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Wastewater reuse is currently considered globally as the most critical element of

sustainable water management. The dissolved effluent organic matter (dEfOM) present in

biologically treated urban wastewater, consists of a heterogeneous mixture of refractory

organic compounds with diverse structures and varying origin, including dissolved

natural organic matter, soluble microbial products, endocrine disrupting compounds,

pharmaceuticals and personal care products residues, disinfection by-products,

metabolites/transformation products and others, which can reach the aquatic

environment through discharge and reuse applications. dEfOM constitutes the major

fraction of the effluent organic matter (EfOM) and due to its chemical complexity, it is

necessary to utilize a battery of complementary techniques to adequately describe its
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Wastewater treatment and reuse
structural and functional character. dEfOM has been shown to exhibit contrasting effects

towards various aquatic organisms. It decreases metal uptake, thus potentially reducing

their bioavailability to exposed organisms. On the other hand, dEfOM can be adsorbed on

cell membranes inducing toxic effects. This review paper evaluates the performance of

various advanced treatment processes (i.e., membrane filtration and separation processes,

activated carbon adsorption, ion-exchange resin process, and advanced chemical

oxidation processes) in removing dEfOM from wastewater effluents. In general, the

literature findings reveal that dEfOM removal by advanced treatment processes depends on

the type and the amount of organic compounds present in the aqueous matrix, as well

as the operational parameters and the removal mechanisms taking place during the

application of each treatment technology.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction e current state of knowledge

Reuse of urban wastewater is considered as an important

component of sustainable wastewater management practices

worldwide, mainly for non-potable applications. Reclaimed

wastewater is widely reused for surface and groundwater

replenishment purposes, while agricultural and landscape

irrigation (e.g., golf camp irrigation) in water-scarce regions

such as Cyprus, France, Italy, Israel, Jordan, Lebanon, Malta,

Spain, etc is widely implemented (Bdour et al., 2009; Mu~noz

et al., 2009; Pedrero et al., 2010; Kalavrouziotis et al., 2013;

Becerra-Castro et al., 2015). Water scarcity, foreseen to

aggravate in Mediterranean countries, led to the utilization of

reclaimed wastewater, for the irrigation of forage and cereals,
fruit trees and in some cases vegetables, depending on the

discharge standards stated in the national legislation.

According to Bixio et al. (2008), four non-potable uses of

reclaimed wastewater are identified worldwide (mostly in

Australia, Europe, Japan, and US): (i) agricultural irrigation, (ii)

industry, (iii) urban, recreational and environmental uses

(including aquifer recharge), and (iv) combinations of the

above.

A distinction between ‘indirect’ and ‘direct’ potable reuse

applications was proposed by USEPA (2004) and Gerrity et al.

(2013), depending on whether the reclaimed wastewater is

used directly or mixed with other sources. Indirect potable

reuse (IPR) occurs through the augmentation of drinkingwater

supplies with urban wastewater treated to a level suitable for

IPR followed by an environmental buffer (e.g., rivers, dams,

http://dx.doi.org/10.1016/j.watres.2015.03.011
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aquifers, etc.). In this case, urban wastewater passes through

a series of treatment steps that encompasses membrane

filtration and separation processes (e.g., microfiltration [MF],

ultrafiltration [UF] and reverse osmosis [RO]), followed by an

advanced chemical oxidation process (e.g., UV, ozone)

(Rodriguez et al., 2009). A noticeable example of IPR was

observed during the severe drought in Barcelona during 2008,

when the water authorities in the region considered

augmenting drinking water supplies with reclaimed

wastewater, through the discharge of the latter into a river

(L�opez-Serna et al., 2012). IPR or even unplanned potable use

of reclaimed wastewater exists in many countries (Bixio et al.,

2006; Bdour et al., 2009), where the latter is discharged into

groundwater to hold back saline intrusion in coastal aquifers.

IPR has generally included some type of environmental buffer,

but conditions in certain areas have created an urgent

need for more direct alternatives. Direct potable reuse (DPR)

examples (i.e., introduction of purified water derived from

urban wastewater after extensive treatment and monitoring

directly into a municipal water supply system, Leverenz et al.,

2011) have also been reported (Pisani and Menge, 2013;

Etchepare and van der Hoek, 2014). A representative

example of DPR is the case of Windhoek (Namibia), where

treated wastewater has been blended with drinking water for

more than 40 years, based on the multiple treatment barriers

concept (i.e., pre-ozonation, enhanced coagulation/dissolved

air flotation/rapid sand filtration, and subsequent ozone,

biological activated carbon/granular activated carbon) to

reduce associated risks and improve the water quality.

