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Abstract  Dissolved organic matter (DOM) is a group of compounds that have complex chemical structures and multiple 
interactions with their surrounding materials. More than one trillion tons of DOM are stocked in the world’s aquatic ecosys-
tems. DOM is a very important part of aquatic ecosystem productivity and plays a crucial role in global carbon cycling. DOM 
has rich environmental behaviors and effects such as influencing the bioavailability of contaminants, serving as an important 
inducer of reactive oxygen species (ROS), and protecting aquatic organisms from the harm of dangerous ultraviolet radiation. 
There have been many systematic studies on the composition, structure, and sources of DOM because such studies are much 
easier to conduct than studies on the environmental behaviors and effects of DOM. Due to many factors, the research systems 
of DOM’s environmental behaviors and effects are still being developed and have become a hotspot of environmental science. 
This review paper focuses on some critical progress, problems, and trends of DOM’s environmental behaviors and effects in 
aquatic ecosystems, including mutual exchange mechanisms between DOM and particulate organic matter (POM) with influ-
encing factors, photochemical behaviors of DOM especially inducing ROS, binding interactions between DOM and anthropo-
genic organic contaminants (AOC), interactions between DOM and microorganisms, effects of DOM on pollutants’ bioavaila-
bility, ecotoxicity, and ecological risks. Hopefully, this paper will contribute to a more systematic understanding of the DOM 
environmental behaviors and effects and to promoting further relevant studies. 
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1.  Introduction 

As the world’s largest carbon pool, aquatic ecosystems have 
more than one trillion tons of natural organic matter, of 
which dissolved organic matter (DOM) accounts for 97.1% 
(Post et al., 1990). Because DOM is a very important part of 
aquatic ecosystem productivity and plays a crucial role in 
global carbon cycling, any variations in DOM will influence 
aquatic ecosystem productivity and global carbon transport 

(Bacastow and Maier-Reimer, 1991; Kepkay, 1994). DOM, 
a group of abiotic substances in the aquatic ecosystem, de-
rives from organisms’ secretions, debris, or/and detritus 
(Wetzel, 1995; Passow, 2002), links the plankton and ben-
thos to form a complete aquatic food web (Grossart and 
Simon, 1998; Zimmermann-Timm, 2002; De La Rocha et 
al., 2008), and plays a “bridging” role between abiotic and 
biotic components of the ecosystem (Azam and Malfatti, 
2007; Verdugo et al., 2004). DOM, as a “microreactor”, 
affects the environmental behaviors of contaminants by 
facilitating photochemical and surface-chemical processes 
(Eadie et al., 1992; Eriksson et al., 2004; Hassett, 2006). 



 He W, et al.   Sci China Earth Sci   April (2016) Vol.59 No.4 747 

Furthermore, it also acts as an “umbrella” that protects 
aquatic organisms from ultraviolet radiation (Schindler and 
Curtis, 1997). 

DOM consists of heterogeneous organic compounds with 
numerous functional groups. The category includes a wide 
range of molecules that have complex and rich chemical 
structures and compositions. Some DOM macromolecules, 
such as humic substances, are difficult to obtain and char-
acterize. The conformation and properties of DOM change 
with its concentration and with the surrounding water 
chemistry. In recent years, the integrated use of several 
techniques, including membrane filtration, nonionic macro-     
porous resins, ion exchange resins, freeze-drying, vacuum 
rotary evaporators, and enrichment by adsorption, can not 
only separate and enrich DOM but also produce dry solid 
samples. The compositions, structures, and sources of DOM 
can further be analyzed using spectroscopy, chromatog-
raphy, and high-resolution mass spectrometry, which are 
effective for the study of DOM environmental behaviors 
and effects such as adsorption, binding, complexation, and 
photochemistry (He et al., 2015). 

DOM in aquatic ecosystems is derived from many 
sources, including surface runoff (e.g., rivers), precipitation, 
biological communities, sediment, and pore water. Its envi-
ronmental behaviors consist of (1) mutual exchange be-
tween DOM and particulate organic matter (POM) (e.g., 
DOM is absorbed onto suspended minerals, and the POM in 
sediments is released into pore water), (2) interactions (e.g., 
adsorption, binding, and complexation, etc.) between DOM 

and pollutants such metal ions (Mn+) and organic com-
pounds, and (3) photochemical behaviors of DOM, espe-
cially the induction of reactive oxygen species (ROS) such 
as singlet oxygen (Figure 1). Those environmental behav-
iors lead to effects on carbon balance in the aquatic ecosys-
tems, the structure and function of microbial communities, 
the degradation processes of organic pollutants, and the 
bioavailability and ecological risks of metals and organic 
pollutants. This review paper mainly attempts to illustrate 
DOM’s environmental behaviors, such as mutual exchange 
mechanisms between dissolved and particulate organic 
matter, photochemical behaviors (especially ROS induc-
tion), and interactions between DOM and organic pollutants 
(e.g., adsorption and binding behaviors), as well as to elab-
orate on environmental effects, such as the association be-
tween DOM and microbial communities and the bioavaila-
bility and ecological risks of anthropogenic organic con-
taminants (AOC).  

2.  Mutual exchange between DOM and POM 

2.1  Scientific significance of mutual exchange between 
DOM and POM 

Mutual exchange between DOM and POM plays a crucial 
role in the organic matter (OM) cycle in aquatic ecosystems 
(Chin et al., 1998; del Giorgio and Duarte, 2002; Verdugo 
et al., 2004; Hopkinson and Vallino, 2005), the interaction 
between OM and aquatic organisms (Simon et al., 2002;  

 

Figure 1  Environmental behaviors and effects of DOM in the aquatic ecosystems. 1DOM*, 3DOM*, ROS, PrROS, AOC, and Mn+ represent singlet DOM, 
triplet DOM, reactive oxygen species (ROS), the precursors of ROS, anthropogenic organic contaminants, and metal ions with positive charge of n. 
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Azam and Malfatti, 2007; Mayer et al., 2011), the mecha-
nism by which OM influences the bioavailability of pollu-
tants (Eadie et al., 1992; Eriksson et al., 2004), and the ex-
planation of water pollution events such as “mucilage” 
(Cappiello et al., 2007).  

