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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 a 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 a 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 NO2

− 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 (O2

•−), hydrogen peroxide (H2O2), 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/H2O2 
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; Vähätalo and Järvinen 2007; Vione et al. 2009).
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(3)	 Photoinduced degradation can regulate water-quality parameters. In particular:  
(i) 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, 400–700 nm) but also of damag-
ing UV radiation (280–400 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

•−, 1O2, 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/H2O2 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 
CO2 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 Vähätalo 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).

(4)	 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 (H2O2), 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 H2O2, CO2 and DIC from DOM 



277Photoinduced and Microbial Degradation

could favor the occurrence of photosynthesis in natural waters, where H2O2 
instead of H2O would be involved as reactant in photosynthesis (xCO2 + yH2

O2(H2O) + hυ → Cx(H2O)y + O2 + energy; and 2H2O2 + hυ → 2H2O + O2) 
(Mostofa et al. 2009a; Komissarov 1994, 1995, 2003). (v) Production of CO2 
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 Vähätalo 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:

(i)	 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).

(ii)	 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 20–40 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 CH4 and CO2 by converting 
either acetate (and formate) or H2/CO2 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 CH4, 
CO2, DIC (sum of dissolved CO2  +  H2CO3  +  HCO3

−  +  CO3
2−), PO4

3−, 
NH4

+, H2O2 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. 1a–c) or as fluorescent dissolved organic matter (FDOM, Fig. 1d–f). 
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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; 
Vähätalo and Wetzel 2004; del Vecchio and Blough 2002). The functional groups 
in stream humic substances (fulvic and humic acids), with 14C 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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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  m−2) 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 μg L−1 = 1 QSU. The 
error bar indicates the standard deviation between triplicate samples. Data source Mostofa et al. 
(2007); Mostofa KMG et al. (unpublished)
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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; Vähätalo 
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, CO2, 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 (pmz, mol C 
m−3 d−1), modified by Vähätalo et al. (2000) from Schwarzenbach 1993) and 
Miller (1998), can be expressed as follows:

where ϕλ is the spectrum of the apparent quantum yield for photoinduced min-
eralization (mol produced DIC/mol absorbed photons), Qs,z,λ is the scalar photon 
flux density spectrum at a depth z (also referred to as actinic flux, mol photons 
m−2 d−1), and aCDOM,λ is the absorption spectrum of CDOM (m−1). CDOM or 
FDOM is the part of DOM that can absorb solar radiation. The parameters λmax 
and λmin are the minimum and maximum wavelengths contributing to photoin-
duced mineralization.

In the whole water column the rate of photoinduced mineralization, modified 
by Vähätalo et al. (2000) from Miller (1998), can be expressed as follows:

where Qa,λ represents the photons absorbed by the water column (mol photons m−2 
d−1) and the aCDOM,λ/atot,λ ratio expresses how much CDOM contributes to the 
total absorption. In infinitely deep waters, Qa,λ roughly equals the downward vector 
photon flux density just below the surface Qd,v,0−λ, (Sikorski and Zika 1993a, b).

(2.1)
pmz =

∫ λmax

λmin

ϕλQs,z,λaCDOM,λ dλ

(2.2)pm =

∫ λmax

λmin

ϕλQa,λ(aCDOM,λ/atot,λ) dλ
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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:

where c (dimensionless) and d (nm−1) are positive constants and λ is a wavelength 
(nm). Different combinations of c 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; Vähätalo 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, 6–41 % 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.

(2.3)ϕλ = c × 10−dλ
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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 μm) 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 μm fractions of DOM 
(Table 1). These results can highlight four important features about the photoin-
duced degradation of DOM. First, molecular fractions <0.1 μm 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 μM C in August) than in winter 
(~93 μM 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, 8–23 % 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 

http://dx.doi.org/10.1007/978-3-642-32223-5_6
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fractions (<0.10 μm) 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 μm 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 μM C in August) 
that are higher than the winter ones (~93 μM 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 H2O2 in aqueous 
solution (Eqs.  3.13–3.18, see also chapter “Dissolved Organic Matter in Natural 
Waters”) (Mostofa and Sakugawa 2009; Senesi 1990). H2O2 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 (Eqs. 2.1–2.4):

First, H2O2 is formed photolytically through production of O2
•− 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 H2O2 into HO• either photolytically (Eq. 2.2), or via Fenton and 

(2.1)DOM + O2 + H2O + H+ hυ
→ H2O2 + DOM•+

+ O2 + OH−

(2.2)H2O2
hυ
→ 2HO•

(2.3)DOM•+
+ HO• hυ

→
[
DOM•+HO•

]∗

(2.4)
[
DOM•+HO•

]∗ hυ
→ LMWDOM + DIC + CO2 + other byproducts

http://dx.doi.org/10.1007/978-3-642-32223-5_1
http://dx.doi.org/10.1007/978-3-642-32223-5_1
http://dx.doi.org/10.1007/978-3-642-32223-5_2
http://dx.doi.org/10.1007/978-3-642-32223-5_2
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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 H2O2 pro-
duction (Eq. 2.1), to form a complex (DOM•+ HO•)* (Eq. 2.3) that is subsequently 
transformed into low molecular weight DOM (LMWDOM), dissolved inorganic car-
bon (DIC), CO2, 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/H2O2 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/H2O2 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 NO2