The practice of wastewater reuse, in particular for

irrigation, is accompanied by a number of benefits relating to

the enhancement of water balances and soil enrichment by

the nutrients existing in the treated effluents (World Health

Organization-WHO, 2006; Candela et al., 2007; Murray and

Ray, 2010). However, there is general lack of knowledge

regarding the remaining effluent organic matter (EfOM) in the

urban wastewater after conventional treatment, and the

potential implications following its discharge in the

environment.

The generic term EfOM is used herein to denote a variety of

recalcitrant organic compounds present in the biologically

treated urban wastewater for which chemical structure

cannot be uniquely identified, but can be grouped according to

their functional moieties (Abbt-Braun et al., 2004). The

organic composition of the EfOM in reclaimed wastewater is a

reflection of the origin of the raw water before becoming

wastewater and of the domestic, industrial, and agricultural

activities contributing to the sewage influent, while it also

depends on the wastewater treatment processes applied and

their operating conditions. The scientific community has

experienced difficulties in providing a unified definition of

EfOM due to its high structural and functional complexity.

During the last decades, substantial effort has been directed

towards the characterization of the dissolved effluent organic

matter (dEfOM), which is functionally defined as the fraction

of the EfOM that passes through a 0.45 mm membrane filter,

and generally represents the major fraction (>90%) of the

EfOM (Thurman, 1985). According to Drewes and Fox (2000),

dEfOM comprises dissolved natural organic matter (NOM)

deriving from drinking water sources, soluble microbial
products (SMPs) originating from the activated sludge

treatment, and trace organic compounds of industrial and

residential origin along with their transformation products

resulting during treatment. Dissolved organic carbon (DOC) is

widely used as a surrogate parameter for the quantification

of dEfOM. However, this parameter provides a general

assessment of dEfOM and does not elucidate its structural

characteristics. Because of the immense structural complexity

of dEfOM, a variety of analytical techniques have been utilized

to characterize the chemistry and reactivity of the dEfOM

components. These include: physicochemical analysis (e.g.,

elemental analysis, acid/base titration), spectroscopic

methods (e.g., ultraviolet/visible spectrometry [UV/Vis],

Fourier-transform infrared spectroscopy [FTIR], nuclear

magnetic resonance [NMR], fluorescence spectroscopy),

chromatographic methods (e.g., gel chromatography or

high performance size-exclusion chromatography [HPSEC]),

thermal degradation methods (e.g., pyrolysis in combination

with liquid or gas chromatography coupled with mass

spectrometry [LC/MS or GC/MS]), and other fractionation

techniques (Abbt-Braun et al., 2004; Uyguner-Demirel and

Bekbolet, 2011).

Reclaimed wastewater is being widely used, but as

highlighted in Fatta-Kassinos et al. (2011a), a number of

unanswered questions are still related to this practice,

especially with regard to the presence of dEfOM in the treated

effluents. For example, dEfOM is considered to be a precursor

for disinfection by-products (DBPs) during wastewater

chlorination (Crebelli et al., 2005; Krasner et al., 2009), which

have been linked to cancer and reproductive defects (United

States Environmental Protection Agency-USEPA, 2006). It is

also correlated to other unwanted water quality-related

issues, since it increases the transport and distribution of

inorganic and organic microcontaminants due to its metal

complexation capacity and interactive propertieswith organic

compounds (Shon et al., 2006a). In addition, there are limited

and conflicting reports with respect to the toxicity of dEfOM

on aquatic microorganisms. Direct adverse interactions of

dissolved organic matter present in natural water with

aquatic organisms have been observed due to its capacity to

penetrate into the cell membranes (Campbell et al., 1997;

Vigneault et al., 2000; Wood et al., 2003; Glover et al., 2005;

Meinelt et al., 2007), while dEfOM was found to induce toxic

effects (Vasquez and Fatta-Kassinos, 2013). On the other hand,

Pernet-Coudrier et al. (2008) reported that dEfOM may

interfere with the fate and transport of many compounds (i.e.,

metals, microcontaminants), potentially by altering/reducing

their bioavailability and toxicity to aquatic microorganisms.

dEfOM also constitutes a key design and operational

parameter in wastewater treatment processes. For example, it

is responsible for membrane fouling (Jarusutthirak et al.,

2002), acts as substrate for bacterial growth in distribution

systems, and interferes with the removal of other contami-

nants (Joseph et al., 2012).

