peroxides in waters (Conrad 1999; Mostofa and
Sakugawa 2009; Fu et al. 2010; Ma and Green 2004; Li et al. 2008; Tranvik et
al. 2009; Zhang et al. 2009; Li W et al., unpublished data; Lovley et al. 1996;
Palenik and Morel 1988; Zhang et al. 2004; Kim et al. 2006).

(vi) The Nitrospira genus and Nitrobacter species are the key nitrite-oxidizing bacte-
ria (NOB) in nitrifying waste water treatment plants, which are likely to depend
mostly on nitrite concentration (Kim and Kim 2006). In addition, extracellular pol-
ymeric substances (EPSs), biologically produced by most bacteria, are composed
of a mixture of polysaccharides, mucopolysacharides and proteins (Arundhati Pal
2008). EPSs produced by anaerobic sludge under sulfate-reducing conditions are
capable of biosorption of heavy metals and can remove them from the waste water
treatment plant (Chen et al. 1995; Zhang et al. 2010).

(vii) A new metabolic class of microorganisms demonstrates that a wide diversity of
organic compounds can be effectively converted to electricity in self- sustain-
ing microbial fuel cells with long-term stability (Lovley 2006; Chaudhuri and
Lovley 2003; Logan and Regan 2006; Cheng and Logan 2007; Li and Fang 2007;
Rozendal et al. 2007; Call and Logan 2008; Lee et al. 2008; Lee and Rittmann
2009, 2010; Premier et al. 2012). These organisms, known as electricigens, can
completely oxidize organic compounds to carbon dioxide, with direct quantitative
electron transfer to electrodes that serve as the sole electron acceptor (Lovley 2006).

2 Theoretical Model for DOM Degradation
in Natural Waters

Solar radiation causes the sequential degradation of functional groups in DOM,
which can be optically detected either as chromophoric dissolved organic matter
(CDOM, Fig. la—c) or as fluorescent dissolved organic matter (FDOM, Fig. 1d—f).
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Fig. 1 Photoinduced and/or microbial mineralization of chromophoric dissolved organic matter
(CDOM) (a, b, c¢), fulvic acid-like fluorescence intensity at peak C (d, e, f), and dissolved
organic carbon (DOC) concentration (g, h, i) in the upstream waters of Kago and Nishi-Mataya
as well as in the downstream waters of Yasu River, respectively. Photoexperiments are conducted
under natural sunlight with integrated solar intensity (0, 22, 44, 92, 141, and 176 MJ rnfz) dur-
ing the irradiation period (0, 1, 4, 7, 10, and 13 days, respectively) and microbial experiments
are conducted on the filtered samples under dark condition. The quinine sulfate unit (QSU) is
estimated using the fluorescence of standard quinine sulfate solution for 1 g L~' = 1 QSU. The
error bar indicates the standard deviation between triplicate samples. Data source Mostofa et al.
(2007); Mostofa KMG et al. (unpublished)

Degradation takes place with simultaneous mineralization of dissolved organic car-
bon (DOC) (Fig. 1g—i) in natural waters (Fig. 1) (Vione et al. 2009; Vahatalo et
al. 2000; Mostofa et al. 2005; Mostofa et al. 2007; Moran et al. 2000; Bertilsson
and Allard 1996; Allard et al. 1994; Mostofa et al. 2005; Amador et al. 1989;
Vihitalo and Wetzel 2004; del Vecchio and Blough 2002). The functional groups
in stream humic substances (fulvic and humic acids), with C age = 0 (Malcolm
1990), are highly photosensitive/photoreactive, particularly in rivers (Mostofa
et al. 2005, 2007; Wu et al. 2005). Photosensitivity sequentially decreases dur-
ing water transportation from source (stream water) to rivers and then to lakes or
coastal or marine waters on the basis of water residence time (Mostofa et al. 2005a,
b, 2007; Malcolm 1990; Kieber et al. 1990; Mopper et al. 1991; Miller and Zepp
1995). The functional groups in DOM (either chromophores in CDOM or fluoro-
phores in FDOM) can efficiently absorb solar radiation in natural waters (Mostofa
and Sakugawa 2009; Wu et al. 2005; Zafiriou et al. 1984; Mopper and Zhou 1990;
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Cooper et al. 1989; Senesi 1990). This can subsequently lead to the decomposition
of those functional groups in DOM, thereby causing either losses of absorbance in
the UV and visible wavelength regions(Fig. 1a—c) (Vahatalo et al. 2000; Vihitalo
and Wetzel 2004; del Vecchio and Blough 2002; Blough and del Vecchio 2002) or
losses in fluorescence intensity of FDOM in natural waters (Fig. 1d—f) (Mostofa
et al. 2005a, b, 2007; Moran et al. 2000). It can be noted that photoinduced degra-
dation is generally occurring in the mixing zone and decreases with an increase in
water depth in natural waters (Vahatalo et al. 2000; Graneli et al. 1996; Mostofa
et al. 2005; Bertilsson and Tranvik 2000). Photoinduced degradation can reduce
the mean molecular size of the high molecular weight DOM (Moran and Zepp
1997; Yoshioka et al. 2007; Amador et al. 1989; Amon and Benner 1994), which
subsequently produces low molecular weight (LMW) intermediate substances
(Moran and Zepp 1997; Dahlén et al. 1996; Bertilsson and Tranvik 1998; Mopper
et al. 1991). This process ultimately ends up in mineralization with formation of
e.g. COS, CO, CO,, DIC, ammonium, gaseous hydrocarbons and so on in natural
waters (Moran and Zepp 1997; Ma and Green 2004; Gao and Zepp 1998; Graneli
et al. 1996, 1998; Clark et al. 2004; Xie et al. 2004; Borges et al. 2008; Kujawinski
et al. 2009; Tranvik et al. 2009; Omar et al. 2010; Ballaré et al. 2011; Zepp et al.
2011; Mopper et al. 1991; Miller and Zepp 1995; Bertilsson and Tranvik 2000;
Chen et al. 1978; Fujiwara et al. 1995; Bushaw et al. 1996; Miller and Moran 1997,
Stiller and Nissenbaum 1999; White et al. 2010; Cai 2011).

The rate of photoinduced mineralization of DOM at the depth z (pm,, mol C
m~—3 d~1), modified by Vihitalo et al. (2000) from Schwarzenbach 1993) and
Miller (1998), can be expressed as follows:

Amax (2.1)
pmg = / ©5.Qs z.acDoM, ), dA

*min

where ¢, is the spectrum of the apparent quantum yield for photoinduced min-
eralization (mol produced DIC/mol absorbed photons), Qs is the scalar photon
flux density spectrum at a depth z (also referred to as actinic flux, mol photons
m~2 d~'), and acpowm.;. is the absorption spectrum of CDOM (m~'). CDOM or
FDOM is the part of DOM that can absorb solar radiation. The parameters Apax
and Apip are the minimum and maximum wavelengths contributing to photoin-
duced mineralization.

In the whole water column the rate of photoinduced mineralization, modified
by Vihitalo et al. (2000) from Miller (1998), can be expressed as follows:

Amax

pm = / @A Qa ;s (acpom,/arot,) di 2.2)
*min

where Q, ; represents the photons absorbed by the water column (mol photons m~>

d=!) and the acpom.i/aror,. ratio expresses how much CDOM contributes to the

total absorption. In infinitely deep waters, Q,; roughly equals the downward vector

photon flux density just below the surface Qg.v0—y, (Sikorski and Zika 1993a, b).
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The quantum yields related to DOM decrease exponentially with increasing
wavelength (Moran and Zepp 1997; Vahatalo et al. 2000; Gao and Zepp 1998;
Sikorski and Zika 1993; Ratte et al. 1998). A generalized equation to find an expo-
nential relation between quantum yield and wavelength (Vahatalo et al. 2000) can
be expressed below:

g = cx 1074 (2.3)

where ¢ (dimensionless) and d (nm~!) are positive constants and A is a wavelength
(nm). Different combinations of ¢ and d can cover a wide range of exponential
relationships between quantum yield and wavelength.

2.1 Photoinduced Degradation of DOM in Natural Waters

Photoinduced degradation can decompose the DOM, estimated as dissolved
organic carbon (DOC) concentration, in natural waters. This has been verified in
photoexperiments conducted on waters by using direct natural sunlight or artificial
UV radiation in laboratory. Photoirradiation of the samples can gradually decrease
the DOC concentration as a function of integrated solar intensity (MJ m~2) during
the irradiation period (Fig. 1g—i). The initial DOC concentration, the changes in
DOC changes including relative percentages (%), as well as experimental condi-
tions in photoinduced degradation experiments are summarized in Table 1 (Morris
and Hargreaves 1997; Ma and Green 2004; Mostofa et al. 2007; Bertilsson and
Allard 1996; Amon and Benner 1996; Mostofa et al. 2005; Vihitalo and Wetzel
2004; Miller and Moran 1997; Mostofa K et al., unpublished; Mostofa and
Sakugawa unpublished data; Borisover et al. 2011; Pullin et al. 2004; Shiller et al.
2006; Brooks et al. 2007; Corin et al. 1996; Winter et al. 2007; Skoog et al. 1996).
It is shown that DOC concentration photolytically decreases by approximately
21-36 % in stream waters during 12—13 days, 2-54 % in downstream river waters
during hours to 10 days, 641 % in lake waters during hours to 70 days, 31-36 %
in Estuarine waters during 71 days, 3-7 % in seawater during hours to 6 days of
irradiation (Table 1). Photoirradiation can decompose 35 % of Nordic Reference
humic acid (NoHA) and 24 % of Nordic Reference fulvic acid (NoFA) extracted
from humus-rich pond water (Table 1).

It is shown that DOC concentration in rivers photolytically decreases a little,
approximately 1-2 % in the surface layer (0 m), during 5.5-15.5 h of sunlight irra-
diation. The DOC losses decrease in deeper layers (<1 % at 6.5 and 24 m), as has
been observed in an in situ photo experiment conducted on rivers submerging at
different vertical depths (0, 6.5 and 24 m) in Lake Superior (Table 1) (Ma and
Green 2004). In lake waters the DOC mineralization is 22-23 % at the surface
layer (0 m), 23-24 % at 6.5 m and 4-9 % at 24 m depth, respectively, during the
5.5-15.5 h irradiation period. The results show that DOM mineralization gradually
decreases from surface (0 m) to deeper layers because of declining solar radiation
that penetrates into lake water.
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From the results of photoinduced degradation of DOM (Table 1), several key
phenomena highlighted the DOM photoinduced degradation in natural waters:
First, photoinduced degradation is greatly dependent on the initial concentration of
DOC: high photo mineralization is observed in waters with low DOC concentra-
tion, while mineralization greatly decreases with increasing DOC concentration.
Second, photo mineralization of DOM is typically high in source waters (stream
waters) and then decreases in downstream rivers or lakes or seawater. Third, pho-
toinduced degradation is a relatively rapid process for mineralization of DOM
compared to microbial degradation in natural waters, except for rivers that contain
sewage effluents. It is demonstrated that the photoinduced mineralization of DOM
is relatively high during the first day of irradiation in experimental observations,
and then almost gradually decreases during the irradiation period (Table 1).

The results of photoinduced degradation on molecular size fractions of DOM
demonstrate that photo mineralization is approximately 6 % for large molecular
fractions (<0.10 pm) in surface lake waters compared to 9 % in deep waters dur-
ing 12 days irradiation (Table 1). The results also show that photo mineralization
of molecular fractions <5 kDa is relatively higher in deeper waters (16 %) than in
surface layers (11 %), and it is higher compared to the 0.1 wm fractions of DOM
(Table 1). These results can highlight four important features about the photoin-
duced degradation of DOM. First, molecular fractions <0.1 pm in surface waters
composed of approximately 35 % of autochthonously produced DOC during the
summer stratification period may not be photolytically susceptible to minerali-
zation (Mostofa et al. 2009a). Second, molecular fraction of <5 kDa are highly
susceptible to photoinduced degradation. Third, DOM in deeper layers is highly
susceptible to photo mineralization. It can be noted that the DOC in Lake Biwa
is autochthounously produced (45 %) during the summer stratification period,
as estimated from higher DOC in summer (135 wM C in August) than in winter
(~93 upM C in January) samples during the vertical mixing period (Mostofa et al.
2005). The low photodegradative nature of surface DOM appears to be caused by
autochthonous production (~45 % in Lake Biwa), thus autochthonous DOM might
be resistant to photoinduced mineralization. This result is in agreement with ear-
lier studies where phytoplankton-exudate DOM, which is the major DOM source
from bacterial production (Azam and Cho 1987), is resistant to photoinduced deg-
radation by natural sunlight (Thomas and Lara 1995).

The highly photo-reactive nature of DOM in deeper waters than in the sur-
face layer appears to be caused by two phenomena. First, major fractions of DOM
in deeper waters belong to low molecular weight substances (Yoshioka et al. 2007),
which may be photolytically mineralized. Second, microbial assimilation or res-
piration of particulate organic matter (POM: ca. algae) can produce the autchtho-
nous DOM, which are highly photosensitive and photodegradable (Mostofa K
et al, unpublished; Zhang et al. 2009; Johannessen et al. 2007; Zhang et al. 2009).
The experimental study suggests that the algal-derived DOM is photolytically decom-
posed by natural sunlight, which is a more efficient photoinduced substrate than is the
allochthonous DOM (Mostofa K et al., unpublished; Johannessen et al. 2007; Hulatt
et al. 2009). The autochthonous organic substances in deeper layers are typically
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distinguished by a red shift of the fluorescence peak compared to the upper sur-
face layer (Yoshioka et al. 2007; Mostofa et al. 2005; Hayase and Shinozuka 1995).
These autochthonous substances are also identical to the organic substances produced
experimentally upon photoinduced and microbial assimilations of algae (Mostofa et
al. 2009b; Fu et al. 2010). This hypothesis is supported by the features of autochtho-
nous fulvic acid extracted from POM in sea waters or sediment pore waters, which
typically show the fluorescence peak at longer wavelength regions (see also chapter
“Fluorescent Dissolved Organic Matter in Natural Waters”) (Li W et al., unpublished
data; Komada et al. 2002; Burdige et al. 2004; Managaki and Takada 2005; Calace et
al. 2006; Parlanti et al. 2000). Another possible explanation is that photolabile DOM in
the surface water layers is probably quickly mineralized by sunlight, which leaves only
the more photolytically refractory substances near the surface, while photolabile DOM
in the deeper layers is more protected from mineralization by the lower sunlight inten-
sity. Interestingly, groundwater DOM has been found to be significantly more suscepti-
ble to photo mineralization than surface lake water DOM (Vione et al. 2009).

2.2 Microbial Degradation of DOM in Natural Waters

Microbial actions can decompose the DOM, estimated as dissolved organic carbon
(DOC) concentration, in natural waters. This has been verified in experiments con-
ducted on waters under dark conditions. Microbial activity can decrease DOC concen-
trations either slowly or rapidly depending on the DOM sources during the incubation
period (Fig. 1g—i). The initial DOC concentration, amount of DOC changes and its
percentage (%), as well as other experimental conditions in microbial degradation
experiments are presented in Table 1. It is demonstrated that the decrease of DOC con-
centration because of microbial activity for various natural waters is approximately
0-8 % in stream waters during 12-13 days, 1-85 % in downstream river waters dur-
ing hours to 10 days, 0-8 % in lake waters during hours to 70 days, 823 % in estua-
rine waters during 51 days, 5-10 % in seawaters during 14 days of incubation period
under dark conditions (Table 1) (Mostofa et al. 2007; Moran et al. 2000; Bertilsson
and Allard 1996; Mostofa et al. 2005; Miller and Moran 1997; Mostofa and Sakugawa
unpublished data ; Borisover et al. 2011; Winter et al. 2007). From the results of
microbial degradation (Table 1) it is possible to generalize several key features com-
monly observed in natural waters: First, downstream DOM, particularly in sewerage-
impacted rivers is significantly labile to microbial degradation. Second, upstream
DOM is typically recalcitrant to microbial degradation (Fig. 1g). Third, microbial deg-
radation is typically a slow process for the mineralization of DOM in natural waters,
except for downstream rivers with sewage effluents. For example, DOC mineralization
rapidly occurs in unfiltered and filtered dark samples (32-85 %) of downstream riv-
ers where DOM is mostly fluxed from untreated sewerage effluents near urban areas
(Table 1; Fig. 1i) (Mostofa et al. 2007; Mostofa and Sakugawa unpublished data).

The results of microbial degradation on molecular size fractions of DOM
demonstrate that DOC mineralization is approximately 2 % for large molecular
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fractions (<0.10 pm) in surface layers and 8 % in deeper layers (Table 1). However,
DOM with molecular fractions of <5 kDa is not altered at all under dark incubation
(Table 1). These results can suggest four important features about microbial degra-
dation of DOM in natural waters. First, molecular fractions of <0.1 pm in both lake
surface and deeper waters are labile to microbial degradation, but deeper waters are
much labile than surface waters. It is also suggested that autochthonous DOM in
surface waters, typically produced during the summer stratification period, is less
susceptible to microbial processes. It can be noted that the DOC concentration in
Lake Biwa waters is autochthounously produced (45 %) during the summer strati-
fication period, as estimated from the summer DOC values (135 pM C in August)
that are higher than the winter ones (~93 wM C in January) during vertical mixing
(Mostofa et al. 2005). Second, DOM with molecular weight <5 kDa in both surface
and deeper layers is not susceptible to microbial degradation.