− and 
NO3

−, thereby causing the indirect photodegradation of DOM by NO2
− 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/
H2O2 reaction, as well as NO2

− 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).

http://dx.doi.org/10.1007/978-3-642-32223-5_3
http://dx.doi.org/10.1007/978-3-642-32223-5_3
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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 H2O2 that is produced via photoionization of the most electron-
rich organic compounds. The process yields DOM•+, which initiates several other 
reactions (Eqs. 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, CO2, 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/H2O2, UV/H2O2 and UV/TiO2, 
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  +  1/2O2 +  hυ →  ROH  
+  CO2) is one of the important reactions for generating CO2 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 (CHCl3 +  O2 +  hυ  →  COCl2 +  HCl) (Shriner and Cox 
1943). The phosgene (COCl2) is highly photosensitive and highly reactive, and 
it could degrade fluorophores such as the amino groups (RNH2 + COCl2 → RN 
=CO + 2 HCl) or carboxylic functional groups (RCO2H + COCl2 → RC(O)Cl  
+ HCl + CO2) (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=O, 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 H2O2 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 Ea and frequency 
factor A. Each reaction mechanism defines a base activation energy, Eaº, and a func-
tional group contribution of activation energy, Ea

Ri. The latter results from the neigh-
boring (i.e., α-position) and/or the next-nearest neighboring (i.e., β-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, koverall, can be given by Eq. 2.5

where, kabs, kadd-alkene, kadd-aromatic, and kint 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., CH3R1, CH2R1R2, and CHR1R2R3, 
where Ri is a functional group (i = 1−3)). Each of the fragments corresponds to a 
partial rate constant kCH3R1 , kCH2R1R2 , and kCHR1R2R3, respectively. The C–H bond 
itself and adjacent functional group(s) contributes to the overall Ea as the base activa-
tion energy, Ea

0, and group contribution parameter, Ea,abs Ri, due on the functional 
group Ri, respectively. For example, the base activation energy for H-atom abstraction 
from one of the primary C–H bonds is Ea,prim0. The Ea,abs Ri indicates the electron-
donating and—withdrawing ability of the functional group. An electron-donating 
functional group decreases the Ea and, hence, increases the overall reaction rate con-
stant, and vice versa. Accordingly, the partial rate constant for the fragmented parts 
such as CH3R1, CH2R1R2 and CHR1R2R3 can be written as below (Eqs. 2.6–2.8)

(2.5)koverall = kabs + kadd−alkene + kadd−aromatic + kint

(2.6)kCH3R1 = 3Aprime−
E0

a,prim
+E

R1
a,abs

RT

(2.7)kCH2 R1R2 = 2Asece−
E0

a,sec+E
R1
a,abs

+E
R2
a,abs

RT

(2.8)kCHR1 R2 R3
= Aterte

−
E0

a,tert+E
R1
a,abs

+E
R2
a,abs

+E
R3
a,abs

RT
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where 3 is the amount of primary C–H bonds, Aprim denotes the Arrhenius fre-
quency factor for the reaction of HO• with CH3R1, R is the universal gas constant, 
and T denotes absolute temperature. However, for (Eqs. 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 -H

a, abs
is zero, where a valence bond 

of the H-atom is expressed as a line before H).
In (Eqs. 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 k0
prim, k0

sec, and 
k0

tert, respectively. They are expressed in (Eqs. 2.9–2.11).

In addition, the group rate constant kR4 is defined for the HO• interaction with 
the functional group R4 (e.g. –OH and –COOH). The group contribution factor, 
XRi, that represents the influence of functional group Ri can be denoted as (Eq. 
2.12)

The rate constant for H-atom abstraction, kabs, can be written as the sum of the 
partial rate constants in (Eq. 2.13) because each reaction is independent from one 
another

where, I, J, and K denote the number of the fragments CH3R1, CH2R2, and 
CHR1R2R3, respectively.

As a typical example the rate constant calculation for 1,2-dichloro-3-bromopro-
pane (CH2Cl–CHCl–CH2Br) can be written as below (Eq. 2.14)

It is shown that group rate constants of kºprim, kºsec, and kºtert are 1.18 × 108, 
5.11  ×  108, and 1.99  ×  109 M−1 s−1, respectively and follow the order 
kºtert > kºsec > kºprim that is consistent with the radical stability of primary, second-
ary, and tertiary carbon-centered radicals due to the hyperconjugation. The term 
kR4 is accounted for by the group rate constants k−OH and k−COOH, respectively 
(Eq. 2.13). The k–OH is 1.00 × 108 M−1 s−1, representing 33, 8.5, and <5 % of the 