As amixture of heterogeneous soluble organic compounds,

dEfOM is persistent and very difficult to treat cost-effectively

in wastewater. Recently, the application of advanced

treatment processes has gained significant attention for

removing dEfOM. Detailed investigations on the utilization

of membrane filtration, activated carbon adsorption,

http://dx.doi.org/10.1016/j.watres.2015.03.011
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anion-exchange resin treatment, and advanced chemical

oxidation processes have been reported (Shon et al., 2007;

Gur-Reznik et al., 2008; Filloux et al., 2012b; Gonzales et al.,

2012; Audenaert et al., 2013; Rodrı́guez-Chueca et al., 2014).

The evaluation of the literature findings emphasizes that the

removal of dEfOM and its sub-constituents are influenced by

the process mechanisms and operational parameters, while

its removal is study-specific depending on the diverse physi-

cochemical characteristics of the matrix, such as the kind and

the amount of organic matter (Shon et al., 2006a).

This review paper focuses on the chemical structure of

dEfOM and its related fractions, and it provides an overview of

the analytical techniques applied for its characterization. The

current knowledge on the potential biological effects of dEfOM

is also presented. Thereafter, an overview on the evaluation of

the performance of various advanced treatment technologies

in removing dEfOM from wastewater effluents, together with

recent relevant literature, is provided. This review paper

highlights relevant knowledge gaps that relate to the future

research directions required on the behaviour and potential

biological effects of dEfOM, once released in the environment.

According to the authors' knowledge, this review paper

constitutes the first integrated approach regarding dEfOM

constituents, its biological potency towards various species

and its removal through the application of different advanced

treatment technologies. This is of special interest in the

context of sustainable wastewater reuse strategies, since the

presence of dEfOM not only affects the current discharge

standards of the treated wastewater effluent, but also

becomes a primary constraint to safe wastewater reuse.
2. The composition of dissolved effluent
organic matter

EfOM consists of both particulate and dissolved organic

compounds. Filtration through a 0.45 mm filter has been

established as the standard procedure for separating

dissolved and particulate components (Danielsson, 1982). It is

generally accepted that particles under 0.45 mm are classified

as dissolved (i.e., dEfOM), while particles above that limit are

classified as colloidal or particulate effluent organic matter

(pEfOM). Within EfOM, cellulose fibers comprise a major con-

stituent of pEfOM due to their incomplete conversion during

the activated sludge treatment (Ruiken et al., 2013). Other

pEfOM constituents include algae, protozoa, bacterial flocs

and single cells, microbial waste products, and other miscel-

laneous debris (Levine et al., 1985). dEfOM is generally the

most studied fraction of EfOM, though limited research has

been reported (Drewes and Crou�e, 2002; Jin et al., 2011).

The dEfOM present in the biologically treated wastewater

consists of dissolved natural organic matter (NOM) that

derives from drinking water sources, soluble microbial

products (SMPs) that are formed during the biological

wastewater treatment (i.e., activated sludge), trace organic

compounds (microcontaminants) produced during domestic

and/or industrial use (e.g., endocrine disrupting chemicals

[EDCs], pharmaceuticals and personal care products residues

[PPCPs], etc), disinfection by-products (DBPs) and trans-

formation products resulting from the various biotic and
abiotic processes that can take place during treatment

(Levine et al., 1985; Drewes et al., 2003). dEfOM includes

mainly cell fragments (less than 0.2 mm diameter size) and

macromolecules (e.g., proteins, polysaccharides, etc.) (Shon

et al., 2006a). The characteristics and the content of dEfOM

are highly dependent on the sources of wastewater, the

processes of wastewater treatment and their operating con-

ditions (Jin et al., 2011). Fig. 1 illustrates the main origins of

influent urban wastewater along with the main components

of the dEfOM that can potentially result during biological

wastewater treatment.