In the global carbon cycle, POM is generated through 
some DOM-POM exchange processes, such as the aggrega-
tion (or flocculation) of DOM and the interaction (e.g., par-
tition, adsorption, and binding) of DOM with minerals, 
which further promote the settling influx of POM in the 
deep lakes and the open seas and the sequestration of or-
ganic carbon in the sediment (Figure 2) (Grossart and Si-
mon, 1998; Simon et al., 2002; Engel et al., 2004; De La 
Rocha et al., 2008). Typically, these abiotic exchanges from 
DOM to POM will not cause carbon loss, which has the 
important ecological significance of supplying food to or-
ganisms in deep water or on the bottom (Kerner et al., 
2003). The terrigenous OM pools (mainly POM) and aqua-
genic OM pools (mainly DOM) are linked together through 
DOM-POM exchange (Perez et al., 2011). In riverine and 
estuarine ecosystems, more than 90% of the DOM is con-
verted to POM and carried into the ocean, which completes 
the inland-to-ocean migration of OM (Varela et al., 2003). 
The carbon flux between water and air is also restricted by 
DOM-POM exchange in the aquatic ecosystems. For exam-
ple, in the Amazon River, POM is observed to be converted 

into labile DOM. More carbon dioxide (CO2) is released 
into the atmosphere from the water because labile DOM 
degrades quickly (Mayorga et al., 2005). In the open ocean, 
the DOM-POM exchange mechanisms vary with depth, 
creating variation in the ratio of DOM to POM, which fur-
ther changes the DOM’s stoichiometric characteristics. More 
refractory organic matter is also detected with depth (Smith 
et al., 1992; Kovac et al., 2004; Hopkinson and Vallino, 
2005). DOM-POM exchange also structures the microor-
ganisms’ inhabitable environment and the nutrient supply 
for metazoans and protozoa (Mayer et al., 2011). The bind-
ing interaction between AOC and POM is much stronger 
than that between AOC and DOM (Eadie et al., 1992). Fur-
thermore, POM has lower retention time and bioavailability 
than DOM. Therefore, when DOM is converted into POM 
through aggregation, AOC is transported into POM, thereby 
reducing the hazard of the AOC to aquatic organisms. 

2.2  Exchange mechanisms with influencing factors 

DOM-POM exchange processes operates in all directions, 
from DOM to POM (Druffel and Williams, 1990; Chin et 
al., 1998; Hwang and Druffel, 2003; Engel et al., 2004; 
Druon et al., 2010), from POM to DOM (Smith et al., 1992; 
Mayorga et al., 2005; Helms et al., 2014), and in both direc-
tions (Kovac et al., 2004). Regarding the dominant processes, 

 

Figure 2  Mutual exchanges between DOM and POM in aquatic ecosystems. 
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the exchanges can be divided into abiotic (physicochemical) 
processes (Druffel and Williams, 1990; Hwang and Druffel, 
2003; Kerner et al., 2003; Engel et al., 2004; Mayorga et al., 
2005; Druon et al., 2010), biotic processes (Smith et al., 
1992; Wetz and Wheeler, 2007), and combined processes 
(Grossart and Simon, 1998; Kovac et al., 2004). Based on 
observations in the field investigation and laboratory simu-
lation experiments, several major DOM-POM exchange 
mechanisms exist, including aggregation (flocculation), 
adsorption, dissolution, desorption, degradation, light-induced 
exchange, and bio-mediated exchange (Figure 2). In previ-
ous review papers, DOM-POM exchange mechanisms are 
elaborated, and the aggregates and their formation mecha-
nisms are extensively discussed (Jackson and Burd, 1998; 
Passow, 2002; Zimmermann-Timm, 2002). Microbes’ roles 
in those exchange processes are also emphasized in some 
review papers (Simon et al., 2002; Azam and Malfatti, 
2007). The oceanic gel phase, as a bridge in the DOM-POM 
continuum, inspires researchers to explore other intermedi-
ate substances with similar effects of DOM-POM exchange 
(Verdugo et al., 2004). Kleber et al. (2007) propose an uni-
fied adsorption mechanism for explaining the interaction 
between minerals and OM, which is an important mutual 
exchange between DOM and POM. Simon et al. (2002) 
summarize DOM-POM exchanges in aquatic ecosystems 
with strong hydrodynamic forcing, such as shallow lakes, 
and in ecosystems with weak hydrodynamic forcing, like 
oceans. However, the proposed pathways are limited and 
not mechanistically explained.  

Many factors may influence abiotic DOM-POM exchanges 
such as aggregation or adsorption. Abiotic factors include 
hydrodynamics (Dagg et al., 2004), light (Helms et al., 
2014), temperature (Kerner et al., 2003), ions (Chin et al., 
1998), salinity (Baalousha et al., 2006), pH (Baigorri et al., 
2007), chemical composition of the OM (Passow, 2000), 
properties of the mineral (Komada and Reimers, 2001), and 
CO2 (Engel et al., 2014). The biotic factors include degra-
dation by hydrolases (Smith et al., 1992), bacterial activity 
(Simon et al., 2002), algal blooms (Wetz and Wheeler, 
2007), the degradation of hydrophytes (Osborne et al., 
2007), and predation by zooplankton (Druon et al., 2010). 
The coexistence of both abiotic and biotic factors can have 
either antagonistic (Stordal et al., 1996) or synergistic 
(Schiebel et al., 2014) effects on the DOM-POM exchanges. 

3.  Photochemical behavior of DOM: inducing 
production of ROS 

The photochemical behaviors of DOM typically comprise 
the photo-degradation of DOM itself and the indirect photo- 
redox reactions of other species caused by the reactive sub-
stances induced by DOM. In the 1960s, Lagercrantz and 
Yhland (1963) found that free radicals were photo-induced 
in solutions of humic acids. However, there were few rele-

vant studies in the following two decades. In the 1990s, the 
incidence of relevant studies increased gradually and fo-
cused mainly on the effects of DOM on the photo-induced 
toxicity of pollutants such as anthracene (Oris et al., 1990), 
the photo- degradation of DOM and its degradation products 
under simulated light (Allard et al., 1994), and the photo- 
degradation effects of DOM on organic pollutants, such as 
organochlorine pesticides (Kamiya and Kameyama, 1998). 
In the most recent 15 years, the research hotspots regarding 
DOM photochemical behaviors have been in the spatial and 
temporal distribution of DOM-induced ROS (e.g., singlet 
oxygen and hydroxyl radicals) in aquatic ecosystems and its 
associated environmental factors (Dalrymple et al., 2010; 
Peterson et al., 2012) and the enhancing or attenuating ef-
fects of DOM-induced ROS (e.g., singlet oxygen, hydroxyl 
radical, and triplet DOM*) on the photo-degradation of or-
ganic pollutants (Dimou et al., 2004; Chen et al., 2009; al 
Housari et al., 2010; Wenk et al., 2011, 2013; Xu et al., 
2011; Chen et al., 2012; Grannas et al., 2012; Leal et al., 
2013). 