2.3 Mechanisms of the Photoinduced Degradation of DOM
in Natural Waters

The HO® radical plays a significant role in photoinduced degradation of DOM
in natural waters (Zepp et al. 1992; Southworth and Voelker 2003; Zafiriou et al.
1984; Zika 1981; Voelker et al. 1997). Photoinduced degradation of DOM gener-
ally occurs upon direct absorption of UV and visible sunlight by functional groups
in DOM, which are optically detected either as chromophores in CDOM or fluoro-
phores in FDOM. Evidence has been provided that an electron transfer from func-
tional groups on DOM can lead to the photoinduced formation of H,O, in aqueous
solution (Egs. 3.13-3.18, see also chapter “Dissolved Organic Matter in Natural
Waters”) (Mostofa and Sakugawa 2009; Senesi 1990). H,O, subsequently leads to
the generation of HO®, by direct photochemistry or by Fenton/photo-Fenton/photo-
ferrioxalate reaction systems. These processes can be involved into the photo trans-
formation of DOM in natural waters. Therefore, a general mechanistic scheme for
photoinduced degradation of DOM can be depicted as follows (Egs. 2.1-2.4):

DOM + 0, + H,0 + H* "8 H,0, + DOM** + 0, + OH™ 2.1
H>0, @) 2HO* 22
DOM** + HO* ¥ [DOM*THO*]* 23)

[DOM*+HO*]* 28 LMWDOM + DIC + CO, + other byproducts ~ (2.4)

First, H,O; is formed photolytically through production of O,°~ ion by the release
of electrons from DOM chromophores or fluorophores, due to solar effects (Eq. 2.1)
that have been discussed earlier in chapter “Photoinduced and Microbial Generation
of Hydrogen Peroxide and Organic Peroxides in Natural Waters”. Subsequent irra-
diation converts H,O, into HO® either photolytically (Eq. 2.2), or via Fenton and
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photo-Fenton reactions and the other processes that have been mentioned earlier in
chapter “Photoinduced Generation of Hydroxyl Radical in Natural Waters”. The gen-
erated HO® can rapidly react with the DOM®™, initially formed during H,O, pro-
duction (Eq. 2.1), to form a complex (DOM*T HO®)" (Eq. 2.3) that is subsequently
transformed into low molecular weight DOM (LMWDOM), dissolved inorganic car-
bon (DIC), CO,, and other byproducts (Eq. 2.4). It is noted that the sequential photoin-
duced degradation of functional groups in DOM will be elucidated in the next section.

The described mechanism might be applicable in merely DOM-rich natural
waters. However, in iron-rich waters the degradation of DOM might be caused by the
HO?® radicals mostly generated from Fenton reaction (Fenton 1894; Kang et al. 2000),
photo-Fenton reaction (Zepp et al. 1992; Southworth and Voelker 2003; Voelker
et al. 1997) and photo-ferrioxalate/H,O, reaction (Safarzadeh-Amiri et al. 1997,
Safarzadeh-Amiri et al. 1996; Jeong and Yoon 2005) depending on the concentrations
of iron as well as oxalate ions in waters. The mechanisms for HO® production from
Fenton, photo-Fenton and photo-ferrioxalate/H>O; reaction have been discussed ear-
lier in chapter “Photoinduced Generation of Hydroxyl Radical in Natural Waters”.
Another most important pathway of HO® production is the photolysis of NO,™ and
NO;3 7, thereby causing the indirect photodegradation of DOM by NO,~ and NO3™ in
waters (Zafiriou and True 1979a, b; Takeda et al. 2004; Minella et al. 2011; Arakaki et
al. 1999; Mack and Bolton 1999).

Therefore, the photoinduced transformation of DOM may undergo by two
major pathways depending on the production of free radicals (*OR, R=H or
alkyl group) in aqueous solution. First, direct photoinduced reactions of DOM,
which take place by HO® or other reactive species that may be photolytically
generated from DOM components in natural waters. Second, indirect photoin-
duced reactions of DOM, which typically occur photolytically by HO® that may
be generated from Fenton reaction, photo-Fenton reaction, photo-ferrioxalate/
H>0O; reaction, as well as NO,~ and/or NO3~ photolysis in natural waters. If
the direct photoinduced processes dominate, the rates of photoinduced deg-
radation as well as of product formation will be proportional to the amount
of light absorbed by DOM components such as FDOM or CDOM (Cooper
et al. 1989; Blough and Zepp 1995; Goldstone et al. 2002). The indirect photoin-
duced processes induce the homogeneous production of HO®, which subsequently
leads to non-selective photoinduced degradation of all organic moieties in DOM in
natural waters (Haag and Hoigné 1985; Zepp et al. 1987; Zhou and Mopper 1990;
Nakatani et al. 2004). These results can suggest two important facts that occur in
photoinduced reactions: (a) Photobleaching can typically proceed with photopro-
duction of LMW organic substances via direct mechanisms, especially in waters
having high FDOM or CDOM content such as in river, lake and coastal waters,
and (b) Photoinduced generation of LMW organic substances can typically pro-
ceed via indirect mechanisms. The photoinduced generation rate of HO® in lake
water by CDOM/FDOM and other sources was too low to account for the pho-
toinduced mineralization of DOM. The latter process appears to be favoured in
Fe-rich waters, and possibly involves the photochemistry of Fe(III)-DOC com-
plexes (Vione et al. 2009).
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2.4 Mechanisms for Photoinduced Degradation of DOM
Functional Groups by HO®

It has been shown that the photoinduced generation of HO® from DOM occurs pri-
marily through H»O, that is produced via photoionization of the most electron-
rich organic compounds. The process yields DOM®*, which initiates several other
reactions (Egs. 2.1, 2.2). The HO® radical can subsequently react with DOM*®*
and initiate complex chain reactions (Eq. 2.3). The sequential reactions with HO®
yields various end products such as LMWDOM, CO,, DIC and CO (Eq. 2.4).

The group contribution method (GCM) by Minakata and his co-workers
(Minakata et al. 2009) allows the prediction of the aqueous phase HO® rate con-
stants for various functional groups of a given organic compound. It may pave the
way to understand the mechanism for the degradation of organic compounds in
Advanced Oxidation Processes (AOPs) such as O3/H»0,, UV/H,O; and UV/TiO»,
as well as in natural water photochemistry (Mostofa et al. 2007, 2011; Moran
et al. 2000; Minakata et al. 2009; Huber et al. 2003; Rosenfeldt and Linden 2004
Westerhoff et al. 2005; Minakata et al. 2011). The rate constants are discussed in
the following section. Photodecarboxylation (RCOOH + 1/20, + hv — ROH
+ COy) is one of the important reactions for generating CO; by degradation of
LMWDOM such as RCOOH in aqueous media (Xie et al. 2004). Another possible
pathway could involve phosgene, which is generated photolytically from photo-
sensitive chloroform (CHCI; + O, + hv — COCl, + HCI1) (Shriner and Cox
1943). The phosgene (COCly) is highly photosensitive and highly reactive, and
it could degrade fluorophores such as the amino groups (RNH, + COCl, — RN
=CO + 2 HCI) or carboxylic functional groups (RCO>H + COCl, — RC(O)Cl
+ HCI + CO») (Mostofa et al. 2011; Shriner and Cox 1943). It is noted that mac-
romolecules such as stream fulvic acid and humic acid of vascular plant origin are
composed of various functional groups such as -COOH, methoxyl, alcoholic OH,
phenolic OH, carbohydrate OH, -C=C-, C=0, aromatic carbon (17-30 %), ali-
phatic carbon (47-63 %) as well as N, S, and P-atom-containing functional groups
(Malcolm 1985; Steelink 2002). Marine DOM of biological origin is composed of
amino group in its molecular structure (Midorikawa and Tanoue 1998, 1996). The
photoinduced reactions of natural organic matter can lead to the sequential degra-
dation of various functional groups (Mostofa et al. 2011; Xie et al. 2004; Minakata
et al. 2009, 2011; Shriner and Cox 1943; Li and Crittenden 2009), of organic mol-
ecules bound to fulvic and humic acids (Allard et al. 1994; Amador et al. 1989),
and to the sequential decrease in fluorescence intensity of fulvic acid-like sub-
stances (peak C and A) with irradiation time (Mostofa et al. 2007, 2011; Moran
et al. 2000). The general reaction mechanisms that HO radicals induce are a parent
compound — aldehydes and ketones — carboxylic compounds — carbon dioxide
and minerals (Bolton and Carter 1994). This reaction mechanism is mostly appli-
cable to fulvic acid and humic acid of plant origin, autochthonous fulvic acid of
algal origin, proteins and aromatic amino acids, and of all the compounds that can
initiate the reaction through self-generation of HO® via HyO, photo production.
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2.4.1 Reaction rate Constants by Functional Group Contribution
Method

Recently, it has been possible to determine the aqueous phase HO® reaction rate con-
stants by the functional GCM, which can be applied to the photoinduced degradation
of a given organic compound in aqueous media (Minakata et al. 2009). The GCM is
based on Benson’s thermochemical group additivity (Benson 1976). Under the princi-
ple of group additivity, it is hypothesized that an observed experimental rate constant
for a given organic compound is the combined rate of all elementary reactions involv-
ing HO®, which can be estimated using Arrhenius activation energy E, and frequency
factor A. Each reaction mechanism defines a base activation energy, E,°, and a func-
tional group contribution of activation energy, E,X'. The latter results from the neigh-
boring (i.e., a-position) and/or the next-nearest neighboring (i.e., f-position) functional
group (i.e., Ri). The GCM considers four reaction mechanisms that can be initiated by
HO® in the aqueous phase, which include (1) H-atom abstraction, (2) HO® addition to
C C doble bond(s) on alkenes, (3) HO® addition to C=C doble bond(s) on aromatic
compounds, and (4) HO® interaction with sulfur (S)-, nitrogen (N)-, or phosphorus
(P)-atom-containing compounds (Minakata et al. 2009). Accordingly, an overall reac-
tion rate constant, koyerall, can be given by Eq. 2.5

koverall = kahs + kadd—alkene + Kadd—aromatic + ki (2.5)

where, kabs, kadd-alkene> Kadd-aromatic» and kit are the rate constants for the aforemen-
tioned reaction mechanisms (1)—(4), respectively.

Rate constant for hydrogen-atom abstraction (Minakata et al. 2009): For
H-atom abstraction, the active bond is a C—H bond. In general, molecules are catego-
rized based on the number of C-H bond(s) (i.e., CH3R|, CHR|R3, and CHR|R3R3,
where R; is a functional group (i = 1—3)). Each of the fragments corresponds to a
partial rate constant kcH;R;, KCH,R;R,» and KCHR R,R» respectively. The C-H bond
itself and adjacent functional group(s) contributes to the overall E; as the base activa-
tion energy, E,’, and group contribution parameter, E, zs Ri, due on the functional
group R;, respectively. For example, the base activation energy for H-atom abstraction
from one of the primary C-H bonds is Ej prim0. The E, aps Ri indicates the electron-
donating and—withdrawing ability of the functional group. An electron-donating
functional group decreases the E, and, hence, increases the overall reaction rate con-
stant, and vice versa. Accordingly, the partial rate constant for the fragmented parts
such as CH3R |, CH2R R, and CHRR,R3 can be written as below (Egs. 2.6-2.8)

0 Ry
_ Ea,prim+Ea,abs
kcusr; = 3Aprime RT (2.6)
0 Ry Ry
_ Eﬂvsec+Ea,abs+Ea,abs
kCH2R1R2 = 2Agece RT 2.7
0 Ry ) R3
_ Ea,leﬂ+Ea,abs +Ea,abS+Ea,abs

kCHR1R2R3 = Aterte RT (28)
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where 3 is the amount of primary C-H bonds, Ay, denotes the Arrhenius fre-
quency factor for the reaction of HO* with CH3R, R is the universal gas constant,
and T denotes absolute temperature. However, for (Egs. 2.6-2.8), the functional
group contribution is ignored for cases where the neighboring functional groups
have no effect on the H-atom abstraction (i.e.,E(‘lI’{abSis zero, where a valence bond
of the H-atom is expressed as a line before H).

In (Egs. 2.6-2.8), the group rate constants, which represent H-atom abstraction
from the primary, secondary and tertiary C—H bond are defined as koprim, kO, and
KOerr, respectively. They are expressed in (Eqs. 2.9-2.11).

—E0 [ RT
kgrim = Agrime a‘pnm/ 2.9)
0
kgec = A(s)ece Edsce/ RT (2.10)
0 0 —E% ./RT
KDy = AQye Faren (2.11)

In addition, the group rate constant kg4 is defined for the HO® interaction with
the functional group R4 (e.g. -OH and —COOH). The group contribution factor,
XRri, that represents the influence of functional group R; can be denoted as (Eq.
2.12)

Ri
XR,' — eiEa,abs/ RT (212)

The rate constant for H-atom abstraction, kaps, can be written as the sum of the
partial rate constants in (Eq. 2.13) because each reaction is independent from one
another

1 J k
kabs =3 D kDimXR, +2 D kiee XR, Xy + D ke XR, XRo X5 + kR, (2.13)
0 0 0

where, 1, J, and K denote the number of the fragments CH3R;, CHsR», and
CHRR;R3, respectively.

As a typical example the rate constant calculation for 1,2-dichloro-3-bromopro-
pane (CH,Cl-CHCI-CH;Br) can be written as below (Eq. 2.14)

koverall = 2ksecX—C1X—CHC1 + kfenX—CIX_CHZClX_CHZBr + Zkgec X—BrX—CHCI—
(2.14)

It is shown that group rate constants of K%rim, k°sec, and K% are 1.18 x 108,
511 x 108, and 1.99 x 10° M~! s=!, respectively and follow the order
K°tert > k°sec > K®prim that is consistent with the radical stability of primary, second-
ary, and tertiary carbon-centered radicals due to the hyperconjugation. The term
kra 1s accounted for by the group rate constants k_oy and k_coomn, respectively
(Eq. 2.13). The k_op is 1.00 x 103 M~! s~ representing 33, 8.5, and <5 % of the
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Fig. 2 Comparison of the group contribution factors for H-atom abstraction with the Taft con-
stant, 0" (a; Karelson 2000) and those for HO® addition to aromatic compounds with electro-
philic substituent parameter, o (Fig. b; Karelson 2000. Group contribution factors include @
alkyl, oxygenated, and halogenated functional groups and A S—, N—, or P-atom-containing func-
tional groups (Fig. a). Group contribution factors for benzene (m), pyridine (@), and furan (A)
compounds (Fig. b). The ¢" of [<CHCl,], [-CO], [<COO, COOH], [-S—, —-SS—, HS-], [-NH,
—NH-, —N <] is an average of [CH,Cl, CH;Br, CHCl,, CHBr;], [COCH3, COC,Hs, COC(CH3)3,
COCgHs, COF, COCIl], [COOH, COOC;Hs], [SCH3, SCyHs, SCH(CHj3),], and [NHCH3,
NH(CH;)3CHj3, N(C,Hs)], respectively. The 0" of [-SO] and [-N—CO-] refer to [S(O)CH3] and
[NHCOC¢Hs], respectively. Data source Minakata et al. (2009)

H-atom abstraction from the O—H bond in methanol, ethanol, and other alcohol
compounds, respectively, which is comparable with the experimental observations
(Asmus et al. 1973). The k_coon is 7.0 x 10° M~! s~!, which is consistent with
experimental data for oxalic acid (Getoff et al. 1971).

It is demonstrated that the group contribution factors for the H-atom abstraction
linearly correlate with the Taft constant, o* (Karelson 2000) (Fig. 2). The alkyl
functional groups may often weaken the C—H bond with release of the steric com-
pression. The alkyl functional group moves apart to form a planar radical, thereby
increasing the HO® reactivity in the H-atom abstraction reactions. Therefore,
X _cn3 and X_cpz- & Xscp- & X sc< values are greater than 1.0, which correspond
to negative values of the Taft constant (Fig. 2). In contrast, low values of the group
contribution factors for any functional groups indicate their electron-withdrawing
ability (% > 0).

Rate constant for HO® addition to alkenes (Minakata et al. 2009): The
detailed mechanisms of HO® addition to alkenes in the aqueous phase are not well
documented in earlier studies (Getoff 1991; Billamboz et al. 2010). It is gener-
ally considered that m-electrons in alkene compounds (>C=C<) absorb radia-
tion to form an excited state, which then releases electron (e™) to form HyO;
and >C=CT< (Eq. 2.1; chapter “Photoinduced and Microbial Generation of
Hydrogen Peroxide and Organic Peroxides in Natural Waters”, Eqs. 2.13-2.18).
The HO® then reacts with C* to form the reaction intermediates. The excitation of
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the m-electrons in >C=C< depends on the other functional groups bonded to the
alkene.