2.1. Natural organic matter

Natural organic matter (NOM) is a general term assigned to all

the organic compounds present in natural water, i.e.

surface, ground and soil pore water (�Swietlik et al., 2004;

Uyguner-Demirel and Bekbolet, 2011; Delay et al., in press).

Recent experimental results demonstrated that dissolved

NOM (particles <0.45 mm) constitutes an important fraction of

dEfOM present in urban wastewater effluents (Filloux et al.,

2012a; Yu et al., 2015). The bulk volume of dEfOM was

proved to contain humic-like materials associated with the

corresponding drinking water sources (Jarusutthirak and

Amy, 2007). The characteristics of dEfOM and dissolved NOM

overlap extensively (Krasner et al., 2009); however, the

aromatic moieties present in dEfOM are probably of different

origin than those of dissolved NOM (Drewes and Crou�e, 2002).

DissolvedNOM is a complexmixture of aromatic and aliphatic

molecules with a broad spectrum of chemical structures and

molecular weight distribution (MWD), highly influenced by its

origin, climatic conditions and the biogeochemical cycles of

the surrounding environments (Frimmel, 1998; Ghabbour and

Davies, 2001; Leenheer, 2004; Fabris et al., 2008). The chemical

composition and properties of dissolved NOM may also vary

within the same location seasonally, due to rainfall, snowmelt

runoff, floods or droughts (Matilainen et al., 2010).

NOM originates from both allochthonous (watershed or

terrestrial) and autochthonous (algal or in situ) sources

(McKnight et al., 2001; Henderson et al., 2008). Allochthonous

NOM is transported within the watershed and is derived from

and influenced by the geology, land-use, and hydrology of its

origin, while autochthonous NOM is generated within the

water column through microbial and algal activity (Hudson

et al., 2007). Allochthonous NOM generally exhibits humic

character, while autochthonous NOM principally consists of

soluble algogenic organic matter that mainly includes glycolic

acid, carbohydrates, polysaccharides, amino acids, peptides,

enzymes, and toxins (Her et al., 2004). Some researchers have

reported that the allochthonous NOM is more aromatic than

the autochthonous NOM (Zumstein and Buffle, 1989).

Whilst the fractions are more operationally than structur-

ally defined, organic compounds present in dissolved NOM

can be judiciously assigned to a particular fraction according

to their chain length and functional groups. The most

accepted categories of dissolved NOM are hydrophobic and

hydrophilic organics with further identification as acid/base/

neutral compounds (�Swietlik et al., 2004). The largest fraction

of dissolved NOM comprises hydrophobic acids, which

constitute approximately 50% of the DOC in natural water

http://dx.doi.org/10.1016/j.watres.2015.03.011
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(Thurman, 1985). Hydrophobic dissolved NOM principally

consists of humic substances incorporating humic acids,

fulvic acids, and humin. Humic substances are traditionally

defined according to their solubility in water. Humic acid is

not soluble in water at pH < 2 but becomes soluble at more

alkaline conditions. Fulvic acid is soluble at all pH values,

while humin is insoluble at all pH conditions (Gaffney et al.,

1996). Hydrophobic dissolved NOM is characterized to be

rich in aromatic carbon, phenolic structures and conjugated

double bonds, while the hydrophilic fraction incorporates

more aliphatic carbon and nitrogenous compounds, such as

carboxylic acids, carbohydrates, and proteins. In their

comprehensive reviews, McDonald et al. (2004) and Sutton

and Sposito (2005) reported the origins and possible molecu-

lar structure of NOM. In general, they reported that NOM from

different origins (e.g., humic substances formed from

either lignin or by polymerization/condensation reactions

of biomolecules) appears to have different characteristics

with abundance of various functional groups. The detailed

chemical pathways of the formation of NOM are yet

not defined, and it is not clear whether the source of NOM is

reflected in the resulting humic substances.
2.2. Soluble microbial products

Experimental results showed that a significant fraction of

dEfOM in biologically treated wastewater contains soluble

organic products of microbial origin, or soluble microbial

products (SMPs) (Baskir and Hansford, 1980; Saunders and

Dick, 1981). These products are ubiquitous in biological

treatment and have been found to comprise the majority of

the DOC of wastewater effluents (Shon et al., 2006a). Accord-

ing to Barker and Stuckey (1999), SMPs are biologically derived

either from substrate metabolism during biomass growth

(utilization-associated products [UAPs]) or from cell lysis

during biomass decay (biomass-associated products [BAPs]).