(2.9)k0
prim = A0

prime
−E0

a,prim

/
RT

(2.10)k0
sec = A0

sece−E0
a,sec

/
RT

(2.11)k0
tert = A0

terte
−E0

a,tert

/
RT

(2.12)X Ri
= e

−E Ri
a,abs

/
RT

(2.13)kabs = 3

I∑
0

k0
primXR1 + 2

J∑
0

k0
sec XR1 XR2 +

k∑
0

k0
tert XR1 XR2 XR3 + kR4

(2.14)

koverall = 2ko
sec X−Cl X−CHCl + ko

tert X−Cl X−CH2Cl X−CH2Br + 2ko
sec X−Br X−CHCl−
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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–COOH is 7.0 × 105 M−1 s−1, 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, σ* (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–CH3 and X–CH2– ≈ X>CH– ≈ X >C< 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 (σ* > 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 π-electrons in alkene compounds (>C=C<) absorb radia-
tion to form an excited state, which then releases electron (e−) to form H2O2 
and  >C=C+<  (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 

Fig. 2   Comparison of the group contribution factors for H-atom abstraction with the Taft con-
stant, σ* (a; Karelson 2000) and those for HO• addition to aromatic compounds with electro-
philic substituent parameter, σ+ (Fig. b; Karelson 2000. Group contribution factors include ● 
alkyl, oxygenated, and halogenated functional groups and ▲ S–, N–, or P-atom-containing func-
tional groups (Fig. a). Group contribution factors for benzene (▪), pyridine (●), and furan (▲) 
compounds (Fig. b). The σ* of [–CHCl2], [–CO], [–COO, COOH], [–S–, –SS–, HS–], [–NH2, 
–NH–, –N <] is an average of [CH2Cl, CH2Br, CHCl2, CHBr2], [COCH3, COC2H5, COC(CH3)3, 
COC6H5, COF, COCl], [COOH, COOC2H5], [SCH3, SC2H5, SCH(CH3)2], and [NHCH3, 
NH(CH2)3CH3, N(C2H5)2], respectively. The σ* of [–SO] and [–N–CO-] refer to [S(O)CH3] and 
[NHCOC6H5], respectively. Data source Minakata et al. (2009)

http://dx.doi.org/10.1007/978-3-642-32223-5_2
http://dx.doi.org/10.1007/978-3-642-32223-5_2
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the π-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<  , H2C=C<, H>C=C<H (cis), H>C=C<H (trans), and 
H2C=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, kº(structure)-h, and group contribution factor, 
YRl, for HO• addition to one of the base structures can be written using Arrhenius 
frequency factor, Aº(structure)-h, and group contribution parameter, Ea,add-alkeneRl of 
the functional group Rl (l denotes the number of functional groups, l = 1–4):

where (structure) represents six base structures, Eºa(structure) denotes a base part of 
Ea for (structure), and h 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, kadd-alkene, can be written as below (Eq. 2.17)

where g indicates the 1 or 2 that represents asymmetrical and symmetrical addi-
tion, respectively. The rate constant for tetrachloroethylene (Cl2C=CCl2) as a typi-
cal example that is shown below (Eq. 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 Ea 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, 

(2.15)ko
(structure)-h = Ao

(structure)-he
−[Eo

a,(structure)]
/

RT

(2.16)YR1 = e−[Ea,(structure) R1]
/

RT

(2.17)kadd-alkene =

∑
gko

(structure-h)YR1

(2.18)k = 2ko
>C=C<Y−ClY−ClY−ClY−Cl
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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 Ea is a sum of two parts: 
(i) a base part, Eºa, 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), Ea,add-aromaticRm, due to the functional group(s), Rm (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, kº(i-name)-j, and the group contribution factor, 
ZRm, may be expressed as below (Eqs. 2.19, 2.20)

where Aº(i-name)-j denotes the Arrhenius frequency factor; Eºa(i-name) denotes a 
base part of Ea; 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)

where n indicates the number of available position(s) to add. The rate constant for 
1,4-tert-butylphenol [(CH3)3C–C6H4–OH] can be depicted as a typical example 
(Eq. 2.22)

The group contribution factors for the HO• addition to aromatic compounds, 
against electrophilic substituent constants σ+ are depicted in Fig 2b for benzene 
(r = 0.89), pyridine (r = 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 

(2.19)ko
(i-name)-j = Ao

(i-name)-je
−[(Eo a(i-name)]

/
RT

(2.20)ZRm = e
−

(
E

a,add-aromaticRm

)/
RT

(2.21)kadd-aromatic =

∑
nko

(i-name)-j ZRm

(2.22)

k =
{
2ko

(1,4-benz)−2,6 + 2ko
(1,4-benz)-3,5

}
Z−OH Z-alkane

+ 3 × 3 × kprimX>C< + k−OH
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P-atom-containing functional groups bonded to a given compound in the aque-
ous phase forming a 2σ/1σ* two-center-three-electron (2c–3e) adduct (Bonifačič 
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, 
kR4 (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–CH2–
NH–CH2–COOH) as a typical example is expressed below (Eq. 2.23):