Except ethylene, alkenes are categorized into six basic structures on the basis of
the number of H atoms and their positions, including cis and trans conformations
(i.e., >C=C< , H>C=C< , H,C=C<, H>C=C<H (cis), H>C=C<H (trans), and
H,C=C<H). If the base structure is symmetrically associated with the number and
position of hydrogen atom(s), the probability of HO® addition to two unsaturated
carbons is considered to be identical, whereas it is different for the asymmetrical
base structure. This may reflect the differences in the A resulting from regioselectiv-
ity. Accordingly, the group rate constant, k°(syructure)-s» and group contribution factor,
Yri, for HO® addition to one of the base structures can be written using Arrhenius
frequency factor, A°ucture)-h, and group contribution parameter, E; add-alkeneR! of
the functional group R; (I denotes the number of functional groups, [ = 1-4):

o o _[an,(structurc)]/RT
k® (structure)-h = A” (structure)-h €

(2.15)
YR] — e—[Ea,(structure)Rl]/RT (216)

where (structure) represents six base structures, E°structure) denotes a base part of
E, for (structure), and & denotes a position for HO® to add i.e., 1 and 2 for the
addition to the left and right carbon, respectively. The rate constant for HO® addi-
tion to alkene, kydd-alkenes can be written as below (Eq. 2.17)

kadd-alkene = Z 8 k(()structure—h) Yri (2.17)

where g indicates the 1 or 2 that represents asymmetrical and symmetrical addi-
tion, respectively. The rate constant for tetrachloroethylene (Cl,C=CCl,) as a typi-
cal example that is shown below (Eq. 2.18):

k=2kSc_c Y-a¥Y-aY-aY-c (2.18)

Few rate constants are reported for the conjugated and unconjugated dienes. It
is shown that the group contribution factors do not linearly correlate with the Taft
constant. Two reasons can be considered. First, the functional group contribution to
the E, does not follow the general inductive effect (i.e., Taft constant). Second, the
experimental rate constants do not seem to follow the inductive effect (e.g., vinyl
chloride > ethylene > vinyl alcohol) because of experimental errors or the existence
of unknown reaction mechanisms. Considering new reaction mechanisms such as
the excitation of alkenes by radiation may pave the way for future studies in that
regard. Despite the observation of the nonlinear correlation between the group con-
tribution factors and the Taft constant, 79 % of the calibrated rate constants were
within the error goal, which might be acceptable for a rate constant estimator.

Rate constants for HO® Addition to Aromatic Compounds (Minakata et al.
2009): The HO® addition to the aromatic ring often occurs at rates close to dif-
fusion-control. The electron-donating and -withdrawing functional groups on the
aromatic ring can significantly affect the rate constants and the ratio of ortho-,
meta-, para-, and ipso-addition. For the HO® addition to aromatic compounds,



300 K. M. G. Mostofa et al.

the following points are considered: (i) Probability for the symmetrical HO® addi-
tion to the benzene ring is identical (ii) Addition to the ipso-position is negligible
for the aromatic compounds with single functional groups (e.g., <8 % for phenol
and <1 % for chloro benzene) due to the significant steric effect (Raghavan and
Steenken 1980; Merga et al. 1996; Mvula et al. 2001). Therefore, only when all
positions on the aromatic ring are filled with functional groups, HO® adds to the
ipso-position with identical probability for all the available positions.

For the determination of the reaction rate constant, the E; is a sum of two parts:
(i) a base part, E°,, resulting from the HO® addition to the aromatic ring depending
on the number(s) and position(s) of the functional groups and (ii) group contribu-
tion parameter(s), E; add-aromaticRm, due to the functional group(s), R, (where m
is the number of functional group(s), m = 1-6), on the aromatic ring. To reduce
the number of group contribution factors to calibrate, it is assumed that A dif-
fers not by the type of the functional groups but by their number and position.
Accordingly, the group rate constant, k°i-name)-j» and the group contribution factor,
Zrm, may be expressed as below (Egs. 2.19, 2.20)

o~ [(E ati-name)]/ RT (2.19)

?i—name)—j = A?i—name)—j
ZRm — e_(Ea,add-aromaticRm)/RT (220)

where A°G.name)-j denotes the Arrhenius frequency factor; E°(iname) denotes a
base part of E;,; the name (benz, pyr, fur, imid, or triaz) denotes a compound that
has a base structure of benzene, pyridine, furan, imidazole, or triazine, respec-
tively; i denotes position(s) of the functional group, and j denotes position(s) for
HO?® to add. The rate constant for the HO® addition to aromatic compounds can
be expressed by (Eq. 2.21)

kadd-aromatic = z nko(i-name) ~ZRm (2.21)

where n indicates the number of available position(s) to add. The rate constant for
1,4-tert-butylphenol [(CH3)3C-CgHs—OH] can be depicted as a typical example
(Eq. 2.22)

k = {2k° (1 4-benz)—2.6 + 2k° (1 4-benz)-3,5 } Z—onZ-alkane

+3x3x kprimX>C< +k_on (2.22)

The group contribution factors for the HO® addition to aromatic compounds,
against electrophilic substituent constants o are depicted in Fig 2b for benzene
(r = 0.89), pyridine (» = 0.93), and furan (r = 0.65) compounds (EPI 2007). The
figure shows that the group contribution factors that are empirically derived from
the experimental rate constants linearly correlate with the general electron-donat-
ing and -withdrawing property. It is shown that a total of 64 % of the rate con-
stants for 64 compounds from the prediction is within the error goal.

Rate constants for HO® interactions with S-, N-, or P-atom containing
compounds (Minakata et al. 2009): The HO® radical reacts with the S-, N-, or
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P-atom-containing functional groups bonded to a given compound in the aque-
ous phase forming a 20/10" two-center-three-electron (2c—3e) adduct (Bonifagic
1999). These functional groups also affect the H-atom abstraction reaction by
donating or withdrawing electrons on the C—H bonds. The group rate constant,
kra (Eq. 2.13) represents the reaction of HO® with S-, N-, or P-atom-containing
compounds. The influence of neighboring functional groups is considered as neg-
ligible. The rate constant, k, for HO® addition to iminodiacetic acid (HOOC-CH,—
NH-CH,—COOH) as a typical example is expressed below (Eq. 2.23):

k=2 x 2k%ecX _coonX -NH- + k-NH- + 2k_cooH (2.23)

It is shown that the group rate constants k_cn and k_np2 can be compared with
the rate constants for compounds that react with HO® via only interaction such
as cyanogen and thiourea, respectively. The rate constant for thiourea (which
has two —NH; groups) is approximately twice k_nq2, because the electron posi-
tive —CS— functional group does not significantly affect the electron density of
the N atom. The reaction of HO® with urea is presumably different because the
two amine functional groups of urea are bonded to the electron-negative func-
tional group, —CO-. Thus, another group rate constant k_N_co-N- is considered
for methylurea, tetramethyl urea, and 1,3-dimethylurea. The magnitude of most
group rate constants for the S-containing compounds is of the same order as for
the amine-containing ones, but approximately 1 order of magnitude larger than
for the amide-containing compounds. This might be caused by the electron-
egative —CO- functional group of the amide. The S-, N-, or P-atom-containing
group contribution factors apparently play the same role as the functional groups
for H-atom abstraction, i.e., Xg; = e~ (E® @sRIRT However, it is anticipated
that S-, N-, or P-atom-containing functional groups may have different effects
on H-atom abstraction. The group contribution factors for —S, —-S—S—, and —SH,
and —-NH;, -NH-, and —N<, respectively, are assumed to be identical due to the
following reasons: (1) limited data availability for single functional group com-
pounds, (2) similar electron inductive ability, and (3) application for the gaseous
phase. In addition, the same data sets for the S— and N-atom-containing com-
pounds are used to calibrate the group rate constants, k_s_, k_s_s-, and k_gy, and
k_NH2, k-NH-, and k_n«, respectively. These group rate constants are not assumed
to be identical because the interaction of HO® with each functional group might
be more significant than the electron donating effects of the functional groups.
For similar electron inductive ability, the Taft constant indicates similar val-
ues among the S— and N-atom-containing functional groups. For example, the
Taft constants for SCH3, SCoHs, and SH are 1.66, 1.44, and 1.52, respectively
(Karelson 2000), and those for NH,;, NHCH3;, N(CH3),, NH(CH;)3;CHs, and
N(CyHs), are 0.62, 0.94, 1.02, 1.08, and 1.00, respectively (Karelson 2000).
These values are well distinguished from 3.61 of NH3t, 4.66 of NO», 4.16 of
NT(CHj3)3, and 3.64 of CN. Finally, it is assumed that the group contributed fac-
tors for —S—,—S—S—, and —SH, and for —-NH;, -NH-, -N< , -NNO, and —-NNO;
are identical, which successfully predicted the gas-phase HO® rate constants
(Atkinson 1986, 1987; Kwok and Atkinson 1995). A linear correlation between
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Table 2 Hydrogenotrophic homoacetogens and methanogens isolated from various environments

Microorganism Growth temp ~ Optimum temp References
) )
Acetobacterium 1-30 20 Sediments of a Kotsyurbenko et al.
bakiia polluted pond (1995)
Acetobacterium 1-30 20 Sediments of a fen Kotsyurbenko et al.
paludosuma (1995)
Acetobacterium 1-35 30 Manure digested at Kotsyurbenko et al.
fumetariuma low temp (1995)
Acetobacterium 1-30 20-25 Tundra wetlands Simankova et al.
tundraeb (2000)
Methanogenic 1-32 25-30 Sediments of a Kotsyurbenko et al.
strain MSB polluted pond (2001)
Methanogenic 4-35 25-30 Sediments of a Kotsyurbenko et al.
strain MSP polluted pond (2001)
Methanobacterium  5-30 25-30 Peat samples Kotsyurbenko et al.
strain MB4 (2007)

the group contribution factors of S-, N-, or P-atom-containing functional groups
and the Taft constant, o, is observed (r = 0.99) (Fig. 2) (Karelson 2000). The
Xg; values for S-, N-, or P-atom-containing functional groups are greater than
those of the alkyl, oxygenated, and halogenated functional groups (Fig. 2).
This suggests that S-, N-, or P-atom-containing functional groups donate more
electrons toward the neighboring C—H bond(s), thereby enhancing the H-atom
abstraction by HO®.

The GCM includes 66 group rate constants and 80 group contribution factors,
which characterize each HO® reaction mechanism with steric effects of the chemi-
cal structure groups and impacts of the neighboring functional groups, respectively
(Minakata et al. 2009). The group contribution factors for H-atom abstraction and
HO?® addition to the aromatic compounds linearly correlate with the Taft constants,
o', and the electrophilic substituent parameters, o, respectively. The best calibra-
tions for 83 % (257 rate constants) and predictions for 62 % (77 rate constants)
of the rate constants are within 0.5-2 times the experimental values. Literature-
reported experimental HO® rate constants for 310 and 124 compounds are used for
calibration and prediction, respectively.

Although there are a few tools available to determine aqueous phase hydroxyl radi-
cal reaction rate constants (Minakata et al. 2011; Herrmann 2003; Monod et al. 2005;
Minakata and Crittenden 2011; Herrmann et al. 2010), the GCM is quoted as “The
wide application range in combination with the user-friendliness makes it probably
the best currently available estimation tool for HO radical reactions in aqueous solu-
tion. Overall, the method of Minakata et al. (2009) is currently the most broadly usable
method for the prediction of HO radical reaction rates in aqueous solution (Herrmann
et al. 2010). The GCM peer-reviewed paper provided both MS Excel spread sheet and
compiled Fotran program as supportion information. Any users are able to access these
programs and determine the aqueous phase HO- reaction rate constants with inputs of
structural information of a compound of interest.



Photoinduced and Microbial Degradation 303

Various functional groups widely differ for their reaction rate constants with
HO® (Fig. 2). Similarly, the production rates of H,O, and HO® photolytically
formed from different organic compounds are much varied (Table 1: chapter
“Photoinduced and Microbial Generation of Hydrogen Peroxide and Organic
Peroxides in Natural Waters”; Table 2: chapter “Photoinduced Generation of
Hydroxyl Radical in Natural Waters™). Variations in the production rates depend
on the chemical nature of the functional groups bonded to each organic compound.
Therefore, it can be concluded that the functional groups have an important impact
both on the photoinduced production of HO® and on the HO® reaction with organic
compounds. Both issues are very significant for the photoinduced processes that
involve dissolved organic matter in surface waters.

2.5 Mechanisms of Microbial Degradation of DOM in Natural Waters

The organic matter in wastes and biomass is diagenetically altered by complex micro-
bial processes into various kinds of organic substances such as long-chain fatty acids,
C3 to Cs organic acids, alcohols, aromatic compounds, humic substances (fulvic and
humic acids) of terrestrial plant origin, autochthonous fulvic acid of algal origin,
acetate, formate, methanol, CO,, H», as well as minor products. These processes take
place in waters, in soil environments or in sediment pore waters of lake and marine sys-
tems (Mostofa et al. 2009a; Conrad 1999; Lovley 2006; Li W et al., unpublished data;
Burdige et al. 2004; Yang and Guo 1990; Leenheer and Croue 2003).

The functional groups of organic substances and the minor components may
be subsequently converted into CO,, methane and other products by fermentative
microorganisms and Fe(IlI)-reducing microorganisms. These processes take place
with simultaneous reduction of an array of electron acceptors, including oxygen,
Ho, nitrate, manganese oxides, Fe(Ill) oxides, sulfate, H>S, and humic substances
in water (Lovley 2006; Lovley et al. 1996; Nagase and Matsuo 1982; Jetten et al.
1992; Coleman et al. 1993; Roden and Wetzel 1996; Pelmenschikov et al. 2002;
Keppler et al. 2006; Itoh et al. 2008; Reguera et al. 2005).

Fe(Ill)-reducing microorganisms, commonly Geobacter species in temperate
environments (Lovley et al. 2004), and Fe(IlI)-reducing archaea in warm environ-
ments (Kashefi et al. 2004) metabolize the fermentation products and the func-
tional groups in organic substances. They are oxidized to CO,, with Fe(III) oxides
serving as the electron acceptor (Lovley 2006; Lovley et al. 1996). The mecha-
nism for CO; formation from Fe(IIl) oxide in the presence of Geobactor spp. is
depicted (Fig. 3) (Lovley et al. 1996):

The general reactions for microbial Fe(IIl) reduction coupled with the oxida-
tion of fermentation products such as acetate (Eq. 2.24) and hydrogen (Eq. 2.25)
are described below (Eqs. 2.24, 2.25) (Coleman et al. 1993; Lovley 1991).

4Fe>03 + CH3;COO™ + 7TH,0 — 8Fe?+ + 2HCOL;~ + 150H~  (2:24)
Fe,03 + Hy + HyO — 2Fe*t + 40H™ (2.25)


http://dx.doi.org/10.1007/978-3-642-32223-5_2
http://dx.doi.org/10.1007/978-3-642-32223-5_2
http://dx.doi.org/10.1007/978-3-642-32223-5_3
http://dx.doi.org/10.1007/978-3-642-32223-5_3

304 K. M. G. Mostofa et al.
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co,
Fe’™ + HCO; + OH™ — FeCO3 + H,0 (2.26)

The ferrous iron, hydroxyl ions and bicarbonate, produced together in (Egs.
2.24,2.25) can combine to form siderite in aquatic sediment porewaters (Eq. 2.26)
(Coleman et al. 1993). Evidences from that research study show that two genera of
sulphate-reducing bacteria, Desulfobacter and Desulfovibrio, can oxidize H, and
acetate in aquatic sediment waters (Coleman et al. 1993). It is shown that Hj is the
most important electron donor for Desulfovibrio (Eq. 2.27), and acetate is the most
environmentally significant electron donor for Desulfobacter (Eq. 2.28) sulphate
reducing bacteria (Coleman et al. 1993):

4H, + SO42~ — S*~ +4H,0 (2.27)
CH3CO0~ 4 SO4%~ — S2~ +2HCO; + H* (2.28)

The study shows that Desulfobulbus propionicus can oxidize S to SO4>~ with an
electrode serving as the electron acceptor (Lovley 2006). This is an important reac-
tion at the anode surface in sediments, where high concentrations of sulphide can
abiotically react with electrodes producing S° (Fig. 4) (Lovley 2006). This abiotic
reaction merely yields two out of eight electrons potentially available from sulphide
(S?7) oxidation (Fig. 4). Oxidation of S° to SO42~ extracts six electrons and regener-
ates SO4>~ as an electron acceptor for further microbial reduction by microorgan-
isms in the family Desulfobulbaceae (Lovley 2006; Holmes et al. 2004).
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A pure culture of Desulfovibrio desulfuricans can readily reduce Fe(III), but
Desulfobacter postgatei and Desulfobactercurvatus cannot (Coleman et al. 1993).
The experimental study showed the occurrence of the metabolism of Fe(II) and
sulphate by D. desulfuricans; at low concentrations of Hy in aquatic sediments,
Fe(III) might be the predominant electron acceptor (Coleman et al. 1993). It
has been evidenced that fermentation or methanogenesis do not metabolize the
organics rapidly (Lovley 2006), but can produce a number of minor components
such as acetate, formate, methanol, CO; and H at the end of the metabolic pro-
cess (Yang and Guo 1990; Roden and Wetzel 1996; Zeikus et al. 1975; Lovley and
Klug 1986; Lovley and Phillips 1987). These products are subsequently used for
methane formation.