UAPs are generated at a rate proportional to the substrate

utilization rate, while BAPs' production is proportional to the

biomass concentration. Several process parameters that

might influence the production and properties of SMPs

include the: organic loading rate, hydraulic and solid retention

time (HRT, SRT), substrate type, biomass concentration,

temperature, reactor type, etc (Kuo et al., 1996; Aquino and

Stuckey, 2004; Liang et al., 2007). A significant decrease in

the amount of SMPs was reported to occur in a sequencing
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batch reactor (SBR) as the SRT increased from 3.3 to 27.7 days

(Esparza-Soto et al., 2011). Humic substances, carbohydrates,

and proteins have been successfully identified as the major

components of SMPs, though their precise composition still

remains unclear (Liang et al., 2007).

Although the presence of SMPs in biological treatment

systems has already been acknowledged in the literature,

there is lack of information regarding their formation and

composition. Namkung and Rittmann (1986) investigated the

formation of SMPs by utilizing a laboratory-scale biofilm

reactor and naturally-grown oligotrophs. The experimental

results showed that ~85% of the effluent DOC consisted of

SMPs, which contained mainly organic compounds with high

molecular weight (MW). In another study performed by

Barker et al. (2000), the chemical composition, MWD, and

biodegradability of SMPs in an anaerobic baffled reactor (ABR)

were examined. This compartmentalized reactor could

achieve partial separation of acidogenic and methanogenic

processes, and separation of the HRT and SRT. This

study revealed that high MW (100e300 kDa) compounds (i.e.,

heteropolysaccharides and lipopolysaccharides) were

concentrated in the middle compartments of the reactor and

represented 22% of the effluent chemical oxygen demand

(COD). On the other hand, low MW (<1 kDa) compounds (i.e.,

alcohols and carboxylates) were detected in the first

compartment of the ABR and in the final effluent, constituting

36% of the effluent COD. SMPs production was found to

decrease with decreasing the HRT, while the increase of

temperature resulted in higher SMPs production.

Jarusutthirak and Amy (2007) have examined the formation of

SMPs during the biological treatment of organic matter in

an SBR. According to their results, the organic compounds

present in a synthetic wastewater to which glucose was

added, were totally transformed to BAPs, consisting mainly of

high MW fractions of organic matter, possibly originating

from cell lysis. Aquino and Stuckey (2004) investigated the

formation of SMPs using anaerobic chemostats fed on glucose

(~10 gCOD/L) and they reported that under steady-state

conditions, 82e98% of the effluent COD was attributed to

SMPs. SMPs accumulation was also found to be proportional

to the dose of toxicant spiked into the chemostats (chromium

and chloroform which were used to be representatives

of heavy metals and chlorinated organic compounds,

respectively). Cell lysis was reported to be the main

mechanism contributing towards SMPs accumulation in the

presence of chromium and chloroform.

In general, it is not yet clear what the characteristics of

SMPs are, and whether they are produced during biomass

growth or cell lysis. Nevertheless, this aspect is of great

importance with regard to the optimization of biological

wastewater treatment processes.

2.3. Contaminants of emerging concern

During the last decade, innovative analytical techniques have

enabled the identification and quantitation of awide variety of

chemical microcontaminants, widely known as ‘contami-

nants of emerging concern (CECs)’ in treated wastewater

effluents (Fatta-Kassinos et al., 2011b). According to the

NORMAN Association of reference laboratories, research
centres, and related organizations for monitoring of emerging

environmental substances (http://www.norman-network.

net), the term ‘contaminants of emerging concern’ does not

necessarily refer to ‘new substances’, i.e., newly introduced

chemicals and their transformation products and/or

metabolites, but also refers to chemicals (both synthetic and

naturally occurring compounds) with previously unrecog-

nized adverse effects on the environment. CECs include

endocrine disrupting compounds (EDCs), pharmaceuticals

and personal care products residues (PPCPs), and many other

complex compounds (plasticisers, surfactants, pesticides,

detergents, nanoparticles, etc.) (Nikolaou et al., 2007;

Fatta-Kassinos et al., 2011b).