DOM is often likened to a “microreactor” with multiple 
functions of influencing the environmental behaviors of 
pollutants through redox and partitioning processes (Has-
sett, 2006). One important function of this “microreactor” is 
the photochemical induction of reactive substances such as 
free radicals (R·), hydrated electron (ehyd), and singlet oxy-
gen (1O2), which interact with pollutants (Hassett, 2006). 
Our paper mainly focuses on the recent progress of the 
production of ROS induced by DOM.  

3.1  DOM-induced ROS production pathways 

The chromophore components in DOM, which can produce 
various ROS after excitation by light, play an important role 
in photochemistry. Those ROSs are widely detected in the 
water and can degrade many organic pollutants (Zepp et al., 
1977; Chin et al., 2004; Lam and Mabury, 2005). The main 
DOM-induced ROS production pathways have the follow-
ing stages: 1) the DOM excited states, such as singlet DOM 
(1DOM*) and triplet DOM (3DOM*), are produced after 
absorption of light energy; 2) 3DOM* is generated from 
1DOM* through intersystem crossing (ISC); 3) those DOM 
excited states further react with some molecules such as 
oxygen (O2) and water (H2O). Figure 3 summarizes a sim-
ple model of DOM-induced ROS production proposed by 
Alegria et al. (1997) and Dalrymple et al. (2010). That 
pathway only considers DOM and excludes exogenous 
electron donors such as methyl phenol. 3DOM* is the pre-
cursor of 1O2, whereas both 3DOM*

 and electronic transition 
state DOM (DOM·+/·) are precursors of hydrogen peroxide 
(H2O2). H2O2 produced from O2 by electronation, accounts 
for a negligible part of total ROS; therefore, this pathway is 
not described in that model. DOM·+/· is produced from 
1DOM* by direct charge-transfer absorbance or/and from 
3DOM* by the deactivation of DOM excited states. The  
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Figure 3  DOM-induced ROS (e.g., ·OH, 1O2) production pathways. 
Summarized from Alegria et al. (1997) and Dalrymple et al. (2010). 

production of 1O2 and H2O2 compete for precursors. Alt-
hough H2O2 can be produced by many pathways, and its 
precursor DOM·+/· can be produced through processes other 
than ISC, 1O2 nevertheless dominates DOM-induced ROS 
production: its yield is 100 times larger than that of H2O2 
(Dalrymple et al., 2010). It is noteworthy that 3DOM* is the 
precursor of hydroxyl radical (·OH). However, the pathway 
yielding ·OH from 3DOM* is much less favored than the 
pathway yielding 1O2. Furthermore, the concentration 
of ·OH is also one-thousandth to one-hundredth that of 1O2 
(Vione et al., 2010). In summary, 3DOM* is an important 
precursor of many ROSs, especially 1O2 in the natural water 
bodies.  

3.2  The determination and concentration of ROS photo- 
induced by DOM 

ROS photo-induced by DOM generally react too quickly 
with target chemicals, such as organic pollutants and DOM 
itself, to be indirectly detected (Bastviken et al., 2004). 
Therefore, ROS are generally captured by organic chemi-
cals, and their production rate and concentration can be in-
directly obtained by calculating those of the organic chemi-
cals, which are monitored using instruments such as high 
performance liquid chromatography (HPLC) (Zepp et al., 
1977; Vione et al., 2006; Boreen et al., 2008; Cory et al., 
2009, 2010; al Housari et al., 2010; Dalrymple et al., 2010; 
Peterson et al., 2012). 1O2 is captured by furfuryl alcohol 
(Boreen et al., 2008; Cory et al., 2009, 2010; al Housari et 
al., 2010; Dalrymple et al., 2010; Vione et al., 2010) or di-
methyl furfuryl (Zepp et al., 1977). A novel hydrophobic 
probe has been employed to investigate the microscopic 
distribution of 1O2 surrounding DOM (Latch and McNeill, 
2006). ·OH is captured by benzene (Vione et al., 2006, 
2010; al Housari et al., 2010). Notably, ·OH is generated 
from various precursors. However, DOM-induced ·OH ac-
counted for 52% of total ·OH. In some water bodies, this 
fraction is even up to 95% (Mopper and Zhou, 1990). 
2,4,6-trimethyl phenol is used as a probe for the determina-
tion of 3DOM* (al Housari et al., 2010). In natural water 
bodies, the quantum yield, initial formation rate and, steady- 

state concentration of 1O2 are 0.16%–2.38%, 18–51400 
pmol L1 s1, and 5–2200 fmol L1, respectively, whereas the 
quantum yield, initial formation rate and, steady-state con-
centration of ·OH are 0.003%–0.048%, 3–177 pmol L1 s1, 
and 0–67 fmol L1, respectively (Table 1). The initial for-
mation rate of 3DOM* is 3.6–7.4 pmol L1 s1 (Albinet et al., 
2010), and its steady-state concentration may reach 2000 
fmol L1, larger than 1O2 in most natural water bodies and 
far higher than ·OH (Lester et al., 2013). 