It is shown that the group rate constants k–CN and k–NH2 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 –NH2 groups) is approximately twice k–NH2, 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., XRi  =  e−(Ea, absRi)/RT. 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 –NH2, –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–SH, 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, SC2H5, and SH are 1.66, 1.44, and 1.52, respectively 
(Karelson 2000), and those for NH2, NHCH3, N(CH3)2, NH(CH2)3CH3, and 
N(C2H5)2 are 0.62, 0.94, 1.02, 1.08, and 1.00, respectively (Karelson 2000). 
These values are well distinguished from 3.61 of NH3

+, 4.66 of NO2, 4.16 of 
N+(CH3)3, and 3.64 of CN. Finally, it is assumed that the group contributed fac-
tors for –S–,–S–S–, and –SH, and for –NH2, –NH–, –N<  , –NNO, and –NNO2 
are identical, which successfully predicted the gas-phase HO• rate constants 
(Atkinson 1986, 1987; Kwok and Atkinson 1995). A linear correlation between 

(2.23)k = 2 × 2ko
sec X−COOH X−NH− + k−NH− + 2k−COOH
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the group contribution factors of S-, N-, or P-atom-containing functional groups 
and the Taft constant, σ*, is observed (r = 0.99) (Fig. 2) (Karelson 2000). The 
XRi 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, 
σ*, and the electrophilic substituent parameters, σ+, 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.

Table 2   Hydrogenotrophic homoacetogens and methanogens isolated from various environments

Microorganism Growth temp 
(ºC)

Optimum temp 
(ºC)

References

Acetobacterium 
bakiia

1–30 20 Sediments of a  
polluted pond

Kotsyurbenko et al. 
(1995)

Acetobacterium 
paludosuma

1–30 20 Sediments of a fen Kotsyurbenko et al. 
(1995)

Acetobacterium 
fumetariuma

1–35 30 Manure digested at 
low temp

Kotsyurbenko et al. 
(1995)

Acetobacterium 
tundraeb

1–30 20–25 Tundra wetlands Simankova et al. 
(2000)

Methanogenic  
strain MSB

1–32 25–30 Sediments of a  
polluted pond

Kotsyurbenko et al. 
(2001)

Methanogenic  
strain MSP

4–35 25–30 Sediments of a  
polluted pond

Kotsyurbenko et al. 
(2001)

Methanobacterium 
strain MB4

5–30 25–30 Peat samples Kotsyurbenko et al. 
(2007)
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Various functional groups widely differ for their reaction rate constants with 
HO• (Fig.  2). Similarly, the production rates of H2O2 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 C5 organic acids, alcohols, aromatic compounds, humic substances (fulvic and 
humic acids) of terrestrial plant origin, autochthonous fulvic acid of algal origin,  
acetate, formate, methanol, CO2, H2, 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 CO2, methane and other products by fermentative 
microorganisms and Fe(III)-reducing microorganisms. These processes take place 
with simultaneous reduction of an array of electron acceptors, including oxygen, 
H2, nitrate, manganese oxides, Fe(III) oxides, sulfate, H2S, 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(III)-reducing microorganisms, commonly Geobacter species in temperate 
environments (Lovley et al. 2004), and Fe(III)-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 CO2, with Fe(III) oxides 
serving as the electron acceptor (Lovley 2006; Lovley et al. 1996). The mecha-
nism for CO2 formation from Fe(III) oxide in the presence of Geobactor spp. is 
depicted (Fig. 3) (Lovley et al. 1996):

The general reactions for microbial Fe(III) 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).

(2.24)4Fe2O3 + CH3COO−
+ 7H2O → 8Fe2+

+ 2HCOL3
−

+ 15OH−

(2.25)Fe2O3 + H2 + H2O → 2Fe2+
+ 4OH−

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
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The ferrous iron, hydroxyl ions and bicarbonate, produced together in (Eqs. 
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 H2 and 
acetate in aquatic sediment waters (Coleman et al. 1993). It is shown that H2 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):

The study shows that Desulfobulbus propionicus can oxidize S to SO4
2− 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 Sº (Fig. 4) (Lovley 2006). This abiotic 
reaction merely yields two out of eight electrons potentially available from sulphide 
(S2−) oxidation (Fig. 4). Oxidation of Sº to SO4

2− extracts six electrons and regener-
ates SO4

2− as an electron acceptor for further microbial reduction by microorgan-
isms in the family Desulfobulbaceae (Lovley 2006; Holmes et al. 2004).

(2.26)Fe2+
+ HCO−

3 + OH−
→ FeCO3 + H2O

(2.27)4H2 + SO4
2−

→ S2−
+ 4H2O

(2.28)CH3COO−
+ SO4

2−
→ S2−

+ 2HCO−

3 + H+

Fig. 3   Generalized pathway 
for the anaerobic oxidation 
of organic matter to carbon 
dioxide with Fe3+ oxide 
serving as an electron 
acceptor in temperate, 
freshwater and sedimentary 
environments. The process is 
mediated by a consortium of 
fermentative microorganisms 
and Geobacter species (ca. 
Geobactter metallireducens). 
Data source Lovley (2006)
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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(III) and 
sulphate by D. desulfuricans; at low concentrations of H2 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, CO2 and H2 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 CO2 into methane to provide energy (31 kcal/mol) for the cell (Eq. 2.29) 
(Thauer et al. 2008; Thauer 1998):

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 H2 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  
H2-consuming methanogenesis (Conrad 1999). Hydrogenotrophic and acetotrophic 
methanogenesis may convert fermentation products or glucose to CH4 and/or CO2.