Methanogenic bacteria are a diverse subgroup of archaebacteria (Archaea) that
convert CO; into methane to provide energy (31 kcal/mol) for the cell (Eq. 2.29)
(Thauer et al. 2008; Thauer 1998):

COy +4H, — CH4 + 2H,0 (2.29)

I

The conversion of glucose to alcohols and fatty acids during the fermenta-
tion allows the utilization of the standard Gibbs free energy content (Conrad
1999; Thauer et al. 1977). The degradation of alcohols and fatty acids to acetate
and Hj caused by syntrophic bacteria is endoergonic under standard conditions
(Conrad 1999; Thauer et al. 1977), but it can take place when it is combined with
Hj-consuming methanogenesis (Conrad 1999). Hydrogenotrophic and acetotrophic
methanogenesis may convert fermentation products or glucose to CHy and/or CO».

The mechanism for methane formation in methyl-coenzyme M reductase
(MCR) has been evidenced using the B3LYP hybrid density functional method
and chemical models consisting of 107 atoms (Pelmenschikov et al. 2002). In this
mechanism, the reaction starts with CoB and methyl-CoM coenzymes and with
the active Ni(I) state of the tetrapyrrole F430 prosthetic group, which then forms a
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Fig. 5 The mechanism for methane formation in methyl-coenzyme M reductase (MCR) in
methanogenesis. Data source Pelmenschikov et al. (2002)

free methyl radical at the transition state (Fig. 5). A methyl radical is then released
from methyl-CoM, induced by the attack of Ni(I) on the methyl-CoM thioether
sulfur, which oxidizes the metal center from Ni(I) to Ni(II). The latter forms a
strong bond of 38.6 kcal/mol with the sulfur of CoM (Eq. 2.44):

CoB-S-H + CH3-S-CoM + Ni(I)F439 — (2.44)
CoB-S-H + CH$ + CoM-S-Ni(II)Fy30

The resulting methyl radical is rapidly quenched by hydrogen-atom transfer
from the CoB thiol group, yielding the CH4 and the CoB radical. The pathway has
activation energy of approximately 20 kcal/mol, leading to stereoinversion at the
reactive carbon (Eq. 2.45):

CoB-S-H + CH$ + CoM-S-NI(I)F30 — (2.45)
CH, + CoB-S* + CoM-S-NI(I)E,3(

In the final step, formation of heterodisulfide CoB-S—S-CoM is proposed in
which nickel is reduced back to Ni(I) (Eq. 2.46).

CoB-S°® + CoM-S-NI(II)F,3) — CoB-S-S-CoM + NI(I)F,3, (2.46)

It can be noted that methyl-coenzyme M is 2-mercaptoethanesulfonic acid that
is unique to the methanogens, and coenzyme B is 7-mercaptoheptanoylthreonine
phosphate that includes an aliphatic linker of six methylene units between the
phosphothreonine head group and the thiol group.

A recent study shows that MCR is the key enzyme in methane forma-
tion by methanogenic Archaea when it is incubated with the natural substrates
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Fig. 6 The mechanism for methane formation in methyl-coenzyme M reductase (MCR) in
methanogenesis in presence of natural substances. Data source Ebner et al. (2010)

(Ebner et al. 2010). In this mechanism, the enzyme converts the thioether
methyl-coenzyme M, and the thiol coenzyme B, into methane and the heterodi-
sulfide of coenzyme M and coenzyme B (Ebner et al. 2010). In the presence of
the competitive inhibitor coenzyme M instead of methyl-coenzyme M, addi-
tion of coenzyme B to the active Ni(I) state of MCReq; induces two new spe-
cies called MCReqoqa and MCRyegr (Fig. 6). The two MCReqn signals can also
be induced by the S-methyl- and the S-trifluoromethyl analogs of coenzyme B. It
is thus suggested that the protein may undergo a conformational change upon for-
mation of MCReq2 species in the transition from MCReq;, which opens up the
possibility that nickel coordination geometries other than square planar, tetragonal
pyramidal, or elongated octahedral might occur in intermediates of the catalytic
cycle (Ebner et al. 2010).

The degradation of specific aliphatic carbon or functional groups by microbial
processes in natural waters may preferentially occur in macromolecules such as
fulvic and humic acids of terrestrial plant origin, as well as autochthonous fulvic
acid of algal origin. The microbial changes in the functional groups of organic
substances are typical phenomena in sediment pore waters, where a decrease of
the acidic functional groups as well as an increase of basic and neutral functional
groups occurs with depth (Rosenfeld 1979; Burdige and Martens 1988; Wu and
Tanoue 2001; Maita et al. 1982; Steinberg et al. 1987). Such changes in functional
groups of autochthonous fulvic acid (C-like) can be understood from the vertical
increase in fluorescence intensity with depth, identified with excitation and emis-
sion matrix (EEM) of pore water samples and their parallel factor (PARAFAC)
modeling in the pore waters of lakes (Li W et al., unpublished data). The low val-
ues of fluorescence index for autochthonous fulvic acid (C-like) at deeper depth,
compared with upper sediment pore water, confirm the changes with depth in the
functional groups of that component (Li W et al., unpublished data). Such changes
might be a useful indicator for complex microbial processing of the functional
groups of autochthonous fulvic acids in the pore waters of lakes. Therefore, it is
suggested that microbial degradation may diagenetically alter either the minor
components (e.g. acetate) or the functional groups bound to macromolecules, such
as fulvic and humic acid from terrestrial plants and autochthonous fulvic acid from
algal biomass, generating CO,, CHy and other products.
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2.6 Kinetics of Photoinduced Degradation of DOM

Photoinduced degradation can decrease the concentration of dissolved organic car-
bon (DOC) as a function of the integrated solar intensity (Fig. 7) (Mostofa et al.
2005, 2007). The changes in the DOC concentration can be best fit with a first
order reaction as reported below (Eq. 2.47):

Ln(DOC/DOC,) = —k S (2.47)

where k; is the reaction rate constant for the photoinduced degradation of DOC,
DOC is organic carbon concentration after irradiation and DOC, the initial
one, and S is the integrated solar intensity or photon energy (MJ m~?) (Fig. 7a)
(Mostofa et al. 2007).

Kinetics studies on the photoinduced degradation of DOM can explain several
important phenomena in waters (Mostofa et al. 2007). First, stream DOM under-
goes rapid photoinduced degradation (1.8-2.6 x 1073 MJ~! m? in waters of the
Kago and Nishi-Mataya upstreams) (Mostofa et al. 2007). Second, microbial
degradation under dark incubation is quite low or negligible for upstream DOM
(0.7-4.6 x 10~*MJ~! m? for the same upstreams). Third, in rivers that include
various sources of DOM the latter can be uniformly degraded both photolytically
(9.5 x 107* MJ~! m?) and microbiologically (11 x 10~*MJ~! m?) (Fig. 1c and d).

3 Factors Controlling the Photoinduced Degradation
of DOM in Natural Waters

Photoinduced degradation of DOM depends on the sources of waters, concentra-
tion level and optical-chemical nature of DOM, time and space. Photoinduced
degradation of DOM is an important phenomenon that plays a significant role
in the biogeochemistry of the carbon cycle, biological activity and primary and
secondary productions in natural waters (Mostofa et al. 2009a; Ma and Green
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Fig. 7 Relationship between the Ln(DOC/DOCy) and the integrated solar intensity (MJm~2) in
the Kago upstream (a), Nishi-Mataya upstream (b), and in the downstream waters of Yasu River
(¢). Data source Mostofa et al. (2007)
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2004; Vahatalo et al. 2000; Mostofa et al. 2000, 2007; Gao and Zepp 1998;
Graneli et al. 1996, 1998; Wu et al. 2005; Mopper et al. 1991; Miller and Zepp
1995; Miller and Moran 1997; Rosenstock et al. 2005; Nieto-Cid et al. 2006). The
Photoinduced degradation rate is mostly dependent on several major factors that
are greatly related to variable local conditions and to the concentration levels and
molecular nature of DOM. The key factors are: (1) Sunlight or solar radiation,
(2) Water temperature, (3) Effects of total dissolved Fe and photo-Fenton reaction,
(4) Occurrence and quantity of NO>~ and NO3™ ions, (5) Molecular nature of
DOM, (6) pH and alkalinity of the waters, (7) Dissolved oxygen (O), (8) Depth
of the water, (9) Physical mixing in the surface mixing zone, (10) Increasing
UV-radiation during ozone hole events, (11) Global warming and (12) Salinity.

3.1 Sunlight or Solar Radiation

Solar radiation is the key factor for photoinduced degradation of DOM or organic
contaminants in water (Morris and Hargreaves 1997; Reche et al. 1999; Mostofa and
Sakugawa 2009; Vahatalo et al. 2000; Mostofa et al. 2007; Moran et al. 2000; Wu
et al. 2005; Molot and Dillon 1997; Dobrovi¢ et al. 2007). Photoinduced degrada-
tion of DOM depends on the spectral wavelengths of solar radiation such as UV-A
(315400 nm), UV-B (280-315 nm), and visible light (400-700 nm) as well as
their significant variations after penetration in the water column (Scully et al. 1996;
Morris and Hargreaves 1997; Reche et al. 1999; Vahatalo et al. 2000; Graneli et al.
1996, 1998; Lindell et al. 1996; Kieber et al. 1990; Molot and Dillon 1997; de Haan
1993; Herndl et al. 1993; Valentine and Zepp 1993). DOM is typically suscepti-
ble to absorb UV radiation in sea and lake waters (Kirk 1994; Morris et al. 1995).
The penetration of UV radiation in natural waters is greatly variable, with typical
penetration depths in clear ocean water of ~20 m for UV-B and ~50 m for UV-A
radiation, 5-10 m for UV-B radiation in oligotrophic oceans and 0.5-3 m in fresh-
waters (Kirk 1994; Smith and Baker 1981; Waiser and Robarts 2000). It can be
expected that the photoinduced degradation of DOM is significantly dependent
on the attenuation of downward irradiance in natural waters. It has been shown
that the contribution of solar intensity to total photoinduced degradation of DOM
in lakes is 39-69 % by UV-A, 9-17 % by UV-B, and 23-44 % by visible light
radiation (Vahatalo et al. 2000). Photoinduced mineralization of natural DOC is
increased <9 % when the UV-B radiation is doubled in humic lakes (Vahatalo
et al. 2000). Control irradiation by wavelengths 254 nm (hereafter UV) and 185 nm
(hereafter VUV) on DOM demonstrates that the DOM degradation rate at 185 nm
increases approximately ten-fold compared to those at 254 nm. An increase in fluxes
of the UV radiation can substantially increase the quantity of the reactive free radi-
cals such as HO® and H»O, in waters (Qian et al. 2001; Rex et al. 1997; Yocis et al.
2000). Rex et al. 1997; Yocis et al. 2000; During an ozone hole event, the produc-
tion rates of HO® are greatly enhanced in Antarctic waters (Qian et al. 2001; Rex
et al. 1997). The HO® is the most powerful oxidizing agent that can be involved into
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the photoinduced degradation of DOM in waters, although there is evidence that the
formation rate of HO® may be insufficient to account for the DOM mineralization
(Vione et al. 2009).

Variations in the spectral irradiance penetration among various waters and in the
effect of radiation wavelength on DOM transformation might be caused by three fac-
tors. First, concentration levels and molecular nature of DOM can modify the absorp-
tion spectrum for a variety of waters. Second, contents of total iron, a major factor of
HO?® production through photo-Fenton reaction and probably also of DOM mineraliza-
tion through HO®-independent processes (Vione et al. 2009), are greatly varied for a
variety of waters. Third, depletion of the stratospheric ozone layer may greatly increase
the UV-B radiation, thereby enhancing the photoinduced mineralization of DOM by
UV-B (Qian et al. 2001; Randall et al. 2005). An effort is still needed to accout for
the different results obtained in different studies. On the one hand, a limited increase
(~4 %) in DOM photoinduced mineralization has been observed in Brazil compared
to Sweden, although the dose of UV-B was three-fold higher in Brazil than in Sweden
(Graneli et al. 1998). On the other hand, half of the total photoinduced degradation of
DOM was attributable to wavelengths shorter than 360 nm (Vahatalo et al. 2000).

3.2 Water Temperature

Air temperature is greatly varied from O to approximately 50 °C in different regions,
which might control the water temperature (WT) and its variation in natural waters.
A low WT can reduce the movement of the reactants in the aqueous solution, thereby
causing a decrease in the reaction kinetics of DOM in waters. WT that is driven by
solar intensity is directly related to the photoinduced generation of H,O,. The H,0, in
river shows a significantly higher production in summer and lower in winter (Mostofa
and Sakugawa 2003, 2009). The lower production of HyO» due to low WT and solar
irradiance may subsequently decrease the production rate of HO® (Qian et al. 2001)
and, as a consequence, the photoinduced degradation rate of DOM in aqueous solution.

3.3 Effects of Total Dissolved Fe and Photo-Fenton Reaction

The concentration of total dissolved Fe is one of the most important factors for the
photoinduced degradation of DOM in waters (Vione et al. 2009; Gao and Zepp
1998; Wu et al. 2005; Gennings et al. 2001), through the photo-Fenton reaction
(Zepp et al. 1992; Southworth and Voelker 2003; McKnight et al. 1988; Arakaki and
Faust 1998); or via HO®-independent processes (Vione et al. 2009). The generation
rate of HO" is much higher for elevated Fe levels in acidic waters (McKnight et al.
1988; Allen et al. 1996). The oxidation of Fe?* by photo-generated HyO; causes the
production of HO® and Fe?*, but Fe?* is regenerated from Fe3* by several pathways
via the process of hu/H,0,/0,°~. The regeneration of Fe>* greatly enhances the
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production of HO® (Vione et al. 2004) and leads to high photoinduced degradation
of DOM in iron-rich waters. Addition to the water of fluoride ion or deferoxamine
mesylate (DFOM) can form unreactive Fe3* complexes, inhibiting iron photore-
duction and slowing down the photoinduced degradation of DOM (Gao and Zepp
1998; Wu et al. 2005). The photoinduced formation of DIC, CO and NH4 T has been
greatly affected by the addition of fluoride ion to the water of the River Satilla (Gao
and Zepp 1998). Thus, the photo-Fenton reaction plays an important role in natural
waters, especially in acidic waters. The photoinduced degradation rate constant of
humic acid is significantly decreased by the addition of fluoride, but that of fulvic
acid is not affected (Wu et al. 2005). Dissolved Fe is thus thought to play an impor-
tant role in the photoinduced degradation of humic acid rather than fulvic acid. Due
to the higher aromaticity of humic acid as compared to fulvic acid (30-51 % of aro-
matic carbon vs. 14-20 %) (Malcolm 1985; Gron et al. 1996), humic acid is more
susceptible to react with HO® which is generated from the photo-Fenton reaction (Fe
2+ 4+ HyOp — HO® + ~OH + Fe3t) (Zepp et al. 1992; Senesi 1990; Minakata et al.
2009; Chen and Pignatello 1997). Therefore, it is likely that humic acid is the DOM
component that undergoes the fastest photoinduced degradation in natural waters.