3.3  Factors influencing the DOM-induced production 
of ROS 

·OH can be photo-induced by both nitrate and DOM, and its 
concentration is controlled by the concentrations of both 
nitrate and DOM. The concentration of nitrate in ground-
water is 100 times higher than that of surface water. There-
fore, the nitrate-induced ·OH dominates the ROS (Vione et 
al., 2006). The same phenomenon is also observed in rain-
water, which has lower concentrations of DOM but higher 
levels of nitrate (Albinet et al., 2010). The molecular weight 
of DOM will affect the formation rate of ·OH; i.e., humic 
acids with larger molecular weight form ·OH faster (Lee et 
al., 2013). DOM of higher humification degree, i.e., with 
more chromophore-like oxygen-containing aromatic groups, 
have higher quantum yields of 1O2 (Peterson et al., 2012). 
Although a negative correlation between the pH of a specif-
ic DOM and the quantum yield of 1O2 was observed in a 
laboratory simulation experiment, that correlation was not 
found in natural water (Dalrymple et al., 2010). A reasona-
ble explanation is that there are various types of DOM in 
natural water, whose photo-inducing effects on the produc-
tion of 1O2 are diverse. Moreover, the properties of DOM 
plays a more important role than pH (Dalrymple et al., 
2010). The fluorescent fractions of DOM also affect the 
production of 1O2, as indicated by the significantly positive 
correlation between the steady-state concentration of 1O2 
and the fluorescent intensity of DOM (Coelho et al., 2011). 
Humified DOM from the remains of vascular plants has 
many conjugated functional groups such as aromatic hy-
drocarbons. These conjugated functional groups affect the 
production of 1O2, as indicated by the positive correlations 
between the steady-state concentrations of 1O2 and the ab-
sorption coefficient and between the formation rates of 1O2 
and spectral ratios, such as the spectral slope ratio and the 
absorption coefficient ratio (Peterson et al., 2012; Mostafa 
and Rosario-Ortiz, 2013). 

4.  Interaction of DOM with AOC: the binding 
interactions 

4.1  The binding interactions and their mechanisms 

Studies of the interaction between DOM and pollutants be-
gan with studies of adsorption, complexation, and binding  
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Table 1  The quantum yield (1O2), initial formation rate and (R1O2), steady-state concentration ([1O2]ss) of ROS (i.e., ·OH and 1O2) photo-induced by vari-
ous types of DOMsa) 

Location/types of DOM 1O2 
(%) 

R1O2 
(pmol L1 s1) 

[1O2]ss 
(fmol L1) 

·OH 
(%) 

R·OH 
(pmol L1 s1) 

[·OH]ss 
(fmol L1) 

References 

DOM (original water or extracted from original water by reverse osmosis) 

Natural water in southeastern USA nd nd 200–2200 nd nd nd Zepp et al., 1977 

Coastal and oceanic water in USA nd nd nd nd 3–34 0.001–0.014 Mopper and Zhou, 1990 

Lake Toolik in Alaska, USA nd nd nd nd 47–177 nd Grannas et al., 2006 

Lake Superior, USA nd 18–580 nd nd nd nd Peterson et al., 2012 

Suwannee River, USA 2.38 nd nd nd nd nd Dalrymple et al., 2010 

Wastewater treatment plant in Colo-
rado, USA 

2.77–8.59 nd 85–146 0.007–0.063 96–480 nd 
Coelho et al., 2011; 
Mostafa and Rosario- 
Ortiz, 2013 

Eutrophic lakes in Switzerland nd nd 67–280 nd nd nd Haag and Hoigne, 1986 

Rivers in Switzerland nd nd 59–110 nd nd nd Haag and Hoigne, 1986 

Wastewater in Switzerland nd nd 110–150 nd nd nd Haag and Hoigne, 1986 

Lakes in Piedmont, Italy nd nd nd nd 15–64 0.034–0.303 Vione et al., 2006 

Rainwater in Turin, Italy nd 0.001–680 0–3 nd 0–6 0–0.351 Albinet et al., 2010 

Freshwater lakes in Italy nd 1200–18000 5–72 nd 3–40 0.019–0.380 Vione et al., 2010 

Aquatic OM in Germany 0.16–0.91 nd nd nd nd nd Paul et al., 2004 

Terrestrial OM in Germany 0.26–2.69 nd nd nd nd nd Paul et al., 2004 

Fumemorte Channel in France nd 13600–51400 54–206 nd 15–19 0.094–0.172 al Housari et al., 2010 

Water-extractable OM in soils of Russia  nd 810–1050 nd nd nd nd Coelho et al., 2011 

Fulvic acid        

Suwannee River, USA 2.11–3.20 nd nd 0.003–0.047 16–24 nd 
Vaughan and Blough, 
1998; Lester et al., 2013 

Water-extractable OM in soils of Russia nd 260–1100 nd nd nd nd Coelho et al., 2011 

Humic acid        

Suwannee River, USA 0.59–1.59 nd 1500 0.003–0.048 nd 67 Lester et al., 2013 

Water-extractable OM in soils of Russia nd 82–460 nd nd nd nd Coelho et al., 2011 

a) nd, not determined.  

interactions between DOM and metals (Kerndorff and 
Schnitzer, 1980). The interaction between DOM and AOC 
attracts environmentalists’ attention and has become a re-
search hotspot because the diversity of anthropogenic or-
ganic chemicals used to meet human demand has increase 
more sharply than the diversity of metals. It is crucial to 
investigate the properties of AOCs to evaluate their risks. 
Different interactions between AOC and OM have been 
observed for dissolved and particulate OMs caused by var-
ious aquatic environments. For example, in acidic water, 
humic acid occurs as tiny particles or as colloids, which will 
form a distinct interface. In these situations, AOC (e.g., 
herbicides) will adsorb onto OM (Gaillardon, 1975). In al-
kaline water, humic acid will totally dissolve. In these situa-
tions, AOC (e.g., DDT) will instead bind to OM (Carter and 
Suffet, 1982). This paper focuses only on binding interac-
tions between AOC and DOM. 

Typically, a binding coefficient (KDOM) is calculated to 
quantify the binding interaction. Krop et al. (2001) summa-
rized 20th-century binding interaction studies and have built 
a database that includes over 900 KDOM values of 170 

AOCs. AOCs mainly consist of polycyclic aromatic hydro-
carbons (PAHs, including chlorinated polycyclic aromatic 
hydrocarbons), polychlorinated biphenyls (PCBs), and ag-
ricultural chemicals (pesticides, herbicides, fungicides, etc.). 
In recent years, the binding interactions of DOM with some 
new contaminants, including halogen phenols (Ohlenbusch 
et al., 2000), endocrine disruptors (Yamamoto et al., 2003), 
medicines and personal care products (Maoz and Chefetz, 
2010), pyrethroids (Delgado-Moreno et al., 2010), phthalate 
esters (Chai et al., 2010), and polybrominated diphenyl 
ethers (PBDEs) (Wang et al., 2011a) have been investigated 
and are shown in Table 2. The DOMs involved in these 
binding interactions consist of DOM extracted from water 
in lakes, wetlands, and forests, DOM extracted from sedi-
ments, soils, and composts, and commercial DOM (includ-
ing Sigma-Aldrich humic acid, humic and fulvic acids from 
the Suwannee River, and fulvic acid from Nordic lakes). 
The octanol-water partition coefficient Kow (in logarithmic 
form) of AOCs ranges from 0.97 to 8.27. For the weakly 
hydrophobic compound amitrole, the binding interaction 
mechanisms are non-covalent charge transfer and amide  
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Table 2  The mechanisms of DOM binding to AOCsa) 