These microcontaminants have been detected in the

dEfOM at the ng L�1 to the mg L�1 level (Heberer, 2002). This

indicates that the conventional treatment technologies do not

completely remove microcontaminants and this leads to

their subsequent release into the aquatic environment

through discharge and/or reuse applications. Hydrophobic

microcontaminant residues are accumulated in pEfOM, while

hydrophilic ones are expected to occur at higher concentra-

tion in dEfOM. An exhaustive literature review has already

been provided on the occurrence of these microcontaminants

in treated urban wastewater (Daughton and Ternes, 1999;

Petrovi�c et al., 2006, 2007; Watkinson et al., 2009;

Fatta-Kassinos et al., 2011b; Michael et al., 2013).

Wastewater disinfection employed inmany countries aims

at reducing microbial contamination and preventing the

spread of pathogens present in reclaimed wastewater into

the environment. Chlorination is the most widely utilized

disinfection process. dEfOM can react with disinfectants (e.g.,

chlorine, chloramines), resulting thus in the generation of

disinfection by-products (DBPs) (Crebelli et al., 2005). It has

been generally considered to be the main DBPs precursor, and

especially its hydrophobic portion (Liu et al., 2010). The

hydrophilic low MW dEfOM though has also been reported to

play a significant role in DBPs formation (Parsons et al., 2004;

Hua and Reckhow, 2007). More than 700 compounds of DBPs

have been reported in the literature (Richardson, 2003), among

which trihalomethanes (THMs) and haloacetic acids (HAAs)

are the two groups detected at higher concentrations in the

disinfected wastewater (Krasner et al., 2009). In addition, a

variety of nitrosamines (aliphatic, alicyclic and aromatic),

such as N-nitrosodimethylamine (NDMA), were frequently

detected in wastewater effluents due to the exposure of

organic nitrogen-containing compounds to chloramine

(Pehlivanoglu-Mantasa et al., 2006; Krauss et al., 2009). It was

reported (Sedlak et al., 2005) that the average concentration of

NDMA in tertiary wastewater effluents is approximately 80

and 100 ng L�1 prior to and after disinfection, respectively.

It is noted that SMPs which constitute the main portion of

dissolved organic nitrogen (DON), are suspected to be

the main precursors of the formation of nitrosamines.

Brominated and iodinated DBPs have also been detected at

high concentration levels in chlorinated wastewater

(Richardson and Ternes, 2005). It is worth noting that the

formation of DBPs is prevented in the case that UV-driven

processes are employed as alternative means to chlorine for

wastewater disinfection (Lazarova and Savoye, 2004; Nasser

et al., 2006). Recently, it was demonstrated that Light
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Emitting Diodes (LEDs) seem to be promising in eliminating

potentially pathogenic bacteria (coliform and enterococci)

from wastewater effluents (Chevremont et al., 2012, 2013).

Nonetheless, UV processes can also lead to the formation of

toxic oxidation products whose biological potency should not

be neglected (Fatta-Kassinos et al., 2011c).

EfOM also contains a mixture of biological micro-

contaminants of emerging concern such as antibiotic-

resistant bacteria and their genes (ARB&ARG). To date, it has

not yet been reported in which part (pEfOM or dEfOM) of the

EfOM, the ARB&ARG are accumulating. Nevertheless, it may

be assumed that antibiotic-resistant bacteria are found in

pEfOM, while their genes (or othermobile antibiotic resistance

genetic elements such as plasmids which facilitate the

transfer of antibiotic resistance genes between bacteria) may

be detected in dEfOM. A recent review by Rizzo et al. (2013)

highlights the prevalence and spread of ARB&ARG into the

environment since wastewater treatment plants (WWTPs) are

regarded as the main hotspots for ARB&ARG evolution.

Resistance can also be promoted through horizontal

gene transfer during the activated sludge treatment via

conjugation, transduction and transformation (Zhang et al.,

2009). WHO (2014) identified the development of resistance

as one of the ‘major global threats to the society’ and

recommends urgent coordinated action and intensive

monitoring for the identification/surveillance of critical

hotspots (e.g., WWTPs), aiming at reducing its propagation.