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 

(2.29)CO2 + 4H2 → CH4 + 2H2O

Fig. 4   Mechanism by 
which sulfate reducer can 
convert acetate to CO2 and 
reduced sulphur compounds 
to electricity production in 
sediment microbial fuel cells 
in sulphide-rich sediments. 
Data source Lovley (2006)
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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):

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):

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).

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  

(2.44)CoB-S-H + CH3-S-CoM + Ni(I)F430 →

CoB-S-H + CH
•
3 + CoM-S-Ni(II)F430

(2.45)CoB-S-H + CH
•
3 + CoM-S-NI(II)F430 →

CH4 + CoB-S
•

+ CoM-S-NI(II)F430

(2.46)CoB-S• + CoM-S-NI(II)F430 → CoB-S-S-CoM + NI(I)F430

Fig.  5   The mechanism for methane formation in methyl-coenzyme M reductase (MCR) in 
methanogenesis.  Data source Pelmenschikov et al. (2002)
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(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 MCRred1 induces two new spe-
cies called MCRred2a and MCRred2r (Fig.  6). The two MCRred2 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 MCRred2 species in the transition from MCRred1, 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 CO2, CH4 and other products.

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)
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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):

where k1 is the reaction rate constant for the photoinduced degradation of DOC, 
DOC is organic carbon concentration after irradiation and DOCo the initial 
one, and S is the integrated solar intensity or photon energy (MJ m−2) (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 ×  10−3 MJ−1 m2 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 ×  10−4 MJ−1 m2 for the same upstreams). Third, in rivers that include 
various sources of DOM the latter can be uniformly degraded both photolytically 
(9.5 × 10−4 MJ−1 m2) and microbiologically (11 × 10−4 MJ−1 m2) (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 

(2.47)Ln (DOC/DOCo) = −k1S

Integrated solar intensity (MJm

(a) (b) (c)
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Fig. 7   Relationship between the Ln(DOC/DOC0) and the integrated solar intensity (MJm−2) in 
the Kago upstream (a), Nishi-Mataya upstream (b), and in the downstream waters of Yasu River 
(c). 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 NO2

−  and NO3
− ions, (5) Molecular nature of 

DOM, (6) pH and alkalinity of the waters, (7) Dissolved oxygen (O2), (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; Dobrović et al. 2007). Photoinduced degrada-
tion of DOM depends on the spectral wavelengths of solar radiation such as UV-A 
(315–400  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 H2O2 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 0 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 H2O2. The H2O2 in 
river shows a significantly higher production in summer and lower in winter (Mostofa 
and Sakugawa 2003, 2009). The lower production of H2O2 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 Fe2+ by photo-generated H2O2 causes the 
production of HO• and Fe3+, but Fe2+ is regenerated from Fe3+ by several pathways 
via the process of hυ/H2O2/O2

•−. The regeneration of Fe2+ 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

+ 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+ + H2O2 → HO• + −OH + Fe3+) (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 NO2
− and NO3

− Ions

Photoinduced degradation of DOM can be affected by the occurrence and concen-
tration levels of NO2

− 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 NO2

− and 2–19 % from NO3
−, but the contribution is 6–26 % and 1–49 %, 

respectively, in upstreams and clean rivers (Takeda et al. 2004; Nakatani et al. 
2004). In anthropogenically polluted Rhône River Delta (S. France) and Lake 
Piccolo (NW Italy) the contribution of HO• production is accounted for by NO2

− 
(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 
NO2

− 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 (NO2

− 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 NO2

− and 
NO3

− could induce degradation of DOM by photoinduced production of HO•. 
However, 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(III)-DOM com-
plexes) may also play an important role in DOM mineralization (Vione et al. 2009).

http://dx.doi.org/10.1007/978-3-642-32223-5_3
http://dx.doi.org/10.1007/978-3-642-32223-5_3
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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.  1a) 
(Mostofa et al. 2005). The DOC concentrations varied between upstream (99 μM 
C, Kago) and downstream rivers (194 μM C, Yasu), but the absorption in the vis-
ible region is likely the same in both upstream (Fig.  1a) 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 SO4

2−, NO3
− and H+ than they received, and the lakes are the 

dominant acidity-consuming parts of the whole ecosystem, neutralizing 50–58 % 
of the H+ input (Kopacek et al. 2003). Terrestrial fluxes of organic acid anions 
can also consume H+ in natural lakes and are thought to be the third major inter-
nal alkalinity-producing mechanism after the biochemical reductions of NO3

− and 
SO4

2− (Kopacek et al. 2003; Cook et al. 1986; Schindler et al. 1986). An increase 
in alkalinity in waters can decrease the production of H2O2 by slowing the reac-
tion of O2