Chemicals Kow DOM type Mechanism Reference 

Pesticides 

Amitrole 0.97 
Limnic DOM extracted by ultrafiltra-
tion 

Non-covalent charge transfer and amide bond formation Klaus et al., 1998 

Carbofuran 2.32 
Limnic and wetland DOM extracted 
by ultrafiltration 

Adsorption or partitioning between hydrophobic functional 
groups; hydrogen bonding, van der Waals attractions, and lig-
and exchange between hydrophilic functional groups (keto, 
amino, ether, carboxyl, alcoholic hydroxyl groups) 

Fang et al., 1998 Carbaryl 2.36 

Aldicarb 1.13 

Atrazine 2.61 Fulvic acid 
Spark and Swift, 
2002 

Simazine 2.18 DOM extracted from compost  
Weak forces such as hydrogen bonds and some covalent bond-
ing 

Ertunc et al., 2002 

Prometryne 3.51 
DOM extracted from sediments and 
plants 

Hydrogen bonds, van der Waals, and ligand exchange Chen et al., 2010 

Chlortoluron 2.41 DOM from sludge 
Affinity (chelation) interaction between hydrophobic functional 
groups 

Wu et al., 2004 

Pyrethroid 4.30–8.15 
DOM extracted from soil and com-
post 

Delgado-Moreno et 
al., 2010 

Napropamide 3.36 
DOM extracted from soil containing 
manure and plant 

Charge transfer, hydrogen bonding, and affinity (chelation) 
interaction between hydrophobic functional groups 

Sadegh-Zadeh et 
al., 2011 

Thiuram 1.73 Humic acid extracted from lignite Weak forces such as hydrogen bonding (carboxyl) Stathi et al., 2007 

Halogen phenols 

 2.35–5.01 Sigma-Aldrich humic acid 
Adsorption or partitioning between hydrophobic functional 
groups; hydrogen bonds between hydrophilic functional 
groups 

Ohlenbusch et al., 
2000 

Endocrine disruptors 

Estradiol 4.01 

Sigma-Aldrich humic acid, humic 
and fulvic acids from Suwannee 
River, fulvic acid from Nordic lakes, 
alginic acid, glucan and tannin 

Specific interactions: hydrophobic interactions, - bond inter-
actions, hydrogen bonds; non-specific interactions: other hy-
drophobic interactions 

Yamamoto et al., 
2003 

Estriol 2.45 

Ethinyl estradiol 3.67 

Nonylphenol 5.76 

P-tert-octyl phenol 5.28 

Organic mercury 

Methylmercury 0.08 DOM from stream Complexation with thiol Dong et al., 2010 

Polybrominated diphenyl ethers 

BDE-47, -99, 
-153, -183 

6.81–8.27 Sigma-Aldrich humic acid - bonding interaction and molecular planarity 
Ter Laak et al., 
2009 

Phthalate esters 

DEP 2.42 humic and fulvic acids extracted from 
garbage leachate  

Hydrophobic interactions between aromatic groups and hydro-
gen bonds between hydrophilic functional group (carboxyl) 

Chai et al., 2010 
DBP 5.53 

Medicines and personal care products 

Carbamazepine 2.45 
DOM extracted from sludge Hydrophobic interactions 

Maoz and Chefetz, 
2010 Naproxen 3.18 

a) The octanol-water partition coefficient Kow (in logarithmic form) of most chemicals is cited from databases or calculated using models in EPI SuiteTM 
v4.11 (http://www.epa.gov/oppt/exposure/pubs/episuitedl.htm) developed by the United States Environmental Protection Agency. Pyrethroids include bifen-
thrin (Kow=8.15), (cis- and trans-) permethrin (Kow=5.90 and 4.30), and cyfluthrin (Kow=5.95). Exception: Kow of halogen phenols is cited from Table 1 in the 
literature (Ohlenbusch et al., 2000); Kow of polybrominated diphenyl ethers is cited from Table 1 in the literature (Ter Laak et al., 2009). The phthalate esters 
include diethyl phthalate (DEP) and dibutyl phthalate (DBP). 

bonding via covalent way. For the amphiphilic AOCs, such 
as atrazine, pyrethroids, estradiol, and diethyl phthalate, the 
mechanisms seem complex and include specific interac-
tions, such as hydrogen bonding between hydrophilic func-

tional groups (e.g., keto, amino, ethyl, carboxyl, and alco-
holic hydroxyl groups), van der Waals, charge transfer, hy-
drophobic interactions, - bond interaction and some non- 
specific interactions like other hydrophobic interactions.  
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4.2  Methods of determining binding coefficients 

Currently, two main strategies are used to determine values 
of KDOM (or KDOC): 1) after the binding interaction reaches 
equilibrium, AOC is directly determined before and after 
the reactions without isolating AOC-DOM complexes, and 
typical methods of quantitation include the solubility en-
hancement method, the fluorescence quenching method, and 
the solid phase micro-extraction (SPME) method; 2) after 
the binding interaction reaches equilibrium, AOC is deter-
mined for the initial system and the equilibrium system 
without AOC-DOM complexes to calculate the concentra-
tion of the bound AOC by subtraction, and typical methods 
of quantitation include the dialysis membrane method, the 
complexation-flocculation method, and reverse-phase chro-
matography method. Notably, these latter strategies are de-
pendent on the stability of AOC-DOM during isolation 
(Ohlenbusch et al., 2000). Descriptions of the determination 
methods of binding coefficients follow, and their advantages 
and disadvantages are summarized in Table 3.  

The solubility enhancement method is based on deter-
mining the apparent solubility (S*

w) values of AOC as a 
function of increasing DOM concentration. The KDOM is 
calculated by the equation S*

w /Sw=1+KDOM[DOM], where Sw 
is the actual solubility and [DOM] is always indicated by 
DOC (Chin et al., 1997). In this method, excess AOC (10– 
100 times of Sw) is required to be added to the DOM at var-
ious concentrations. The AOC is always monitored by 
HPLC, GC, or scintillation counter. 