Recently, a national strategy was released by theWhite House

in US, in order to establish surveillance systems for tracking

the spread of ARB (The White House, 2014). It is important to

note that a new European COST Action (ES1403) under the title

‘New and emerging challenges and opportunities in wastewater

reuse (NEREUS)’ (http://www.nereus-cost.eu) has recently

initiated its activities that include among others ARB&ARG

monitoring and control and enhancement of sustainable

wastewater reuse in light of current challenges at technolog-

ical, economical and societal level.
3. Characterization and quantification of
dissolved organic matter

During the last decades, substantial effort has been directed

towards the characterization of dEfOM. The ill-defined nature

of dEfOM is due to the difficulty in determining the exact

concentrations and classes of different compounds with

varying structures and properties. Accordingly, various

analytical techniques are used individually or in combination

to provide adequate information on these substances.

dEfOM is generally quantified in terms of surrogate

parameters, such as COD, biochemical oxygen demand (BOD),

dissolved or total organic carbon (DOC or TOC) and DON. The

aforementioned parameters are routinely assessed by the

WWTPs in their operational and quality control, with the aim

to comply with the treated effluent discharge requirements.

Nevertheless, these parameters can be regarded as poor

indicators of the organic carbon source and do not offer any

information on the structure of dEfOM.

A vast number of studies has been published on analytical

methods for the structural characterization of the dissolved
organic matter present in various aqueous matrices (Frimmel

and Christman, 1988; Frimmel and Abbt-Braun, 1999; Hedges

et al., 2000; O'Loughlin and Chin, 2001; Abbt-Braun et al., 2004;

Uyguner-Demirel and Bekbolet, 2011; Kim and Dempsey, 2012;

Quaranta et al., 2012). Given that this subject is very extensive,

the purpose of this section is not to provide a complete

literature review on this topic, but rather highlight some

examples documenting the utilization of the most commonly

applied analytical methods (i.e., fractionation, spectroscopic

and chromatographic techniques) for the characterization of

the dissolved organic matter present in various aqueous

matrices (i.e., wastewater effluents, surface water, etc.). Table

S1 (Supplementary data) provides a summary of recent

studies on the characterization of the bulk volume of

dissolved organicmatter present in bothwastewater effluents

(i.e., dEfOM) and natural water (i.e., dissolved NOM) the aim

being to present the state-of-the-art analytical techniques

and the general methodology currently employed for its

characterization. A clear distinction between the studies

focusing on the characterisation of dissolved NOM (e.g.,

surface water, groundwater, reservoirs) and the studies

dealing with dEfOM has been made, the latter being marked

with an asterisk (*) in Table S1.

Among the various analytical methods applied for dis-

solved organic matter characterization, the most common

methods include physicochemical, spectroscopic, chromato-

graphic, and fractionation techniques. Also, pyrolysis

in conjunction with mass spectrometry (MS) and/or gas

chromatography (GC) has been utilized in some studies as a

qualitative, rather than a quantitative technique (Sirivedhin

and Gray, 2005). The advantage of the pyrolysis approach is

that natural biopolymers present in dissolved organic matter,

can be quantified using the specific fragments formed

(Leenheer and Crou�e, 2003). Its major disadvantage however,

is that this technique requires an isolation step prior to

analysis.

The isolation of dissolved organic matter into different

fractions is an established first step to gain information about

its structure and functionality. The most frequently applied

procedure for isolation/fractionation of dissolved organic

matter is based on the column sorption technique in

conjunction with ion-exchange resins, to simultaneously

concentrate and separate specific organic components of

dissolved organic matter into hydrophobic and hydrophilic

fractions (Serkiz and Perdue, 1990; Abbt-Braun et al., 2004).

An outline of the fractionation procedure in water and

wastewater samples was reported by Leenheer (1981), while

modifications of this general concept have been made by

several investigators (Bolto et al., 1999; Ma et al., 2001; Imai

et al., 2002; Marhaba et al., 2003; �Swietlik et al., 2004;

Kim and Dempsey, 2012). To separate the hydrophobic and

hydrophilic substances and further the acidic, basic

and neutral compounds in each fraction, the sample is

sequentially passed through a neutral resin (XAD-8), a strong

cation-exchange resin, and finally through a strong

anion-exchange resin using acids and bases of various

concentrations for elution.