3.4 Occurrence and Quantity of NO>~ and NO3~ Ions

Photoinduced degradation of DOM can be affected by the occurrence and concen-
tration levels of NO,™~ and NO3™ ions, both of which are efficient in the produc-
tion of HO® upon photolysis in waters (see also chapter “Photoinduced Generation
of Hydroxyl Radical in Natural Waters”) (Zafiriou and True 1979a, b; Takeda
et al. 2004; Vione et al. 2006; Mack and Bolton 1999; Nakatani et al. 2004; Chin
et al. 2004). Contribution of HO® production in sewage polluted rivers is 48-80 %
from NO,™ and 2-19 % from NO3~, but the contribution is 626 % and 1-49 %,
respectively, in upstreams and clean rivers (Takeda et al. 2004; Nakatani et al.
2004). In anthropogenically polluted Rhéne River Delta (S. France) and Lake
Piccolo (NW Ttaly) the contribution of HO® production is accounted for by NO,~
(62-63 %) and NO3~ (27-38 %), while in the unpolluted and remote Lake Goose
and Lake Divide (Wyoming, USA) the contribution of nitrate and nitrite is rela-
tively lower, 0-11 % and <0.5 %, respectively (Minero et al. 2007). In seawater
NO;~ is the major source of HO® in Seto Inland Sea (7-75 %) and Yellow Sea
(10-44 %) compared to NO3~ (<1 % and 0.4-8 %, respectively) (Takeda et al.
2004). The two anions (NO;~ and NO3™) collectively are dominant sources in
both river and seawater, while their role in lake water is less important (Vione
et al. 2006). Natural waters that include high concentration levels of NO,~ and
NO3~ could induce degradation of DOM by photoinduced production of HO®.
Howeyver, it has been found that the rate of mineralization of DOM in acidified lake
water far exceeds that rate of HO® generation by all the sources, which suggests
that HO®-independent processes (tentatively, photolysis of Fe(II[)-DOM com-
plexes) may also play an important role in DOM mineralization (Vione et al. 2009).
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3.5 Molecular Characteristics of the DOM

Photoinduced degradation of DOM is significantly dependent on the molecular
characteristics or the absorbing nature of the organic substances in the chromophoric
dissolved organic matter (CDOM) or fluorescent dissolved organic matter (FDOM)
in waters (Table 1). Chromophores in CDOM and fluorophores in FDOM are con-
sidered to be equivalent components with respect to photosensitization by sunlight.
Photoinduced degradation of DOM takes place upon absorption of photons, which is
predominantly dependent on the chemical nature of the organic substances present in
DOM. The radiation absorption by organic matter increases along the spectrum from
visible toward UV regions (Amador et al. 1989; Kieber et al. 1990). High molecular
weight (HMW) DOM such as humic substances (fulvic and humic acids), and fluo-
rescent whitening agents (FWAs) or components of detergents (DAS1 and DSBP) can
absorb both visible and shorter wavelength regions (Kramer et al. 1996; Kieber et al.
1990; Sadtler 1968; Strome and Miller 1978). Many low molecular weight organic
acids photo-generated from large CDOM or FDOM can absorb only in UV-C range,
but they do not absorb radiation in the UV-B, UV-A or visible range (Sadtler 1968). For
example, acetaldehyde absorbs light at 208-224 nm (Kieber et al. 1990; Mopper et al.
1991; Strome and Miller 1978), acetate at 204—270 nm (Dahlén et al. 1996; Wetzel et al.
1995 ), formaldehyde at 207-250 nm (Mopper et al. 1991; Mopper and Stahovec 1986),
glyoxal at <240 nm (Mopper et al. 1991; Mopper and Stahovec 1986), malonate at 225—
240 nm (Dahlén et al. 1996), pyruvate at 200-227 nm (Wetzel et al. 1995; Kieber et al.
1990; Mopper et al. 1991), and propanal at ~230 nm (Mopper and Stahovec 1986).

Fulvic acid absorbs radiation in both the visible and UV ranges (Fig. la)
(Mostofa et al. 2005). The DOC concentrations varied between upstream (99 pM
C, Kago) and downstream rivers (194 M C, Yasu), but the absorption in the vis-
ible region is likely the same in both upstream (Fig. l1a) and downstream waters
(Fig. 1b). Such an absorption is usually caused by HMW DOM. Humic acid is
degraded more quickly than fulvic acid in water (Wu et al. 2005), probably because
of the higher aromaticity (Malcolm 1985; Gron et al. 1996). The absorption of vis-
ible light by chromophores or fluorophores in HMW DOM causes decomposition,
which is usually more marked in upstream (Fig. 1a) than in downstream waters
(Fig. 1b). The following order for DOM photoinduced degradation can be pro-
posed: upstream DOM > downstream rivers > lake > seawaters (Table 1; Fig. 1).
Therefore, photoinduced degradation is greatly dependent on the molecular nature
of DOM compositions in waters. Interestingly, the residence time of water in lakes
and sea is much higher compared to the rivers. Possibly the lower photoinduced
lability of the DOM found in lake or sea water is due to the fact that labile DOM in
these environment has sufficient time to undergo photoinduced degradation.

3.6 pH and Alkalinity of Waters

Both pH and alkalinity, which can greatly vary among different waters, can
influence the photoreaction rates of DOM, its chemical structure and speciation
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(Vahatalo et al. 2000; Wu et al. 2005; Gennings et al. 2001; Molot et al. 2005).
The photo-Fenton reaction is greatly influenced by pH. A decrease in pH greatly
accelerated the photoinduced degradation of DOM in softwater stream (Molot et
al. 2005), in Satilla river (Gao and Zepp 1998) as well as in lake water from NW
Italy (Vione et al. 2009). The experimental study shows that after 69 hours of arti-
ficial irradiation without addition of KI, DOC loss is decreased as pH increases
from pH 4 to 9 whilst addition of KI is significantly reduced loss of DOC at pH
4, 5 and 7 but not at pH 9 with the fraction of DOC lost by non-HO® mechanisms
gradually increasing from 58 % to 75 % between pH 4 and 7, and 100 % at pH 9
(Molot et al. 2005). Photoinduced degradation rates of DOC and fluorescence are
greatly increased with a decrease in sample pH from 8 to 6 and then to 4 (Wu et
al. 2005). Conversely, the production rates of HO® in the Fenton or photo-Fenton
reaction are greatly enhanced with a decrease in pH of natural waters (Zepp et al.
1992; Vione et al. 2009; Goldstone et al. 2002; Moffett and Zika 1987; Millero
and Sotolongo 1989).

The apparent mechanism for enhanced photoinduced loss of DOC at low pH is
oxidation to dissolved inorganic carbon (DIC) by reaction with HO® produced via
the iron-mediated photo-Fenton pathway (Zepp et al. 1992; Voelker et al. 1997).
Therefore, high production rate of HO® at low pH can accelerate the photoinduced
degradation of DOM in waters. However, there is evidence that the production rate
of HO® in acidified lake water is unable to account for the rate of DOM miner-
alization, which suggests that additional mineralization processes would also be
operational (Vione et al. 2009). The major terrestrial alkalinity-producing pro-
cesses such as ionic exchange, weathering and biological assimilation of nitrate
and other anions, mostly depend on the watershed geology, morphology, soil
characteristics, and hydrological conditions (Psenner 1988). Watersheds of lakes
exported more SO42_, NO3;~ and HT than they received, and the lakes are the
dominant acidity-consuming parts of the whole ecosystem, neutralizing 50-58 %
of the HT input (Kopacek et al. 2003). Terrestrial fluxes of organic acid anions
can also consume HY in natural lakes and are thought to be the third major inter-
nal alkalinity-producing mechanism after the biochemical reductions of NO3~ and
SO42~ (Kopacek et al. 2003; Cook et al. 1986; Schindler et al. 1986). An increase
in alkalinity in waters can decrease the production of H,O» by slowing the reac-
tion of O,°~ protonation (20,°~ + 2H" — Hy0; + O2). A decrease in HyO,
production can reduce the photoinduced generation of HO® through photo-Fenton
reaction or direct photolysis, thereby decreasing the photoinduced degradation of
DOM in natural waters.

3.7 Dissolved Oxygen

Dissolved oxygen (O;) can enhance the photoinduced degradation of DOM in
waters (Vahatalo et al. 2000; Amon and Benner 1996; Obernosterer et al. 2001;
Laane et al. 1985; Lindell and Rai 1994; Reitner et al. 1997). Addition of O, to
photoinduced reaction systems can greatly promote the photoinduced degradation
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rates (Gao and Zepp 1998; Stumm and Lee 1961; Miles and Brezonik 1981).
Stumm and Lee 1961; Miles and Brezonik 1981; In iron-rich waters, the ferrous
iron is often oxidized by dissolved O, with production of ferric oxide floc (Stumm
and Lee 1961). Oy is consumed at a rate of 0.02-0.09 mg L~' h=! in humic
colored waters having pH 3—4 and total iron concentration of 0.1-2.0 mg L~!
under irradiation. The consumption rate is slightly lower (0.01-0.04 mg L~! h—!)
under dark conditions (Miles and Brezonik 1981). Some standard organic com-
pounds can consume O, at rates of 0.01-0.83 mg L~! h~! under irradiation and
0.01-0.70 mg L™1 h~! in the dark. These results have been obtained for a con-
centration of 100 mg L™! of organic compounds in the presence of 6 mg L~! of
Fe(IIl) (Miles and Brezonik 1981). In photoexperiments conducted on Amazon
river water samples, the O, consumption rate was 3.68 WM O, h™! under irradi-
ation and it was twelve times lower (0.30 pM O, h™!) in the dark (Amon and
Benner 1996). High rates of DOC loss and Oy consumption are often observed
in riverine DOM, with little or no additional production of biologically labile
organic compounds. The photoinduced O, demand of surface water DOM in the
Atlantic Ocean varied from 0.1 to 2.8 pmol O, L™! d~! in 12 h irradiation periods
(Obernosterer et al. 2001). Rivers usually exhibit a higher O, consumption rate
than seawaters. The O, consumption in waters is hypothesized to contribute to the
generation of H,O, through production of superoxide radical ion (0,°7) as inter-
mediate, upon monoelectronic reduction of O, by aquated electrons (e™) produced
by DOM (see chapter “Photoinduced and Microbial Generation of Hydrogen
Peroxide and Organic Peroxides in Natural Waters”). Photolytically produced
H,0; can participate to the production of HO®, by either the photo-Fenton reaction
or the direct photolysis, and such processes can contribute to the photoinduced
degradation of DOM in waters.

3.8 Depth of the Water Column

The Photoinduced degradation of DOM is significantly dependent on the depth
of the water column. Degradation is higher in the upper surface layer and gradu-
ally decreases with an increase in the water column depth (Ma and Green 2004;
Vahatalo et al. 2000). Solar radiation can mineralize 19 mmol C m=3 d~! at a
depth of 1 cm, and the rate of mineralization decreases with increasing depth with
an attenuation coefficient of 23 m~! (Vahatalo et al. 2000). Most of the photo min-
eralization takes place in the top 10 cm in lakes (Vahatalo et al. 2000). The pres-
ence of low quantity of suspended solids or particulate matter allows for a deeper
penetration of light in the water column, which can result into a greater potential
for the photoinduced degradation of deeper DOM. Both river and lake DOM have
a high potential to undergo photoinduced degradation in the surface layers (0 m),
and photoinduced degradation gradually decreases in the deeper layers (6.5 and
24 m), as has been found in an in situ experimental study (Ma and Green 2004).
Surface waters with a high level of DOC greatly inhibit the penetration of solar
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radiation into the deeper layers, whilst penetration of radiation at longer depth of
the water column is usually observed in water bodies with low DOC (Moirris et al.
1995). UV-B radiation penetrates at a depth of 0.1-5 m, while UV-A penetrates
at 0.2-15 m (Farmer et al. 1993). Therefore, UV-A plays a more important role
into the photoinduced degradation of DOM in deeper layers compared to UV-B
(Piazena and Hider 1994; Blough et al. 1993). It can be concluded that the pho-
toinduced degradation of DOM at any depth of the water column in freshwater
systems and in oceans is greatly dependent on the penetration of light intensity.

3.9 Physical Mixing in the Surface Mixing Zone

Physical or turbulent mixing in the surface mixing zone of the water column might be
an important factor to enhance the photoinduced degradation of DOM in waters. The
mixing process allows the reactants of a chemical reaction to come more frequently in
contact, thus accelerating the reaction rate. It has been shown that the production rates
of HyO, are higher for both Suwannee River Fulvic Acid (445 nM h™!) and seawa-
ter (86 nM h™!) in stirred samples compared to unstirred ones (211 and 51 nM h~!,
respectively) (Mostofa K, Sakugawa H unpublished data). These photoexperiments
were conducted using a solar simulator . Simultaneously, the fluorescence intensity of
fulvic acid is decreased to a higher extent in stirred samples compared to non-stirred
ones. Therefore, physical mixing is an essential factor to increase the reaction rate or
promote the photoinduced processes in natural surface waters. Moreover, production
of HyO» is merely observed in the surface mixing zone, where H,O, is derived from
the photoinduced degradation of DOM (Moore et al. 1993; Sikorski and Zika 1993a, b;
Sakugawa et al. 2000; Johnson et al. 1989). Furthermore, the fluorescence intensity of
fulvic acids is much lower in the surface mixing zone in lake or seawaters due to solar
effects (Mostofa et al. 2005; Hayase and Shinozuka 1995). Therefore, physical mixing
in the surface mixing zone is an important factor for promoting the photoinduced degra-
dation of DOM in waters. Mixing processes are typically dependent on physical factors
such as strong or weak wind, presence of artificial or natural dams, power-dam outfalls,
stream riffles, waterfall, and finally water temperature which affects the stratification-
stagnant regime of natural waters.

3.10 Increasing UV Radiation During Ozone Hole Events

The ozone hole due to stratospheric ozone depletion because of anthropogenic activi-
ties is a well-known phenomenon in the Antarctic (Qian et al. 2001; Jones and Shanklin
1995) and Arctic oceanic regions (Rex et al. 1997; Randall et al. 2005). Moreover,
the incident UV-B radiation is increased at a rate of 10-20 % per decade at temper-
ate latitudes (Kerr and McElroy 1993; Madronich 1992). An increase in UV-B radia-
tion may greatly enhance the production of HO® by inducing higher rates of photolysis
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of NO,™ and NO3~, and of other redox reactions in natural waters (Qian et al. 2001;
Randall et al. 2005). The HO® formation rates from nitrate, as well as DOM plus nitrite
are significantly increased during ozone hole conditions, compared to non-ozone hole
periods (Qian et al. 2001). Therefore, a higher production of HO® during ozone hole
events can enhance the photoinduced degradation of DOM. UV transparency of the lake
water column is also greatly enhanced during the summer season due to photoinduced
degradation of DOM in the lake epilimnion (Morris and Hargreaves 1997). Diffuse
attenuation coefficients are greatly varied (39-81 %) seasonally at the epilimnion, and
minimum values occur during the summer season (Morris and Hargreaves 1997). Thus,
an increase in incident UV radiation (280400 nm) in response to stratospheric ozone
depletion can increase the transformation of surface DOM and, by increasing the UV
transparency of water, can also induce additional degradation of DOM in the deeper
layers (Qian et al. 2001; Randall et al. 2005).

3.11 Global Warming

Global warming may expand the summer season (Huisman et al. 2006; Sarmiento
et al. 2004; Schmittner 2005), which might accelerate the photoinduced degrada-
tion of DOM. For example, it might lead high production of HO® because of the
increase in water temperature due to global warming. At the same time, there can
be an increase in UV radiation during ozone hole events (Qian et al. 2001; Rex
et al. 1997). Global warming may also affect (and possibly enhance) the water col-
umn transparency, which is modified on a variety of time scales, and the depth of the
mixing layer, as well as lead to changes in climatologic factors such as cloud cover,
particulate material and total content of column ozone. These factors may influence
the incident UV radiation (Morris and Hargreaves 1997; Morris et al. 1995; Scully
and Lean 1994). Global warming may affect the seasonal patterns of chlorophyll and
nutrient concentrations in the deep chlorophyll maxima (DCM) in waters (Huisman
et al. 2006; Mostofa et al. 2009b; Letelier et al. 2004). The combination of global
warming and photoinduced degradation may significantly impact on primary pro-
duction, species composition, global carbon cycle, biological activities, and finally
the seasonal modifications of the water column in natural waters (Huisman et al.
2006; Hader et al. 2011). The effects of global warming on photoinduced degrada-
tion of DOM are extensively discussed in the global warming chapter (see chapter
“Impacts of Global Warming on Biogeochemical Cycles in Natural Waters”).

3.12 Salinity

DOM photoreactivity is significantly increased with salinity or addition of salts in
natural waters (Osburn et al. 2009; Hernes and Benner 2003; Osburn and Morris
2003; Anastasio and Newberg 2007; Grebel et al. 2009). Controlled laboratory
studies demonstrate that the presence of seawater concentrations of chloride and
bromide ions can enhance absorbance photobleaching reaction rates by ~40 %,
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regardless of DOM source or the presence or absence of carbonate ions (Grebel
et al. 2009). In another study, a decrease in CDOM photobleaching at 280 nm
is detected when humic CDOM is added to an artificial salinity gradient used to
mimic coastal mixing (Minor et al. 2006). Dissolved lignin phenols are significantly
affected by salinity and at salinities >25 psu, photooxidation is a dominant factor
influencing lignin compositions and concentrations (Hernes and Benner 2003).

The mechanism behind the high photoinduced degradation of DOM with salinity
apparently involves two factors: first, irradiated CDOM can induce photoinduced pro-
duction of hydrogen peroxide (H,0,) that is a HO" source via photolysis or the Fenton
reaction, and the photoinduced generation of H>O; is enhanced by salin-
ity. Trace metal ions (M) in salinity or sea waters can complex with DOM
(M-DOM) forming a strong w—electron bonding system between metal ions
and the functional groups in DOM (see chapter “Complexation of Dissolved
Organic Matter With Trace Metal Ions in Natural Waters” for in details expla-
nation). This ®-electron in M-DOM complex is rapidly excited photolyti-
cally, which is responsible for high production of aqueous electrons (eaq”) and
subsequently the high production of superoxide ion (O,™), HO, and HO', respec-
tively. Indeed, photogeneration of HyO, from ultrafiltered river DOM is substan-
tially increased with salinity, from 15 to 368 nM h™! at circumneutral pH (Osburn
et al. 2009). Salinity or NaCl salts can substantially increase the aqueous electrons
(€aq”) from DOM components photolytically in aqueous media (Assel et al. 1998;
Gopinathan et al. 1972). This effect subsequently can enhance the H,O, production
from DOM components in waters (Moore et al. 1993; Mostofa and Sakugawa 2009;
Richard et al. 2007; Fujiwara et al. 1993). Recent studies observe that the sea-salt par-
ticulate matter extracted from coastal seawaters show substantially high HO" produc-
tion (rate: ~2778-27778 M s~1), approximately 3—4 orders of magnitude greater than
HO’ photoformation rates in surface seawater (Anastasio and Newberg 2007), which
may support the above phenomena.