The dialysis membrane method uses membranes of vari-
ous pore size. The membrane is permeable to AOC but not 
to DOM. AOC concentrations inside and outside the dialysis 
membrane are measured after the interaction equilibrium. 
The KDOM is calculated using the equation Cinside/Coutside=1+ 
KDOM[DOM], where Cinside and Coutside are the inside and 
outside concentrations of AOC (O’Loughlin et al., 2000; 
Akkanen et al., 2004; Chai et al., 2010; Kuivikko et al., 
2010). The results of this method are consistent with those 
of the solubility enhancement method (Chiou et al., 1987). 

The fluorescence quenching method is mainly suitable 
for determining the KDOM of fluorescent AOCs, including 
polycyclic aromatic hydrocarbons and endocrine-disrupting 
chemicals (e.g., estradiol and nonylphenol) (Lee et al., 2003; 
Yamamoto et al., 2003). In detail, the method is based on 
the quenching of AOC fluorescence when the AOC-DOM 
interaction occurs. Based on the hypothesis that the 
quenching mode and amount of various DOM fractions are 
the same, the KDOM is calculated using the equation of Fo/F= 
1+KDOM[DOM], where Fo and F are the initial and the 
quenched intensities of AOC fluorescence, respectively. 
Considering that some fractions of complexes () may emit 
fluorescence, the KDOM is calculated by the modified equa-
tion of Fo/F=(1+KDOM[DOM])/(1+·KDOM[DOM]). 

The complexation-flocculation method presupposes that 
the AOC-DOM complex is relatively stable and that the 
AOC does not bind to floc during isolation. After adding 
aluminum, AOC-DOM will flocculate to form floc, which is 
further isolated to obtain the supernatant. The free AOC 
(Cfree) is measured in the supernatant, and the both free and 
bound AOC (Cfree+bond) is measured in the initial solution 
before adding aluminum (Laor and Rebhun, 1997; Moeckel 
et al., 2014). The KDOM is calculated using the equation of 
Cfree+bond/Cfree=1+KDOM[DOM]. 

The solid phase micro-extraction (SPME) method is 
based on determining initial total AOC (C0) using an absor-
bent-coated fiber before DOM is added and determining 
free AOC (Ceq) when the AOC-DOM binding reaction 
achieves equilibrium. The KDOM is calculated using the 
equation of C0/Ceq=1+KDOM[DOM]. This method is princi-
pally employed for determining the KDOM of hydrophilic 
AOCs such as phenols (Ohlenbusch et al., 2000). In recent 
years, this method has also been used to determine the KDOM 
of various AOCs with high Kow, such as PCBs, PAHs, 
PBDEs, and pyrethrins (Delgado-Moreno et al., 2010; 
Wang et al., 2011a).  

Reverse-phase chromatography involves first separating 
the free AOC and AOC-DOM complex by reverse-phase  

Table 3  Determination methods of binding coefficients and their advantages and disadvantages 

Method Advantages and disadvantages 

Solubility enhancement method This classic method is time-consuming and difficult to conduct, likely to extract the precipitated crystals of AOC, and 
not suitable for volatile or weakly hydrophobic (Kow<4.5) AOCs. 

Dialysis membrane method Compared to the solubility enhancement method, only a small amount of AOC is required, i.e., KDOM can be measured 
within the solubility range of AOC. However, the utility of this method is largely dependent on the dialysis membranes. 

Fluorescence quenching method A lower concentration of AOC is required, and interaction balance is very quick. Self-absorption might occur because of 
DOM. Inner filter effect might occur because the fluorescence excitation or emission intensity are weakened by phos-
phor or other absorbing materials. Therefore, self-absorption or inner filter corrections should be considered. This 
method is not suitable for non-fluorescent AOCs. 

Complexation-flocculation 
method 

This method is simple and has certain applications in the treatment of AOC-contaminated water, but interactions be-
tween AOC and floc might occur, and some DOM will not be removed by flocculation. 

Solid phase micro-extraction 
(SPME) method 

This method is suitable for situations involving pollution with combinations of various AOCs (O’Loughlin et al., 2000). 
The method depends on competitive interactions (adsorption or binding interaction) among AOC, SPME, and DOM. 
AOC with high Kow will be absorbed by SPMW, which might affect the AOC-DOM interaction equilibrium. 

Reverse phase chromatography 
method 

This method is easily operated and works fast, but the measured KDOM is often lower than other methods. Moreover, the 
results are imprecise. C18 column has a strong adsorption of DOM with rate of 25%, which will affect the determina-
tion of KDOM. 
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chromatography and determining them by detectors (Burgess 
et al., 1996). This method is based on two assumptions: 1) 
the AOC-DOM complex is relatively stable, and the time 
necessary for dissociation is larger than the retention time of 
AOC-DOM on the chromatography column; 2) DOM is 
weakly absorbed onto the chromatography column (Raber 
et al., 1998). 

4.3  Prediction models of binding coefficients 

Quantitative structure-activity relationships (QSAR) are 
typically used to predict the binding coefficients of AOC- 
DOM interaction. Krop et al. (2001) summarized QSAR 
models developed in the 20th century, including the linear 
free energy relationship (LFER) model, where Kow is the 
independent variable, the linear solvation energy relation-
ship (LSER) model, where solubility is the independent 
variable, the topological indices prediction model, where 
molecular topology parameters are the independent varia-
bles, the linear prediction model, where the properties of 
DOM (e.g., absorbance coefficient, molecular composition, 
and quantity of the hydrophobic group) are the independent 
variables, and the Flory-Huggins prediction model based on 
solvation theory. Those models are generally applicable in 
predicting KDOM of one or several types of AOCs. The target 
AOCs mainly include PAHs and PCBs, which have enough 
congeners. Of all of the above models, LFER is the most 
often employed. In recent years, LEFR has been used to 
predict KDOM of emerging AOCs, including halogen phenols 
(Ohlenbusch et al., 2000), endocrine disruptors (Yamamoto 
et al., 2003), and PBDEs (Wang et al., 2011a). 