•− protonation (2O2
•−  +  2H+  →  H2O2  +  O2). A decrease in H2O2  

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 (O2) 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 O2 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 O2 with production of ferric oxide floc (Stumm 
and Lee 1961). O2 is consumed at a rate of 0.02–0.09  mg L−1 h−1 in humic 
colored waters having pH 3–4 and total iron concentration of 0.1–2.0  mg L−1  
under irradiation. The consumption rate is slightly lower (0.01–0.04 mg L−1 h−1) 
under dark conditions (Miles and Brezonik 1981). Some standard organic com-
pounds can consume O2 at rates of 0.01–0.83 mg L−1 h−1 under irradiation and 
0.01–0.70 mg L−1 h−1 in the dark. These results have been obtained for a con-
centration of 100 mg L−1 of organic compounds in the presence of 6 mg L−1 of 
Fe(III) (Miles and Brezonik 1981). In photoexperiments conducted on Amazon 
river water samples, the O2 consumption rate was 3.68 μM O2 h−1 under irradi-
ation and it was twelve times lower (0.30  μM O2 h−1) in the dark (Amon and 
Benner 1996). High rates of DOC loss and O2 consumption are often observed 
in riverine DOM, with little or no additional production of biologically labile 
organic compounds. The photoinduced O2 demand of surface water DOM in the 
Atlantic Ocean varied from 0.1 to 2.8 μmol O2 L−1 d−1 in 12 h irradiation periods 
(Obernosterer et al. 2001). Rivers usually exhibit a higher O2 consumption rate 
than seawaters. The O2 consumption in waters is hypothesized to contribute to the 
generation of H2O2 through production of superoxide radical ion (O2

•−) as inter-
mediate, upon monoelectronic reduction of O2 by aquated electrons (e−) produced 
by DOM (see chapter “Photoinduced and Microbial Generation of Hydrogen 
Peroxide and Organic Peroxides in Natural Waters”). Photolytically produced 
H2O2 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−1 at a 
depth of 1 cm, and the rate of mineralization decreases with increasing depth with 
an attenuation coefficient of 23 m−1 (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 

http://dx.doi.org/10.1007/978-3-642-32223-5_2
http://dx.doi.org/10.1007/978-3-642-32223-5_2
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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 (Morris 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 Häder 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 H2O2 are higher for both Suwannee River Fulvic Acid (445 nM h−1) and seawa-
ter (86 nM h−1) in stirred samples compared to unstirred ones (211 and 51 nM h−1, 
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 H2O2 is merely observed in the surface mixing zone, where H2O2 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 NO2
− 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 (280–400 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; Häder 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  %, 

http://dx.doi.org/10.1007/978-3-642-32223-5_10
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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 (H2O2) that is a HO• source via photolysis or the Fenton  
reaction, and the photoinduced generation of H2O2 is enhanced by salin-
ity. Trace metal ions (M) in salinity or sea waters can complex with DOM 
(M-DOM) forming a strong π–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 π–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 (O2

•−), H2O2 and HO•, respec-
tively. Indeed, photogeneration of H2O2 from ultrafiltered river DOM is substan-
tially increased with salinity, from 15 to 368 nM h−1 at circumneutral pH (Osburn  
et al. 2009). Salinity or NaCl salts can substantially increase the aqueous electrons 
(eaq

−) from DOM components photolytically in aqueous media (Assel et al. 1998; 
Gopinathan et al. 1972). This effect subsequently can enhance the H2O2 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. 

http://dx.doi.org/10.1007/978-3-642-32223-5_9
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2000; Lønborg and Søndergaard 2009; Lovley and Chapelle 1995; Coble 2007; 
Hopkinson et al. 2002; Koschorreck et al. 2008; Lønborg 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 H2 consumers in the absence of 
inorganic electron acceptors such as nitrate, ferric iron and sulfate, which compete 
for available H2 in anoxic environments (Kotsyurbenko et al. 2001). Degradation 
of alcohols and fatty acids is usually enabled by syntrophy between H2-producing 
syntrophic bacteria and H2-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 (Eqs. 4.1, 4.2) (Conrad 1999; Thauer et al. 1977):

An experimental study shows that D. desulfuricans can reduce the Fe(III) and 
sulphate simultaneously at rates comparable to Fe(III) and sulphate reduction 
under non-limiting H2 concentration, when only one of the electron acceptors 
is provided (Coleman et al. 1993). On the other hand, H2 is metabolized by D. 
desulfuricans at lower concentrations with Fe(III) than with sulphate (Coleman 
et al. 1993). Interestingly, these bacteria do not metabolize H2 below ~10−5 atm 
partial pressure (Cord-Ruwisch et al. 1988).