Second, the reaction of HO® with halide ions (X ™) can form reactive halogen
radicals (BrX"™) that can react with electron-rich functional groups within DOM
more selectively than HO® (Goldstone et al. 2002; Grebel et al. 2009; Salinity can
significantly affect the CDOM or FDOM properties, which are responsible for their
high photoinduced behavior, which are discussed in detail in other chapters (see
chapters “Colored and Chromophoric Dissolved Organic Matter in Natural Waters”,
“Fluorescent Dissolved Organic Matter in Natural Waters” and “Complexation of
Dissolved Organic Matter With Trace Metal Ions in Natural Waters”).

4 Factors Controlling the Microbial Degradation of DOM
in Waters

Microorganisms are generally responsible for catalyzing the oxidation of organic
matter and for inducing changes in the functional groups of DOM, either in deeper
waters or in soil and sediment pore waters (Mostofa et al. 2007; Moran et al.
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2000; Lgnborg and Sgndergaard 2009; Lovley and Chapelle 1995; Coble 2007,
Hopkinson et al. 2002; Koschorreck et al. 2008; Lgnborg et al. 2009a, b). An
increase in fulvic acid-like (or humic-like) fluorescence either in deeper waters of
lakes and oceans or in dark incubated water samples are considered to be the effect
of microbial degradation of organic matter and of the related transformation of the
functional groups of DOM (Ma and Green 2004; Mostofa et al. 2007a; b; Moran
et al. 2000; Hayase and Shinozuka 1995; Coble 2007; Coble 1996). Microbial
degradation of DOM depends on several key factors that can be distinguished as:
(1) Occurrence and nature of microbes in waters; (2) Sources of DOM and the
quantity of its fermentation products; (3) Temperature; (4) pH; and (5) Sediment
depths.

4.1 Occurrence and Nature of Microorganisms

Microbial degradation of organic matter and of functional groups of macro-
molecules depends on the occurrence and nature of microorganisms in waters
(Lovley 2006; Uchida et al. 1998; Lovley et al. 1996; Kotsyurbenko et al.
2001; Coleman et al. 1993; Conrad et al. 1989; Conrad et al. 1989; Morvan
et al. 1994). Recent studies demonstrated the presence of methanogens belong-
ing to the Methanomicrobiaceae, Methanobacteriaceae, Methanococcaceae,
Methanosarcinaceae, and Methanosaetaceae, as well as new archaeal lineages
within the Euryarchaeota (Kotsyurbenko et al. 2007; Basiliko et al. 2003; Cadillo-
Quiroz et al. 2006; Casper et al. 2003; Galand et al. 2002; Horn et al. 2003; Sizova
et al. 2003; Upton et al. 2000; Utsumi et al. 2003). It is shown that methanogenic
archaea and homoacetogenic bacteria are the main H, consumers in the absence of
inorganic electron acceptors such as nitrate, ferric iron and sulfate, which compete
for available H; in anoxic environments (Kotsyurbenko et al. 2001). Degradation
of alcohols and fatty acids is usually enabled by syntrophy between H,-producing
syntrophic bacteria and Hj-consuming methanogenic archaea (Conrad 1999;
Schink 1997). The most important reactions for hydrogenotrophic (Eq. 4.1) and
acetotrophic methanogenesis (Eq. 4.1) for degradation of glucose can be expressed
below (Egs. 4.1, 4.2) (Conrad 1999; Thauer et al. 1977):

C6H206 — CH3COOH + CO; + CH4AG®” = —346.8 4.1)
CeH1206 — 3CO;z + 3CH4AG” = —418.1 (4.2)

An experimental study shows that D. desulfuricans can reduce the Fe(III) and
sulphate simultaneously at rates comparable to Fe(IIl) and sulphate reduction
under non-limiting H, concentration, when only one of the electron acceptors
is provided (Coleman et al. 1993). On the other hand, H> is metabolized by D.
desulfuricans at lower concentrations with Fe(IIl) than with sulphate (Coleman
et al. 1993). Interestingly, these bacteria do not metabolize Hy below ~107> atm
partial pressure (Cord-Ruwisch et al. 1988).
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4.2 Sources of DOM and its Fermentation Products

The methanogenesis depends on the sources of organic matter such as vascu-
lar plants or algal biomass, the fermentation or degradation products of which are
greatly varied in soil, peatland or sediment pore waters. For example, the disintegra-
tion or fermentation of vascular plant materials by aerobic and anaerobic bacteria
can produce humic substances (fulvic and humic acid), structural polysaccharides,
polyphenols, proteins, amino acids, carbohydrates and inorganic components in
soil environments (Mostofa et al. 2009a; Malcolm 1985; Chefetz 2002; Cadillo-
Quiroz et al. 2010; Hur 2011; Pefia-Méndez et al. 2005). In contrast, among the
DOM components that originated from algal or phytoplankton biomasses, one can
find autochthonous fulvic acid, protein, amino sugars and labile polysaccharides
(Mostofa et al. 2009a; Zhang et al. 2009; Li W et al., unpublished data; Parlanti
et al. 2000; Benner and Kaiser 2003). The changes of the DOM by microbial
processes significantly depend on its sources and composition and/or the mixing
ratios of the individual original source materials in natural water (Hur 2011).

It is shown that fulvic and humic acids are composed of diverse functional groups
such as -COOH, carboxyl, methoxyl, alcoholic OH, carbohydrate OH and phenolic
OH. Low aromaticity is observed in fulvic acid (17 % of aromatic C and 63 % of
aliphatic C) compared to humic acid (30 % and 47 %, respectively) (Malcolm 1985;
Steelink 2002). Carbon distribution by solid-state CPMAS '3C NMR shows about
24 % of C-0, 3 % of anomeric C, 12 % of C=C, 5 % of ¢-O (¢ = other elements
except C), 16 % of COOH, 4 % of C=0. Elemental analysis showed 38 % of O,
0.87 % of N, 0.74 % of S and 0.62 % of P (Malcolm 1985). Although the chemi-
cal structure of autochthonous fulvic acid of algal origin is still unclear, the mate-
rial is likely to be a macromolecule because of the similarity of its EEM spectra to
standard Suwannee River Fulvic Acid (Fig. 1d,e, and f) (Mostofa et al. 2009b). This
might be the reason of the effective degradation of the autochthonous fulvic acid of
algal origin, which is observed in the EEM images in the lake sediment pore waters
Li W et al. (unpublished data). Therefore, it is not surprising that functional groups
bound to either fulvic and humic acids of terrestrial origin or autochthonous fulvic
acid of algal origin are affected by microbial processes in the sediment waters.

Depending on the presence of either terrestrial plant material or algal or phy-
toplankton biomass, different fermentation products can be found in a variety of
sediment waters. In a similar way, the contribution of Hp to CHy4 production in
different methanogenic sediments is quite variable: 32-46 % in Kichier Lake,
3646 % in Lake Mendota, 15-39 % in Lake Washington, 17-31 % in anoxic
paddy soil, 8 % in Colne Pt. Salt marsh, 4 % in Knaack Lake, 0 % in Lake
Constance, 97 % in Kuznechika lake, 74-86 % in Octopus Spring mat, 76-82 %
in Blelham Tarn, 71-80 % in Cape Lookout Bight, 100 % in Kings Lake Bog,
95-97 % in Bunger Hills (Antarctica), and 99-100 % in Lake Baikal deep sedi-
ments (Schulz and Conrad 1996; Ivanov et al. 1976; Winfrey and Zeikus 1979;
Sandbeck and Ward 1981; Jones et al. 1982; Banat et al. 1983; Crill and Martens
1983; Phelps and Zeikus 1984; Kuivila et al. 1989; Lansdown et al. 1992;
Rothfuss and Conrad 1992; Galchenko 1994; Namsaraev et al. 1995). It is shown
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that different types of plant material lead to different rates of acetate formation.
There is also a stronger substrate-based coupling of root surface and methanogens
in oligotrophic (bog) than in minerotrophic (fen) sites (Cadillo-Quiroz et al. 2010;
Strom et al. 2003; Oquist and Svensson 2002). Seasonal algal or phytoplankton
blooms might be responsible for formation of acetate and CHy in the sediments
of deep lakes (Schulz and Conrad 1995). The acetate concentration profiles show
maxima (~100 pM in 2 or 4 cm depth) in summer and minima (~5 wM over the
entire depth) in winter, when the respective CHy concentrations are ~750 uM in
summer and ~120 wM in winter (Schulz and Conrad 1995).

It is evidenced that gas bubbles contain about 60-70 % CHj4 with an average
813C of —56.2 % and 8D of —354 %, and 2 % CO, with an average 8'>C of —14.1 %
(Thebrath et al. 1993). These data indicate that CHy is produced from methyl car-
bon, i.e. mainly using acetate as fermentative substrate (Thebrath et al. 1993).
In anoxic paddy soil, interspecies H, transfer within methanogenic bacterial asso-
ciations (MBA) account for 95-97 % of the conversion of '4CO, to '“CHy, and
only 3—5 % of the '*CHy is produced from the turnover of dissolved H, (Conrad
et al. 1989a, b). An experimental study demonstrates that the ratio of Fe(II) pro-
duction to CO; production (3.9) is similar to that expected (4.0) for organic carbon
oxidation coupled to Fe(Ill) oxide reduction (Fig. 8) (Roden and Wetzel 1996).
The study also shows that the rates of CHy4 production are low during the Fe(III)
reduction in oxidized sediments, but increase when the Fe(IIl) oxides are depleted
to background levels (Fig. 8a). The rates of CO, and CH4 production are about
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Fig. 8 Fe(IIl) reduction, CO; production, and CHy4 production in oxidized (a, b) and reduced (c,
d) Talladega wetland sediment slurries. Data source Roden and Wetzel (1996)
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equal during the incubation of reduced sediments (Fig. 8c,d) (Roden and Wetzel
1996). Therefore, the occurrence and the nature of organic matter and its fermen-
tation or disintegration products are key factors for the production of CO,, CHy
and other end products in the aquatic environments.

4.3 Temperature

The growth of homoacetogenic bacteria and methanogenic archaea signifi-
cantly depends on the ambient temperature (Table 2) (Kotsyurbenko et al. 2001;
Kotsyurbenko et al. 2007; Thebrath et al. 1993; Westermann 1994; Kotsyurbenko
et al. 1995; Simankova et al. 2000; Zinder 1990). It is shown that the micro-
bial function is typically much higher at low temperature (5.0-7.0 °C), showing
maximum bacterial abundance (3.9-7.9 x 10> cells ml~!, mean = 6.4) and bio-
mass (4.0-6.7 pug C L™!, mean = 5.2). Lower values (1.3-2.5 x 10> cells ml~!,
mean = 1.§; and 1.3-2.4 pg C L~! mean = 1.7, respectively) have been found
at higher temperature (7.5-11.1 °C) in open water in Lake La Caldera (Carrillo
et al. 2002). Homoacetogenic bacteria and methanogenic archaea can consume Hj
over a temperature range of 1-35 °C, but their optimum temperature is often high
(~20-30 °C, Table 2). Homoacetogenic A. bakii, A. tundrae and the methanogenic
strain MSB have shown the largest temperature range for optimal H, consumption,
which is extending at least from 4 to 30 °C (Kotsyurbenko et al. 2001). However,
A. fimetarium, A. paludosum and strain MSP become less efficient toward Hj
consumption when the temperature decreases below 10 °C (Kotsyurbenko et al.
2001). Low temperatures are often favorable for acetogenesis, which becomes a
quantitatively important process in anaerobic environments (Nozhevnikova et al.
1994; Kotsyurbenko et al. 1993).

At low temperature, homoacetogenic bacteria outcompetes methanogens for
H; in laboratory experiments (Conrad et al. 1989; Kotsyurbenko et al. 1993).
According to kinetic estimations, homoacetogens have a much higher growth
rate at low temperature than methanogens (Kotsyurbenko et al. 1996). It is also
shown that the contribution of methanogenic bacterial associations (MBA) to
Hj-dependent methanogenesis is enhanced (it reaches 99 %) when the tempera-
ture is shifted from 30 to 17 °C, or when the soil is planted with rice (Conrad
et al. 1989a, b). This enhancement is partially due to an increased utilization of
dissolved H; by chloroform-insensitive non-methanogenic bacteria, most prob-
ably homoacetogens, so that CHy production is almost completely restricted to
Hy-syntrophic MBA. Acetate is the precursor of approximately two-thirds of the
methane produced in mesophilic (3040 °C) and thermophilic (45-65 °C) anaer-
obic bioreactors (Zinder 1990). Increasing the incubation temperature of two
swamp slurries from 2 to 37 °C resulted in a 8- to 18-fold increase in the H, par-
tial pressure (Westermann 1994). The study also shows that the concentration of
volatile fatty acids remained fairly constant except for butyrate, which decreased
with increasing temperature.
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Despite the constant low temperature (4 °C) during the summer and winter sea-
sons in lake sediment pore waters, high variations in methane production in sum-
mer compared to winter are suggested to be caused by algal biomass blooms in
surface waters (Schulz and Conrad 1995). In this case, the effect of temperature
would not be significant in the microbial formation of methane from acetate in
the sediment pore waters. The effect of temperature on methanogenesis mostly
depends on the nature of organic sediments, presence of microorganisms and the
fermentation or degradation products in water.

4.4 pH

The pH is an important factor that influences the rate of methanogenesis as well
as the CHy production pathway and the methanogenic archaeal community in
sediment waters. The methanogenesis is typically inhibited at low pH, where
microbial turnover rates are slower, although significant methane production is
still observed in acidic peat lands (Kotsyurbenko et al. 2007; Horn et al. 2003;
Dunfield et al. 1993; Hornibrook et al. 2000; Goodwin and Zeikus 1987; Briuer
et al. 2004, 2006). Acetate as a major carbon source for methanogenesis may
be unavailable to the methanogens at low pH because of the inhibitory effect of
non-dissociated acetate toward methanogenesis (Fukuzaki et al. 1990). Low pH
conditions may also reduce the microbial processes of H, production and con-
sumption in anaerobic environments (Goodwin et al. 1988). An isolate from a
landfill is able to grow at pH 5 (Lapado and Barlaz 1997) and an isolate from a
peat land grows at pH 5.3 but generates some methane down to pH 3.1 (Williams
and Crawford 1985). Acidotolerant hydrogenotrophic methanogenic consortia
have been enriched from a peat bog at pH 4 (Sizova et al. 2003), and molecular
analysis of an acidic peat bog reveals the presence of Methanomicrobiaceae and
Methanosarcinaceae at pH 4.5 (Kotsyurbenko et al. 2004).

In acidic mining lakes, sulfate reduction often occurs when the pH in the sed-
iment is almost neutral (Meier et al. 2004). An increase with depth of pH from
2.6 up to 6 enhanced the production of CHy and CO; in the sediment cores of
Lake Caviahue (Koschorreck et al. 2008). In the most acidic surface layer of the
sediment (pH < 4), methanogenesis is inhibited as suggested by a linear CH4 con-
centration profile. In contrast, methanogenesis is highly active below 40 cm depth
at high pH (>4). The carbon isotope composition of CHy is between —65 and
—70 %o, which is indicative of the biological origin of methane in Lake Caviahue.
Therefore, it is suggested that the high biomass content of the sediment may
induce high rates of sulfate reduction, which presumably raises the pH and creates
favorable conditions for methanogens in deeper sediment layers (Koschorreck et
al. 2008). On the other hand, the ratio of $!3CO5 to 8!3CHy increases from 1.053
at pH 6 up to 1.072 at pH 3.8, indicating a relative increase of hydrogenotrophic
methanogenesis at low pH values (Hornibrook et al. 2000; Whiticar 1999). The
genus Methanobacterium contains two alkaliphilic and one moderate acidophilic
species, and collectively they have the widest growth ranges over a pH variation
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from 3.8 to 9.9 (Kotelnikova et al. 1998; Worakit et al. 1986; Patel et al. 1990).
The pH is thus one of the important factors that can control the methanogenesis in
sediment.