The relationship between KDOM and Kow can be deduced 
from Flory-Huggins theory, so LFER is only a special case 
of the Flory-Huggins prediction model (Georgi and Kopinke, 
2002). The KDOM is calculated by the Flory-Huggins predic-
tion model of lnKDOM = ln(w) + ln(Vw/Vi) ln(φp(1 
Vi/VDOM)+) p

2, where Vw and VDOM are the molar volume 
of water and the DOM, w is activity coefficient of the AOC 
in water, ρ is the density of the DOM (1.2 g mL1), Vi is the 
molar volume of the AOC, and  is the Flory parameter 
(Chin and Weber, 1989). To simplify the model, the Vi/VDOM 
term may be omitted when the molar volume of AOC and 
the DOM are 800–3000 and 100–300 mL mol1, respec-
tively, and Vi/VDOM ratio is very small; however, this ratio 
could not be omitted when the molar volume of AOC is 
similar to or larger than that of the DOM (Chin et al., 1994). 
 consists of an enthalpy and an entropy term, i.e., =h+s, 
where s for humic acids is 0.25–0.34 (Georgi and Kopinke, 
2002), and h is the enthalpy when AOC and DOM are 
mixed under non-ideal conditions. When DOM has strong 
polarity, to evaluate h, Chin and Weber (1989) proposed an 
equation of h=Vi[(i p)+p

22p]/RT, where i is the sol-
ubility parameter of AOC, and p, p, and p are London, 
Keesom, and Debye solubility parameters, respectively.  

Compared to the non-Flory-Huggins prediction model, 
the Flory-Huggins prediction model takes into account the 
properties of both the AOC and the DOM. Therefore, the 
predicted values are much closer to the observed ones. 
Moreover, various types of AOCs can be predicted. How-
ever, this parameters in this model need to be corrected us-
ing a large amount of measured data. In summary, there are 
huge prospects to predict the KDOM of various AOCs associ-
ated with DOM in natural water (Haitzer et al., 1998). 

4.4  Factors influencing the binding interaction 

The binding interaction between AOC and DOM is obvi-
ously dependent on the chemical composition and proper-
ties of both substances (Yamamoto et al., 2003). DOM is 
composed of various chemicals, such as polysaccharides, 
proteins, amino acids, aromatic hydrocarbons, and humic 
substances. Polysaccharides are composed of monosaccha-
rides linked with glycosidic bonds. These long chains forms 
micro-scale fibrous structures that exhibit gel-like proper-
ties. Most amino acids are hydrophilic; some peptides and 
proteins are amphiphilic because of their hydrophobic func-
tional groups (e.g., phenyl in phenylalanine). Humic sub-
stances are typical amphiphilic chemicals. Their hydrophilic 
groups include carboxyl, hydroxyl, phenol, carbonyl, and 
ether, whereas the hydrophobics mainly consist of aromatic 
and aliphatic rings. Under a microscope, the molecules of 
fulvic acid are distributed discretely at low concentration. 
However, aggregation occurs when the concentration is 
increased (Namjesnik-Dejanovic and Maurice, 1997), which 
enhances the binding interaction between fulvic acid and 
hydrophobic AOCs (Pan et al., 2008). The chemical com-
position of DOM will affect its binding interaction with AOC 
through specific and non-specific mechanisms, as illustrated 
in Section 4.1. The chemical compositions of AOC are also 
inevitable influencing factors, as indicated by Table 2. 

The chemical properties and morphology are subject to 
environmental factors, which indirectly affect the binding 
interaction between AOC and DOM. Krop et al. (2001) 
summarized investigated environmental factors, including 
temperature, ionic strength (pH and salinity) and ion spe-
cies. Higher temperature weakens the binding interaction 
between AOC and DOM because more AOC can dissolve 
in the water phase (Haftka et al., 2010). Humic acid acts 
like micelles when the ionic strength is 5–50 mmol L1. 
However, aggregation occurs when the ionic strength is 
increased to 500 mmol L1 (Balnois et al., 1999), which 
enhances the binding interaction between humic acid and 
hydrophobic AOCs (Pan et al., 2008). The amount of car-
boxyl groups would increase with reduction of pH, which 
strengthens the binding interaction between DOM and 
AOCs containing  bonds (Chai et al., 2010). In addition to 
pH and ionic strength, aluminum ions can also make aggre-
gation of DOM occur (Pan et al., 2008). Recent studies 
suggest that ROSs generated by oxygen and light change 



 He W, et al.   Sci China Earth Sci   April (2016) Vol.59 No.4 755 

the molecular weight and the aromatic groups of DOM, and 
indirectly reduce the number of binding sites, thereby re-
ducing the binding coefficients (Lou et al., 2006).  

5.  Ecological and environmental effects of DOM 

This paper preliminarily discusses the ecological and envi-
ronmental effects of DOM on microorganisms and the bio-
availability of contaminants. Microorganisms include both 
autotrophic algae and photosynthetic bacteria as well as 
heterotrophic aerobic and anaerobic bacteria. As shown in 
Figures 1 and 2, DOM is derived from detritus and secre-
tions of aquatic macroorganisms and microorganisms 
(Smith et al., 1992; Kawasaki and Benner, 2006). Microor-
ganisms also play crucial roles in degrading DOM (Simon 
et al., 2002). In addition, DOM is important source of nu-
trients for microorganisms (Azam and Malfatti, 2007), pro-
tects microorganisms by absorbing dangerous ultraviolet 
radiation (Schindler and Curtis, 1997), and moderates the 
bioavailability of contaminants to microorganisms (Graham 
et al., 2012). 

In aquatic ecosystems, algae and bacteria are important 
sources of DOM (Cawley et al., 2012). In Lake Kasumi-
gaura, amino acids and neutral sugars contributed by bacte-
ria account for 30–50% of DOM (Kawasaki et al., 2013). 
Oceanic DOM mainly consists of extracellular polymers 
(EPS), such as polysaccharides produced by diatoms (Wot-
ton, 2004). Some DOMs are degradation production of or-
ganisms’ detritus by hydrolases and oxidases secreted by 
microorganisms (Smith et al., 1992). Non-sinking DOM is 
converted from settling POM by the enzymatic activities of 
microbes living on the surface of that POM like “marine 
snow”. Therefore, plumes of DOM occur following settling 
POM (Azam and Malfatti, 2007), also resulting in the ver-
tical distribution of fluorescent DOM with depth (Bushaw et 
al., 1996). Among labile DOM, proteins and lipids (includ-
ing fatty acids, plant sterols, and alcohols) are finally bio- 
degraded into inorganic matter through microbial respira-
tion (Mannino and Harvey, 1999). DOM with higher de-
grees of humification will further aggregate or be absorbed 
onto the surface of colloidal particles or/and minerals 
(Kerner et al., 2003; Zielińska et al., 2014). 