(4.1)C6H12O6 → CH3COOH + CO2 + CH4∆Go′
= −346. 8

(4.2)C6H12O6 → 3CO2 + 3CH4∆Go′
= −418. 1
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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; Peña-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 13C NMR shows about 
24 % of C–O, 3 % of anomeric C, 12 % of C=C, 5 % of ϕ–O (ϕ = other elements 
except C), 16 % of COOH, 4 % of C=O. 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 H2 to CH4 production in 
different methanogenic sediments is quite variable: 32–46  % in Kichier Lake, 
36–46  % 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; 
Ström et al. 2003; Öquist and Svensson 2002). Seasonal algal or phytoplankton 
blooms might be responsible for formation of acetate and CH4 in the sediments 
of deep lakes (Schulz and Conrad 1995). The acetate concentration profiles show 
maxima (~100 μM in 2 or 4 cm depth) in summer and minima (~5 μM over the 
entire depth) in winter, when the respective CH4 concentrations are ~750 μM in 
summer and ~120 μM in winter (Schulz and Conrad 1995).

It is evidenced that gas bubbles contain about 60–70 % CH4 with an average 
δ13C of –56.2 % and δD of –354 %, and 2 % CO2 with an average δ13C of –14.1 % 
(Thebrath et al. 1993). These data indicate that CH4 is produced from methyl car-
bon, i.e. mainly using acetate as fermentative substrate (Thebrath et al. 1993).  
In anoxic paddy soil, interspecies H2 transfer within methanogenic bacterial asso-
ciations (MBA) account for 95–97 % of the conversion of 14CO2 to 14CH4, and 
only 3–5 % of the 14CH4 is produced from the turnover of dissolved H2 (Conrad  
et al. 1989a, b). An experimental study demonstrates that the ratio of Fe(II) pro-
duction to CO2 production (3.9) is similar to that expected (4.0) for organic carbon 
oxidation coupled to Fe(III) oxide reduction (Fig.  8) (Roden and Wetzel 1996). 
The study also shows that the rates of CH4 production are low during the Fe(III) 
reduction in oxidized sediments, but increase when the Fe(III) oxides are depleted 
to background levels (Fig.  8a). The rates of CO2 and CH4 production are about 

Fig. 8   Fe(III) reduction, CO2 production, and CH4 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 CO2, CH4 
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 × 105 cells ml−1, mean = 6.4) and bio-
mass (4.0–6.7 μg C L−1, mean = 5.2). Lower values (1.3–2.5 × 105 cells ml−1, 
mean = 1.8; and 1.3–2.4 μg C L−1, 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 H2 
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 H2 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 H2 
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 
H2 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 
H2-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 H2 by chloroform-insensitive non-methanogenic bacteria, most prob-
ably homoacetogens, so that CH4 production is almost completely restricted to 
H2-syntrophic MBA. Acetate is the precursor of approximately two-thirds of the 
methane produced in mesophilic (30–40 °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 H2 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 CH4 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; Bräuer 
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 H2 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 CH4 and CO2 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 CH4 is between –65 and 
–70 ‰, 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 δ13CO2 to δ13CH4 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 
CH4 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 CH4 typi-
cally reaches saturation (~1  mM) at 3–40  cm below the top few centimeters in 
unvegetated sediments. In vegetated sediments CH4 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 CH4 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.

Fig. 9   Vertical profiles of pH (a), dissolved gases CO2 (b) and CH4 (c) in different sediment 
cores from Lake Caviahue. The pH is measured in KCl extracts during the field work in 2003 (▪ 
2001, ● 2003, ▼ 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 CO2, 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. NH4

+); (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 (H2O2) and organic peroxides (ROOH) is the 
primary step of the photoinduced processes involving DOM in waters. The concen-
tration levels of H2O2 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). H2O2 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; 

http://dx.doi.org/10.1007/978-3-642-32223-5_2
http://dx.doi.org/10.1007/978-3-642-32223-5_2
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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-C16 and n-C18 
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 Gäb 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–1) (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 CO2, 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, CO2, dissolved inorganic carbon (DIC, usually 
defined as the sum of an equilibrium mixture of dissolved CO2, H2CO3, HCO3

−, 
and CO3

2−: (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 CO2 is 
rapidly dissolved in waters, which can be presented as (Eq. 5.1) (Liu et al. 2010):

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

(HCO3
−) 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 CO2 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).

 The concentration levels of carbon-gas photoproducts are highly variable 
among rivers, lakes and seawaters studied under light and dark conditions (Table 3; 

(5.1)CO2 + H2O ↔ H2CO2 ↔ H+
+ HCO3

−
↔ 2H+

+ CO3
2−

(5.2)CaCO3 + CO2 + H2O = Ca2+
+ 2HCO−

3

(5.3)2CO2 + 3H2O + CaSiO3 + 2HCO−

3 + H4SiO4

Fig. 10   Relationship 
between DOC concentration 
and DIC (Fig. a) or CO (Fig. 
b) photoproducts generated in 
photo experiments conducted 
on different sources of natural 
waters. Data source Table 4 
and references therein
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Fig. 10). The production rate of DIC in irradiated samples is 80–2420 nM h−1 in 
rivers, 3180–1612800 nM h−1 in lakes and 40–13200 nM h−1 in seawaters. Under 
dark incubation the production rates are 99970 nM h−1 in rivers, 175500 nM h−1 in 
lakes, and 300–2300 nM h−1 in seawaters (Table 3).