4.5 Sediment Depths

It is shown that the degradation of organic matter is mostly occurring in the upper
sediment layer (1-10 cm depths) in lakes or in soil (Nakane et al. 1997; Li et al.
unpublished data; Roden and Wetzel 1996; Schulz and Conrad 1995). However,
the methanogenesis may also occur in deeper sediment layers under favorable con-
ditions, either in peatlands or in sediment pore waters (Koschorreck et al. 2008;
Nakagawa et al. 2002; Galand et al. 2005). In the sediments of Lake Caviahue the
CHy concentration is steadily increased from 0 to 6.0 mM from 1 to 30 cm sedi-
ment depths (Fig. 9) (Koschorreck et al. 2008). The concentration of CHy typi-
cally reaches saturation (~1 mM) at 3—40 cm below the top few centimeters in
unvegetated sediments. In vegetated sediments CHy4 concentrations are very low
(0.0-0.1 mM) until 20 cm, after which they increase at ~1 mM level at 40 cm
(Roden and Wetzel 1996). In humic bog lakes the deeper parts of the water col-
umn favor microdiversification of methanogens, whilst the periodically disturbed
water column of shallower dimictic lakes promotes genetically more diverse
methanogen communities (Milferstedt et al. 2010). In peatlands, hydrogenotrophic
methanogenesis is the predominant pathway of CHy formation, accounting for 50
to 100 % of total CH4 production, particularly in the deeper layers (Nakagawa
et al. 2002; Galand et al. 2005). Therefore, sediment depths play an important role
in the production of methane in sediment waters.

(a) (b) ()

depth [cm]
73

20 4

25 4

30 T g v T T T T
25 3.0 3.5 40 0 2 4 6 8 01 2 3 4 5 6
pH CO, [mmol L] CH, [mmol L]

Fig. 9 Vertical profiles of pH (a), dissolved gases CO, (b) and CHy4 (c) in different sediment
cores from Lake Caviahue. The pH is measured in KCI extracts during the field work in 2003 (m
2001, @ 2003, VW 2004). Data source Koschorreck et al. (2008)
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5 Photoproducts of DOM and Their Significance
on Biogeochemical Cycles in Natural Waters

Photoinduced degradation of DOM in natural waters generally occurs by the
sequential degradation of high molecular weight substances, producing low
molecular weight compounds and ending up in mineralization yielding CO,, CO,
DIC, COS, and so on (Table 3) (Reche et al. 1999; Ma and Green 2004; Graneli
et al. 1996, 1998; Xie et al. 2004; Mopper et al. 1991; Miller and Zepp 1995;
Bertilsson and Tranvik 2000; Fujiwara et al. 1995; Bushaw et al. 1996; Miller
and Moran 1997; Stiller and Nissenbaum 1999; White et al. 2010; Valentine and
Zepp 1993; Mostofa K et al., unpublished data; Francko and Heath 1982; Fang
2004; Chen et al. 2001; Karl and Tien 1997; Jones 1991; Jones and Amador 1993).
Photoinduced degradation on DOM can typically lead to a variety of photo prod-
ucts, which can be distinguished in: (1) Hydrogen peroxide and organic peroxides;
(2) Low molecular weight organic substances; (3) Aromatic mono- and dibasic
acids; (4) Microbiologically labile organic photoproducts; (5) Carbon-gas end
photoproducts; (6) Nitrogenous compounds (e.g. NH4T); (7) Phosphate; and (8)
Release of energy to the water ecosystem.

5.1 Photoinduced Formation of Hydrogen Peroxide and
Organic Peroxides

The formation of hydrogen peroxide (H>O;) and organic peroxides (ROOH) is the
primary step of the photoinduced processes involving DOM in waters. The concen-
tration levels of HyO; are significantly different for a variety of waters, ranging from
4 to 3200 nM in rivers, 10-800 nM in lakes, and 0—1700 nM in seawaters as men-
tioned in chapter “Photoinduced and Microbial Generation of Hydrogen Peroxide
and Organic Peroxides in Natural Waters”. The concentration levels of ROOH com-
pounds are also highly variable in natural waters, showing low concentrations in
rivers (0-200 nM) and relatively higher levels in seawater (1-389 nM). H,O, and
ROOH may form free radicals (HO®, RO®, R = H or alkyl group), either directly
upon photolysis or indirectly by photo-Fenton reactions. The reactive radicals thus
generated contribute to the degradation of the organic substances that make up DOM.

5.2 Photoinduced Formation of Low Molecular Size Organic
Substances

Photoinduced degradation can convert the high molecular weight DOM into low
molecular size organic substances in natural waters (Table 3) (Moran and Zepp 1997;
Biddanda and Benner 1997; Kramer et al. 1996; Allard et al. 1994; Yoshioka et al. 2007;
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Amador et al. 1989; Malcolm 1990; Mopper et al. 1991; Bertilsson and Tranvik 2000;
Chen et al. 1978; Corin et al. 1996; de Haan 1993; Sun et al. 1993; Hongve 1994;
Peuravuori and Pihlaja 1997). The major low molecular size substances examined are
polysaccharides, N-acetylamino sugars, polypeptides, lipids, proteins, n-Cig and n-C;g
fatty acid methyl esters, etc. The conversion rate of DOM into identifiable organic pho-
toproducts is 20 % of the bleaching rate of the DOM, leaving a vast unidentified pool
of bleached organic matter in natural waters (Miller and Zepp 1995). The unidentified
bleached DOM would account for a large proportion of the total biologically available
photoproducts (Miller and Moran 1997).

Photoinduced degradation of DOM can produce a variety of low molecular
weight (LMW) aliphatic organic compounds which are considered to be micro-
biologically labile in the aquatic environment (Moran and Zepp 1997; Dahlén et
al. 1996; Wetzel et al. 1995; Corin et al. 1996). The most common labile LMW
organic compounds include formaldehyde, formic acid, formate, acetaldehyde,
acetate, acetic acid, hydroxyacetic acid, hydroxyacetate, acetone, propanal, oxalic
acid, oxalate, citric acid, citrate, glyoxal, methylglyoxal, glyoxylic acid, glyoxy-
late, ketomalonic acid, malonic acid, malonate, levulinic acid, levulinate, succinic
acid, succinate, pyruvic acid and pyruvate. Nine organic peroxides (ROOH) such
as methyl hydroperoxide, hydroxymethyl hydroperoxide, ethyl hydroperoxide,
1-hydroxyethyl hydroperoxide, 2-hydroxyethyl hydroperoxide, 1-hydroxypropyl
hydroperoxide, 2-hydroxypropyl hydroperoxide, 3-hydroxypropyl hydroperoxide,
and bis(hydroxymethyl)peroxide are observed in air and rainwaters (Hellpointner
and Gib 1989; Hewitt and Kok 1991; Jackson and Hewitt 1996). Precipitation is
a potential source of these peroxides into surface waters, where they are micro-
biologically labile in natural waters (Mostofa 2005). A rapid decrease of peracetic
acid added to unfiltered river waters was detected in dark controlled samples, sug-
gesting that the organic peroxides are microbiologically labile (Mostofa 2005).

Some long-chain aliphatic organic acids, such as 2-hydroxy propanoic acid,
3-oxobutanoic acid, 4-oxopentanoic acid, hexanoic acid, pentanedioic acid, octa-
noic acid, nonanoic acid, and decanoic acid, are produced by the Photoinduced
degradation of humic substances extracted from lakes (Corin et al. 1996). The pro-
duction of keto acids such as 3-oxobutanoic acid and 4-oxopentanoic acid is greatly
enhanced by an increase of the UV-dose. They are mostly produced from fulvic
acid rather than humic acid (Corin et al. 1996), probably because of the higher per-
centage of aliphatic carbon bound to fulvic acid (63 %) compared to humic acid
(47 %) (Malcolm 1985). Carboxylic acids (oxalic, malonic, formic, acetic) are usu-
ally major products of the photoinduced degradation of DOM (25-34.4 %) (Ma and
Green 2004; Bertilsson et al. 1999; Bertilsson and Tranvik 2000).

The total production rate of LMW organic substances is much higher in lakes
(2500-44200 nM h~1) than in seawater (3.3-10.6 nM h™') (Table 3). Variations
of the photolytically produced LMW carboxylic acids in different lakes are linked
to the presence of fulvic and humic acids in DOM (Bertilsson and Tranvik 1998).
The LMW organic substances undergo a rather fast disappearance in natural
waters, probably because of two major pathways. First of all, the LMW organic
compounds can be rapidly assimilated by natural microorganisms or bacterial
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populations and thus participate to the food chains for the growth of microbes
in natural waters. Moreover, the LMW organic compounds can be photolytically
mineralized into final end photoproducts such as CO or CO,, which can take part
to the global carbon cycle (Miller and Zepp 1995; Kieber et al. 2001).

5.3 Photoinduced Formation of Aromatic Mono- and Dibasic
Acids

Photoinduced degradation reactions can convert the high molecular weight DOM
into a variety of aromatic mono- and dibasic acids, phenolic compounds, aromatic
aldehydes and ketones in waters (Kramer et al. 1996; Wetzel et al. 1995; Chen
et al. 1978; Corin et al. 1996; Leenheer and Croue 2003; Peuravuori and Pihlaja
1997; Haan et al. 1979; Choudhry 1981; Langvik et al. 1994; Schmitt-Kopplin
et al. 1998). The aromatic compounds most commonly identified as photo prod-
ucts are 4-hydroxy- and 4-hydroxy-3-methoxybenzaldehyde, benzoic acid and its
derivatives such as 2-hydroxy-, 3-hydroxy-, 4-hydroxy-, 2,4-dihydroxy-, 3,4-dihy-
droxy-, 3-methoxy- and 4-hydroxy-3-methoxy-benzoic acid, 1,2-, 1,3- and
1,4-benzenedicarboxylic acid, benzene-di, -tri-, tetra-, penta-, and -hexa-carbox-
ylic acids, decanoic acid and its derivatives such as tetra-, hexa- and octa-decanoic
acid, acetophenone and its derivatives, methoxybenzene and its derivatives, meth-
oxytoluenes, methoxystyrene, phenols, methoxylated phenols and hydroxyfuran.
Most of the LMW aromatic acids are formed from humic and fulvic acids during
the first 2 h irradiation of the natural humic waters. Prolonged irradiation may lead
to a decrease of their concentrations due to further mineralization to end products
(Corin et al. 1996).

5.4 Photoinduced Formation of Carbon-Gas End
Photoproducts Including DIC

The photo mineralization of DOM leads to the formation of carbon-gas end pho-
toproducts, which include CO, CO», dissolved inorganic carbon (DIC, usually
defined as the sum of an equilibrium mixture of dissolved CO,, H,CO3, HCO3™,
and CO32~: (Eq. 5.1) and carbonyl sulfide (COS) in natural waters (Table 3)
(Reche et al. 1999; Ma and Green 2004; Graneli et al. 1996, 1998; Clark et al.
2004; Xie et al. 2004; Borges et al. 2008; Kujawinski et al. 2009; Tranvik et al.
2009; Omar et al. 2010; Ballaré et al. 2011; Zepp et al. 2011; Mopper et al. 1991;
Miller and Zepp 1995; Bertilsson and Tranvik 2000; Fujiwara et al. 1995; Bushaw
et al. 1996; Miller and Moran 1997; White et al. 2010; Cai 2011; Johannessen et
al. 2007; Valentine and Zepp 1993; Molot et al. 2005; Francko and Heath 1982;
Fang 2004; Chen et al. 2001; Karl and Tien 1997; Jones 1991; Jones and Amador
1993; Cai and Wang 1998; Zepp et al. 1998; Cai et al. 1998, 1999; Fichot and
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Miller 2010; Liu et al. 2010; Lohrenz et al. 2010). It is shown that gaseous CO; is
rapidly dissolved in waters, which can be presented as (Eq. 5.1) (Liu et al. 2010):

CO;3 + Hy0 < HyCO, <> HY 4+ HCO3™ < 2HT + CO3%" (5.1)

where the reaction (Eq. 5.1) is an equilibrium mixture of dissolved carbondiox-
ide, carbonic acid, bicarbonate and carbonate ions. The proportion of each species
depends on pH whereas at high pH the reaction shifts to the right hand side of
(Eq. 5.1) and bicarbonate

(HCO37) at pH between 7 and 9 dominates, approximately 95 % of the carbon
in the water. At high pH > 0.5, carbonate predominates (Dreybrodt 1988). DIC is
also derived remarkably by carbonate dissolution with uptake of CO; in soil water
(Eq. 5.2), and weathering as well as dissolution of silicate minerals (Eq. 5.3) (Liu
et al. 2010; Dupré et al. 2003; Mortatti and Probst 2003).

CaCO; + CO, + H,0 = Ca*™ + 2HCO; (5.2)
2C0; + 3H,0 + CaSiO3 + 2HCO; + H4SiO4 (5.3)

The concentration levels of carbon-gas photoproducts are highly variable
among rivers, lakes and seawaters studied under light and dark conditions (Table 3;
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Fig. 10). The production rate of DIC in irradiated samples is 80-2420 nM h~! in
rivers, 3180-1612800 nM h~! in lakes and 40-13200 nM h~! in seawaters. Under
dark incubation the production rates are 99970 nM h~! in rivers, 175500 nM h~! in
lakes, and 300-2300 nM h~! in seawaters (Table 3).

The production rate of CO; in irradiated freshwater two coastal rivers is sig-
nificantly high in air-saturation (13.2-23.0 uM h~!) and Oj-saturation (18.3—
26.5 pM h~!), which are substantially decreased under air-saturation plus DFOM
(5.4-6.0 uM h™1), O,-saturation plus DFOM (5.6-7.2 pM h™1), and Nj-saturation
(1.9 uM h~!, measured for one river sample only) (Table 3) (Xie et al. 2004). Note
that DFOM is the deferoxamine mesylate that is a strong Fe(IIl)-complexing ligand
that forms nearly photo-inert complexes (Gao and Zepp 1998). The CO, produc-
tion rate in the Nj-saturation river water is only ca. 10 % and 20 % of those in the
O,-saturation and air-saturation samples, respectively (Xie et al. 2004). This study
observes that although CO; production in the Op-saturation and DFOM samples is
consistently higher than in the air-sat and DFOM samples, the difference between
the two seldom exceeded 10 %, which indicates that in the presence of DFOM, iron
rather than O; is the limiting factor for CO, production (Table 3) (Xie et al. 2004).
These results suggest that although, O, and iron both can play very important
roles in CO; production, photoinduced processes without the involvement of O»
and iron (particularly the iron independent processes) can also contribute to CO;
production in natural waters (Xie et al. 2004). CO, photoproduction rate is ~0.08—
0.63 uM h~! in estuarine water showing high production rate (~0.63 nM h™!) in
low salinity than in high salinity waters ~0.08 uM h~! (White et al. 2010). Studies
therefore observe that CO; is the largest carbon-containing product of DOM photo-
degradation in natural waters (Xie et al. 2004; Miller and Zepp 1995).

It is shown that the lakes produce DIC to a higher extent compared to riv-
ers and seawaters (Fig. 10a). The DIC photoproducts in lakes are well correlated
with DOC concentration, but no correlation was observed in rivers and seawaters
(Fig. 10a). The high production of DIC in lakes could originate from the higher
presence of low molecular weight organic substances (54-79 % in the <5 kDa
range), which are mostly originated from fulvic and humic acids (Waiser and
Robarts 2000; Yoshioka et al. 2007; Wu and Tanoue 2001). The photo produc-
tion rate of DIC is higher in the upper surface layers (2.42 uM h~! at 0 m), it
then gradually decreases (0.60 pM h~! at 6.5 m) and then increases again
(2.73 pM h~! at 24 m) in the deeper layers, but they are greatly lower than those
of dark incubation samples (100.0 pM h~') in photoexperiments conducted on
river water samples keeping in situ at different vertical depths in lake environ-
ment (Ma and Green 2004). For lake waters the production rates of DIC are grad-
ually decreased from the surface (10.6-10.9 uM h~! at 0-6 m) to deeper layers
(3.2 uM h~! at 24 m). However, under dark incubation the production rate is
175.5 pM h~!, much higher than the rate of photoproduction. An increase in the
DIC production rate of river waters kept in situ in the deeper layer of lakes (24 m
depth) is likely caused by the much lower sunlight intensity that makes this set-
up equivalent to dark incubation. Therefore, high production of DIC under dark
incubation allows the hypothesis that microbial degradation plays a significant
and probably a major role in DOM mineralization in natural waters, especially in
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deeper lake or oceanic environments. The study shows that the global annual rate
of photoinduced production of DIC (10'4~10'> mol DIC per year) (Johannessen
2000) might be on the same order of magnitude as that of sequestration of DIC
by new production (~10'> mol DIC per year) (Liu et al. 2000).