Microbial community structure and function are heavily 
influenced by DOM. Microbial community structure is sub-
ject to the characteristics of OMs because microbes’ ability 
to use different OMs are different (Cottrell and Kirchman, 
2000). Kritzberg et al. (2006) investigated the influence of 
OMs on bacterial community structure and function in lakes 
and found that the ratio of autochthonous carbon to alloch-
thonous carbon structured bacterial communities in various 
lakes. The seasonal variation of bacterial community is also 
associated with DOM. OM also affects the functions of 
bacterial community, such as productivity, respiration, and 
growth rate. Labile, low-molecular-weight DOM and re-

fractory DOM with high molecular weight are preferentially 
used by bacterial community, followed by metabolizing 
refractory DOM with higher molecular weight (Docherty et 
al., 2006). 

DOM has an important impact on the bioavailability of 
contaminants in aquatic ecosystems. In the 1980s, Landrum 
et al. (1985) found that the toxicity of AOC to amphipods 
was reduced due to the adsorption or binding interaction 
between DOM and AOC. DOM was also observed to re-
duce the bioavailability of dioxin to rainbow trout (Servos 
et al., 1989). In the 1990s, some studies indicated that DOM 
increases the toxicity of some AOCs. For example, fen-
valerate’s toxicity on Daphnia magna was increased in wa-
ter containing DOM (Oikari et al., 1992). In eutrophic wa-
ter, PCBs are more strongly associated with the DOM in the 
water column rather than with POM in sediment, resulting 
in discriminative toxicity to the organisms in the water 
column (Gunnarsson and Rosenberg, 1996). In recent years, 
the bioavailability of emerging AOCs, including methyl-
mercury (Luengen et al., 2012), organotin pesticides (Loos-
er et al., 2000), and chlorpyrifos (Mezin and Hale, 2004), 
were investigated. The results indicated that DOM reduces 
their bioavailability. Ruotsalainen et al. (2010) found that 
DOM not only reduced the intake rate of pyrene by Daph-
nia magna but also increased that species’ in vivo biocon-
version rate of pyrene. DOM enhanced the bioavailability of 
nano-copper oxides. The DOM-nanoparticle complex is still 
toxic after being ingested by cells, i.e., free copper would be 
metabolized in cells, but copper oxide bound to DOM can-
not be metabolized and still acts on the target organelles 
(Wang et al., 2011b). Nevertheless, the enhancement mecha-
nism of DOM on the bioavailability of AOC is still limited. 
Ecological risk is used to estimate the occurrence probability 
of ecological hazards of AOC under particular circum-
stances (Maltby et al., 2005; Domene et al., 2008). Envi-
ronmental scientists have contributed much to the ecologi-
cal risk assessment of AOCs (Domene et al., 2008; Wang et 
al., 2010) and have noticed that DOM has inevitable impact 
on the ecological risk of AOCs (Ruotsalainen et al., 2010). 
However, the ecological risk assessment of AOCs currently 
only incorporates the effects of DOM qualitatively and 
quantitative models remain lacking. 

6.  The key issues and prospects 

6.1  Mutual exchange between DOM and POM 

Currently, few studies summarize the mutual exchange be-
tween DOM and POM and associated influencing factors at 
both the macro-(ecological) and micro-(molecular) scale. 
Bio-mediated and light-induced exchange (through aggre-
gation/dissolution, adsorption /desorption) mechanisms de-
serve more attention. The biological community, including 
previously well-studied microbes and comparatively less 
studied zooplankton & hydrophytes, is seldom considered in 
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studies of the factors influencing the exchange mechanisms. 
However, this study has important practical value to the 
global carbon cycle (Druon et al., 2010). Even some widely 
investigated abiotic DOM-POM exchanges lack reasonable 
explanations, so more relevant in-depth research should be 
conducted (Bhaskar et al., 2005). Furthermore, in-depth 
understanding of DOM-POM transformation mechanisms is 
of great practical significance for water contaminant control 
(Yang et al., 2014). 

6.2  Other potential photochemical behaviors of DOM 

The photochemical degradation of natural organic matter 
typically occurs in water bodies, resulting in changes of 
DOM characteristics such as molecular weight and chemi-
cal structure. Limited by characterization techniques, the 
knowledge of DOM photo-degradation products is still lim-
ited. Few studies of the DOM-induced ROS in China’s 
aquatic ecosystems have been conducted. It will be neces-
sary to conduct studies of DOM-photo-induced ROS that 
consider the composite effects of environmental factors, 
including light intensity, light wavelength, temperature, 
salinity, pH, and dissolved oxygen to better elucidate the 
photochemical behaviors of DOM. The results will be of 
great importance in explaining the role of DOM in the 
self-purification capacity of aquatic ecosystems and the 
relationship between DOM photochemical behaviors and 
environmental quality.  

6.3  Binding interactions between AOC and DOM 

Studies of the AOC-DOM binding interaction are typically 
conducted in labs. Most studies only involve a single AOC 
or a single class of AOCs. However, there are large num-
bers of AOC in natural water bodies. Hence, laboratory de-
termination of AOC’s KDOM in a solution of multiple AOCs 
and field investigation of AOCs’ apparent KDOM are cur-
rently relevant aims of AOC-DOM binding interaction 
studies. The discrepancies between AOC KDOM values in 
single-pollutant and multi-pollutant systems and between 
lab determination and field investigation should also be 
gauged.  

6.4  DOM’s impacts on the ecological risks of AOC 

The binding interaction between DOM and AOC will affect 
the bioavailable concentration and ecological risk of AOC, 
which is still limited. However, studies of DOM impacts on 
the ecological risks of AOC are needed, including evaluat-
ing the bioavailable concentration of AOCs, assessing the 
ecological risks of AOCs at the species level and the com-
munity level under influence of DOM, and identifying DOM 
modes of influence for specific AOCs of interest. The results 
such studies would aid policymakers in prioritizing which 
contaminants to control and constructing DOM-sensitive 

water quality criteria. 
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