The production rate of CO2 in irradiated freshwater two coastal rivers is sig-
nificantly high in air-saturation (13.2–23.0  μM  h−1) and O2-saturation (18.3–
26.5 μM h−1), which are substantially decreased under air-saturation plus DFOM 
(5.4–6.0 μM h−1), O2-saturation plus DFOM (5.6–7.2 μM h−1), and N2-saturation 
(1.9 μM h−1, measured for one river sample only) (Table 3) (Xie et al. 2004). Note 
that DFOM is the deferoxamine mesylate that is a strong Fe(III)-complexing ligand 
that forms nearly photo-inert complexes (Gao and Zepp 1998). The CO2 produc-
tion rate in the N2-saturation river water is only ca. 10 % and 20 % of those in the 
O2-saturation and air-saturation samples, respectively (Xie et al. 2004). This study 
observes that although CO2 production in the O2-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 O2 is the limiting factor for CO2 production (Table 3) (Xie et al. 2004). 
These results suggest that although, O2 and iron both can play very important 
roles in CO2 production, photoinduced processes without the involvement of O2 
and iron (particularly the iron independent processes) can also contribute to CO2 
production in natural waters (Xie et al. 2004). CO2 photoproduction rate is ~0.08–
0.63 μM h−1 in estuarine water showing high production rate (~0.63 nM h−1) in 
low salinity than in high salinity waters ~0.08 μM h−1 (White et al. 2010). Studies 
therefore observe that CO2 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 μM h−1 at 0 m), it 
then gradually decreases (0.60  μM  h−1 at 6.5  m) and then increases again 
(2.73 μM h−1 at 24 m) in the deeper layers, but they are greatly lower than those 
of dark incubation samples (100.0 μM h−1) 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 μM h−1 at 0–6 m) to deeper layers 
(3.2  μM  h−1 at 24  m). However, under dark incubation the production rate is 
175.5 μM h−1, 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 (1014–1015 mol DIC per year) (Johannessen 
2000) might be on the same order of magnitude as that of sequestration of DIC 
by new production (~1015 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 μM  h−1 in rivers, 
0.26 μM h−1 in lakes, 0.004–1.0 μM h−1 in seawaters, and 1.5–3.3 μM h−1 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−1 h−1 except one sample, 980 pmol L−1 h−1) than in fall samples 
(20–660  pmol L−1 h−1 except one sample, 810  pmol L−1 h−1). 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−1) in the late afternoon (17:00) during the summer season 
(July), and lowest (23.9  ng L−1) 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−1) in the surface layer (0–5 m), whilst it 
was lower (~3–5  ng L−1) 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 H2O2, ROOH and CO2, 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 (Eqs. 5.4, 5.5) (Mostofa et al. 2009a; 
Komissarov 1994, 1995, 2003):

(5.4)DOM + hυ → H2O2 + CO2/CO/DIC + LOWDOM + E (±)

(5.5)x CO2(air) + y H2O2(H2O) + hυ → Cx (H2O)y + (x + y/2) O2 + E (±)
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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 

(NO3
−/NO2

−) 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 μM C of DOC and 20–86 μM of dissolved organic nitrogen (Bushaw 
et al. 1996). DON concentrations are 7–26 μM in Lake Hongfeng and 14–47 μM 
in Lake Baihua (Li et al. 2008), approximately 8.35 μM in the epilimnion of Lake 
Biwa (Kim et al. 2006), and approximately 10 μM in coastal waters (Bronk 2002). 
The high concentrations of NO2

− and NH4
+ in Lakes Hongfeng and Baihua dur-

ing the summer stratification period suggest the regeneration of inorganic nitrogen 
(NO2

− and NH4
+) 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
3−) 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 

http://dx.doi.org/10.1007/978-3-642-32223-5_7
http://dx.doi.org/10.1007/978-3-642-32223-5_7
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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−3), and the surface concentrations at inshore stations (5.09–7.12 dpm m−3) 
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 (±) such as supply (+) 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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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)



341Photoinduced and Microbial Degradation

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  

Recycled 
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DOM + LMW DOM + Energy(± )

H2O2 + CO + CO2 +
DIC

NH4
+ + PO4

3- +
NO3

- + NO2
-
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Released by photo +
microbial processes 
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PO4
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DOM + POM + NO3
- + NO2
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DOM+ + POM + Free radicals (H2O2,  
.OH)

Photo + microbial processes

Food for 
microorganisms
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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; Vähätalo and Wetzel 2004; Miller and 
Moran 1997). In essence, during the photoinduced process various species among 
which are the superoxide radical ion (O2

•−), the HO• and peroxides (H2O2 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 H2O2, O2

•− 
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; Jørgensen 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 
(H2O2, ROOH, HO•) and of mineralization products such as CO2, 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 (CO2 + H2CO3 + HCO3

− + CO3
−2)

GCM	 Group contribution method
H2O2	 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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