CO production upon photoinduced degradation of DOM is highly variable for
a variety of waters (Table 3). Production rates are 0.004—1.5 wM h~! in rivers,
0.26 wM h~! in lakes, 0.004-1.0 uM h~! in seawaters, and 1.5-3.3 uM h~! in
standard dissolved fulvic and humic acids (Table 3). It is estimated that >95 %
of the total water-column CO photoproduction occurs within the mixed layer on
a global, yearly basis (Fichot and Miller 2010). It has been shown that the pro-
duction rates of CO are almost linearly correlated with the concentration of
DOC and of standard organic substances (Fig. 10b). The photoproduction of CO
in the ocean is induced mainly by the UV component of solar radiation (Zepp
et al. 1998; Atlas et al. 1994). Quantum yields (the quantum yield is the fraction of
absorbed radiation that results in photoreaction) for CO production at wavelengths
greater than 297 nm are highest in the UV-B region (Zepp et al. 1998). Turnover
times for CO are in the order of hours, and they are generally lower (3-98 h) in
fall and higher (2-108 h) in spring samples in the Caribbean Sea (Jones 1991;
Jones and Amador 1993). The CO oxidation rate is lower in spring samples
(20-340 pmol L~! h~! except one sample, 980 pmol L~! h!) than in fall samples
(20-660 pmol L' h=! except one sample, 810 pmol L~! h=!). The concentra-
tion levels of CO are variable: 1-6 nM in spring and 0.6-32 nM in fall. The vari-
ations in the oxidation rates appear to be linked with two important phenomena.
First, nitrifying and carboxydobacteria are both thought to have a role in oxidizing
CO in the oceans (Conrad and Seiler 1980). Second, high concentrations of CO
are able to inhibit marine nitrifying bacteria in natural waters (Jones and Amador
1993; Jones and Morita 1984).

In the estuary of River Ohta, the concentration of carbonyl sulfide (COS) was
highest (54.4 ng L™!) in the late afternoon (17:00) during the summer season
(July), and lowest (23.9 ng L~!) soon after noontime (14:00) during the winter
season (December) (Table 3) (Fujiwara et al. 1995). In Seto Inland Sea the COS
concentration was higher (~5-17 ng L™!) in the surface layer (0—5 m), whilst it
was lower (~3-5 ng L™') in the deeper layer (20 m) (Fujiwara et al. 1995). An
increase in COS concentrations is often linked with an increase of solar radia-
tion, lower concentrations being detected at night time and in the early morning.
Moreover, higher concentrations are found in surface seawater than in the deeper
layers, suggesting that COS is photolytically produced in natural waters.

Photo products such as HyO,, ROOH and CO,, simultaneously generated dur-
ing the photoinduced degradation of DOM, can be photosynthetically transformed
into carbohydrates during the summer season in natural surface waters. The rel-
evant processes can be depicted as follows (Egs. 5.4, 5.5) (Mostofa et al. 2009a;
Komissarov 1994, 1995, 2003):

DOM + hv — H,05 4 CO»/CO/DIC + LOWDOM + E (+)  (5.4)
X CO23in + y HyO2(1,0) + hv — Cx (H20)y + (x +y/2) O2 +E (%) (5.5)
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This mechanism may help in the understanding of the production of autoch-
thonous DOM, particularly carbohydrate compounds, during the summer season
in natural waters. The new reaction mechanim for photosynthesis (Eq. 4.2) has
been discussed in details in photosynthesis chapter (see chapter “Photosynthesis in
Nature: A New Look™).

5.5 Photoinduced Formation of Nitrogenous Compounds

Nitrogenous photoproducts include the ammonium (NH4") and nitrate/nitrite
(NO37/NO;7) that are released by photoinduced degradation of humic substances
and degradation of dissolved organic nitrogen (DON) in waters (Table 3) (Mostofa
et al. 2011; Li et al. 2008; Bushaw et al. 1996; Mack and Bolton 1999; Carlsson
et al. 1993; Stedmon et al. 2007). Ammonium is produced by transformation of
aquatic dissolved organic matter in waters, and the production rates are 40-370 nM
for 895-3840 M C of DOC and 20-86 uM of dissolved organic nitrogen (Bushaw
et al. 1996). DON concentrations are 7-26 WM in Lake Hongfeng and 1447 uM
in Lake Baihua (Li et al. 2008), approximately 8.35 wM in the epilimnion of Lake
Biwa (Kim et al. 2006), and approximately 10 wM in coastal waters (Bronk 2002).
The high concentrations of NO,~ and NH;* in Lakes Hongfeng and Baihua dur-
ing the summer stratification period suggest the regeneration of inorganic nitrogen
(NO,~ and NHy™) in lakes (Li et al. 2008). Photoinduced respiration or assimila-
tion of lake algae under natural sunlight can release NH4 in waters, suggesting that
autochthonous organic matter is a major source of NH4™ in natural waters Mostofa
K et al. (unpublished). DOM in coastal waters derives from terrestrial humic sub-
stances (Carlsson et al. 1993). This leads to an increase of the nitrogen availabil-
ity, which subsequently stimulates the rates of primary and secondary production.
The uptake of inorganic nitrogen by bacteria during a phytoplankton bloom can
be observed, particularly in lake or coastal waters where the inputs of terrestrial
humic substances are much higher (Kirchman et al. 1991; Amon and Benner 1994).
Photolytically produced ammonium can be assimilated by bacterial populations,
which can lead to an increase in the production of autotrophic and heterotrophic
biomass in planktonic environments. Photo release of inorganic nitrogen from
DOM is an important source of nitrogen availability in several aquatic ecosystems,
such as nitrogen-limited and high-latitude environments, and coastal waters where
high primary and secondary production are usually occurring.

5.6 Photoinduced Formation of Phosphate

Photoinduced degradation of DOM can lead to the release of phosphate (PO4>7) in
natural surface waters (Table 3) (Reche et al. 1999; Mostofa et al. 2011; Zhang et
al. 2004; Fang 2004; Chen et al. 2001; Karl and Tien 1997; Suzumura and Ingall
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Fig. 11 Variation of phosphate concentration (month by month) during the period of April 1999
to February 2001 in the waters of Lake Biwa. Data sources Mostofa KMG et al. (unpublished)
and Shiga prefecture office, Japan)

2004). Phosphate concentration in waters of Lake Biwa is often higher in the sur-
face layer during the summer season, compared to other seasons or the deeper
layer (Fig. 11) (Mostofa KMG et al., unpublished). This finding suggests that
phosphate may be produced by photoinduced degradation processes in the sur-
face waters of Lake Biwa. Indeed, the inorganic phosphorus is increased in the
surface layer, whilst the organic phosphorus concentration is decreased and the
surface concentration of organic phosphorus is lower compared to the deeper lay-
ers (Fang 2004). Therefore, the inorganic phosphorus may be produced from the
decomposition of dissolved organic phosphorus in surface waters. The concentra-
tion levels of soluble reactive phosphorus were highest in the upper surface layers
(0-30 m) in North Pacific Ocean (Karl and Tien 1997). Concentration levels of
dissolved hydrophobic phosphorus were much higher in the surface layers (6.6—18
nM) and gradually decreased with depth (5-10 nM at below 400 m) (Suzumura
and Ingall 2004). Total dissolved phosphorus (TDP) in coastal waters was much
higher in surface waters (3.51-7.12 dpm m™~3) than in the deeper layers (0.83-2.0
dpm m~?), and the surface concentrations at inshore stations (5.09—7.12 dpm m7)
were significantly higher than at the offshore stations (3.51 dpm m™3) (Zhang
et al. 2004). From these data it can be inferred that inorganic phosphate might be
an important photoproduct of DOM photoinduced degradation in surface waters.

5.7 Photoinduced and Microbial Processes for the Release
of Energy and of End Products to the Water Ecosystem

Photoinduced degradation of DOM generally takes place through redox reactions in
waters which can lead to energy changes (4) such as supply (4) or consumption (—)
of energy in the aquatic environment. Energy changes also occur during photosynthe-
sis in natural waters (Komissarov 1994, 1995, 2003). DOM with its content of organic
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C and N is a thermodynamic anomaly that provides a major source of energy to drive
aquatic and terrestrial ecosystems (Salonen et al. 1992; Wetzel 1984, 1992; Hedges et
al. 2000; Tranvik 1992). Therefore, any changes in energy during the photoinduced
degradation of DOM are thermodynamically vital for all the living organisms and for
the natural water ecosystem. Photoinduced degradation of DOM in natural waters is
thus interlinked with production of free radicals, microbial processes, photosynthesis,
autochthonous DOM, nutrients, end photoproducts and their utilization as food for
microorganisms. A conceptual schematic diagram for the photoinduced and microbial
processes of DOM and POM, photoproducts and their importance in the aquatic envi-
ronment is reported below (Fig. 12):

Finally, it can be concluded that most of the changes that take place in the natu-
ral ecosystem are closely interlinked.

6 Interactions Between Photoinduced and Microbial
Processes in Natural Waters

The understanding of the interactions between photoinduced and microbial deg-
radation of DOM has required a proper elucidation of the photoinduced pro-
cesses. It is now considered that microbial degradation takes place at the same
time as the photoinduced degradation process (Kopacek et al. 2003; Moran

] DOM + POM + NO; + NO,- \

!

’ DOM™ + POM + Free radicals (H,0,, *OH) ‘

Photo + microbial processes

DOM + LMW DOM + Energy(+)
H,0, + CO +CQ + NH,* + PO, + Food for

Photosynthesis

’ Algal biomass or Chlorophyll

Recyclel
l Released by photo +

microbial processes

Autochthonous DOM + NH,* +
PO,* +NOy + NOy

Food for microorganisms

Fig. 12 Conceptual model on photoinduced degradation of DOM and its consecutive effects on
key biogeochemical processes in natural waters. [Data source with modifications Mostofa et al.
(2009b)
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et al. 2000; Amon and Benner 1996; Vihitalo and Wetzel 2004; Miller and
Moran 1997). In essence, during the photoinduced process various species among
which are the superoxide radical ion (0,°7), the HO® and peroxides (HyO» and
ROOH) are generated either in surface waters or in aqueous solutions during lab-
oratory irradiation experiments (Takeda et al. 2004; Moore et al. 1993; Mostofa
and Sakugawa 2009; Southworth and Voelker 2003; Goldstone et al. 2002). The
photogenerated reactive species are involved into the photoinduced degrada-
tion of DOM in waters. Simultaneously, these species can inhibit or deactivate
the activity of catalase, peroxidase and superoxide dismutase associated with
bacterial cells, particulate organic matter and DOM (Moffett and Zafiriou 1990;
Tanaka et al. 1985; Serban and Nissenbaum 1986; Zepp et al. 1987). Bacterial
cells can protect themselves from harmful oxidizing species such as HyOj, 02°~
and HO® by adjusting the level of their enzymes (Chance et al. 1979). Therefore,
microbial degradation is expected to take place to a negligible extent during the
photoinduced degradation of DOM in aqueous media.

The bacterial growth shows seasonal variations, reaching the maximum
during spring to early summer and decreasing greatly during the summer sea-
son when the water temperature exceeds 25.5 °C in lakes (Zhao et al. 2003;
Darakas 2002). Natural sunlight or UV-exposure can decrease the bacterial pro-
duction by 15-80 %, which considerably inhibits the formation and biodegra-
dation of DOM in natural surface waters (Amon and Benner 1996; Bertilsson
and Tranvik 1998; Benner and Ziegler 1999; Naganuma et al. 1996; Tranvik
and Kokalj 1998). However, other studies have found that solar exposure can
enhance the bacterial growth by about 35-200 % (Lindell et al. 1996; Wetzel
et al. 1995; Bushaw et al. 1996; Miller and Moran 1997; Herndl et al. 1993;
Lindell and Rai 1994; Reitner et al. 1997; Jgrgensen et al. 1998; Moran and
Hodson 1994). Moreover, bacterial growth is usually observed in deeper waters
(Benner and Ziegler 1999). The increase or the decrease of bacterial growth
by sunlight depends on two key factors: (i) The production of reactive species
(H20,, ROOH, HO®) and of mineralization products such as CO,, CO and DIC;
(ii) The concentration level and molecular nature of DOM, the concentration
of total dissolved iron for photo-Fenton reaction, water temperature, dissolved
oxygen, physical mixing etc. Water temperature during the summer season is
merely regulated by natural solar radiation, which can lead to high generation of
free radicals and mineralization products in natural waters (Moore et al. 1993;
Mostofa and Sakugawa 2009; Zafiriou et al. 1984; Zika 1981; Obernosterer
et al. 2001; Fujiwara et al. 1993; Sakugawa et al. 2000). The free radicals, as
strong oxidants and depending on their concentration, may have several deadly
impacts on many stages of cell metabolism, including those involved into the
induction of programmed cell death (Samuilov et al. 2001). This hypothesized
effect is supported by the observation of an inhibition by UV radiation of the
activity of microorganisms in water (Herndl et al. 1993; Lund and Hongve 1994;
Karentz et al. 1994), and of the deadly impact of UV radiation on bacterial cells
or microorganisms in the aquatic environment (Qian et al. 2001; Randall et al.
2005). Qian et al. 2001; Sunlight often affects bacterial growth merely in the
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upper surface waters, and UV-B radiation inhibited bacterial production by
39-82 % in a high mountain lake (Carrillo et al. 2002). Therefore, microbial
activity may be less efficient during the photoinduced degradation of DOM in
natural waters.

7 Scope of Future Challenges

Photoinduced and microbial degradation of DOM is an important research subject
in the photochemistry of the aquatic environment. Till now, a few researches have
been conducted on the degradation of bulk DOM in natural waters. Photoinduced
and microbial degradation of organic substances such as standard fulvic acid,
humic acid, fluorescent whitening agents (DAS1 and DSBP) and chlorophyll was
seldom conducted to examine their end photoproducts in the aquatic environ-
ments. For a better elucidation of the degradation processes of DOM in natural
waters, it is vital to conduct an extensive study on streams, rivers, lakes, coastal
and seawaters. The photolytically produced low molecular weight (LMW) organic
substances are microbiologically important, but in some cases they might be toxic.
Till now only a few researches have been conducted to identify the LMW organic
compounds in the aquatic environment. The effects of water temperature and pH
on the coupled photoinduced and microbial degradation of DOM and of standard
organic compounds have not been studied so far. Obviously, variation in water
temperature and pH might have a significant role on degradation processes and on
the concentration levels of the end photoproducts. Therefore, a number of impor-
tant research needs for future challenges can be distinguished as: (i) Photoinduced
and microbial degradation of various molecular size fractions of DOM for a vari-
ety of waters. (ii) An extensive study on the microbial degradation of DOM for a
variety of waters, and the development of the mechanism for microbial degrada-
tion of DOM. (iii) Effect of temperature and pH on photoinduced and microbial
degradation of DOM for a variety of waters and for standard organic substances.
(iv) Interactions between photoinduced and microbial degradation of DOM,
and its impact on microorganisms in the aquatic ecosystem. (v) Investigation on
LMW organic substances produced from photoinduced and microbial degrada-
tion of DOM in natural waters and from standard HMW organic substances.
(vi) Elucidation of the microbiological changes involving the macromolecules
(fulvic acid, humic acid and autochthonous fulvic acid) under dark incubation.
(vii) Understanding of the mechanisms of the photoinduced degradation of the
macromolecules (fulvic acid, humic acid, and autochthonous fulvic acid) by natu-
ral sunlight in aqueous media. The mechanism depicted in this chapter may pave
the way for future directions in the field. (viii) Refinement of the group contribu-
tion method (GCM) to predict HO® reaction rate constants. Because of the limited
data availability for the rate constants of various compounds in the aqueous phase,
the GCM still has many gaps and its implementation should be the focus for future
research (Minakata et al. 2009).
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It is expected that new research works can focus on the combined photoinduced
and microbial degradation of DOM and of the photoproducts of the process, to
understand a whole feature of the biogeochemical process of DOM in the aquatic
environment.

8 Nomenclature

DFOM Deferoxamine mesylate

DOC  Dissolved organic carbon

DOM  Disscolved organic matter

DIC Dissolved inorganic carbon (CO; + H,CO3 + HCO3™ + CO37 %)
GCM  Group contribution method

H>O,  Hydrogen peroxide

LMW  Low molecular weight

HO’ Hydroxyl radical

SS PM Sea-salt particulate matter

Problems

(1) Describe the various biogeochemical functions of DOM for photoinduced
and microbial processes in natural waters

(2) Explain why the photoinduced degradation of DOM varies for a variety of
natural waters.

(3) Explain the theoretical model for photoinduced degradation process in aque-
ous media.

(4) Explain the mechanism of the photoinduced degradation of DOM in natural
waters.

(5) Explain the mechanism for the photoinduced degradation by HO® of func-
tional groups bonded to DOM and explain the group contribution method
(GCM) to predict the HO® reaction rate constants.

(6) What is the methanogenesis? Explain the chemical reactions that are
involved in the formation of CH4 from methyl-coenzyme M reductase.

(7) What are the controlling factors for the photoinduced degradation of DOM?
Describe four important factors that can regulate the DOM Photoinduced
degradation in aqueous solution.

(8) What are the controlling factors for the microbial degradation of DOM?
Describe two of the important factors.

(9) List the various end photo products generated from the photoinduced deg-
radation of DOM in natural waters. Explain what end products are vital for
microbial processes in the aquatic environments.
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(10) What is the new reaction for photosynthesis? Explain how photo processes
can affect photosynthesis in waters.

(11) Explain the flow diagram on how photoinduced and microbial processes
work together for the degradation of DOM and POM in natural waters.

(12) What are the key interactions between photoinduced and microbial processes
in natural waters?
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