It should be stressed that the fractionation procedure is

operation-dependent and consequently, in order to produce

comparable results for the amount and kind of organic
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substances present in each fraction, it is imperative to follow

strictly the procedure. It is worth noting that although the

XAD resin method has been employed by the US Geological

Survey and the International Humic Substances Society, the

yield is typically around only 40e60% and the procedure is

laborious andmay alter the structure of the organicmatter. To

this effect, reverse osmosis in combinationwith ion-exchange

resins, used after membrane filtration, has also been

employed with a higher yield for dissolved organic matter

concentration and fractionation (Ma et al., 2001; Leenheer,

2009).

Alternatively, spectroscopic techniques, specifically

the spectrophotometric absorbance recorded at specific

wavelengths and fluorescence measured in excitation/emis-

sion or synchronous scan modes, have been successfully

applied for the identification and characterization of dissolved

organic matter (Baker, 2001; Bengraı̈ne and Marhaba, 2004).

The presence of chromophores (i.e., light-absorbing moieties

usually C]C and C]O double bonds) in dissolved organic

matter are detected through UV/Vis absorption properties.

Another approach to approximate the aromaticity of

dissolved organic matter is the specific UV absorbance

(SUVA). SUVA is defined as the samples' UV absorbance at

254 nm (UV254, m�1) divided by the corresponding DOC

(mg L�1) concentration of the solution. This provides a

quantitative evaluation of the aromatic content of the organic

matter per unit concentration of organic carbon (Weishaar

et al., 2003). High SUVA values indicate that the dissolved

organic matter is largely composed of hydrophobic and high

MW organic compounds, while low SUVA values indicate that

the water contains mainly hydrophilic organic compounds of

lowMWand low charge density (Matilainen et al., 2010). Crou�e

et al. (1999) employed carbon-13 nuclear magnetic resonance

(13C NMR) in order to correlate SUVA and the aromatic carbon

content of dissolved organic matter. However, due to the

complex nature of dissolved organicmatter comprising a large

number and a wide variety of chromophores without a unique

and easily distinguishable absorption spectrum, UV spectro-

scopic methods cannot provide precise understanding of

its structural characteristics. A recent approach based

on fluorescence excitation and emission spectroscopy

coupled with parallel factor analysis was employed by Yu

et al. (2015) as a means to dEfOM quantification. The results

demonstrated that tyrosine-like substances (mainly UAPs of

SMPs), tryptophan-like substances, as well as fulvic-like and

humic-like substances were the main constituents persisting

in dEfOM.

A highly sensitive technique which can provide qualitative

molecular information about the fluorophores of dissolved

organic matter, is the fluorescence spectroscopy (i.e., emis-

sion/excitation measurements, as well as multidimensional

techniques) (�Swietlik and Sikorska, 2004; Carvalho et al., 2008;

Korak et al., 2014). Fluorescence characteristic spectra are

highly related to structure and functional groups inmolecules

(�Swietlik and Sikorska, 2004). Previous work for the charac-

terization of dissolved organic matter with fluorescence

spectroscopy revealed that humic substances typically

fluoresce in the excitation range of 300e400 nm and the

emission range of 400e500 nm (Goslan et al., 2004). However,

fluorescence studies of dissolved organic matter and
identification of particular fluorophores remain difficult and

contradictory owing to its complex chemical structure and

methodology issues, such as spectral overlapping, peak

shifting, and peak broadening (Chen et al., 2002). The linear

relationship between fluorescence intensity and DOC was

found to deviate from linearity at environmentally relevant

concentrations (Korak et al., 2014). Hudson et al. (2007)

presented a comprehensive review on the application of

fluorescence spectroscopic techniques for the measurement

of the intrinsic fluorescence of dissolved organic matter in

marine water, freshwater and wastewater.

Another commonly used technique for the characteriza-

tion of dissolved organic matter is the high performance

size-exclusion chromatography (HPSEC) which is commonly

used to determine the MWD of dissolved organic matter and

to fractionate humic substances (Fabris et al., 2008; Quaranta

et al., 2012). The advantages of HPSEC over other analytical

techniques are: small sample volumes, minimal sample pre-

treatment, ease and speed of analysis, and the ability

to use several detectors (i.e., UV/Vis, fluorescence and DOC

analyzers) (O'Loughlin and Chin, 2001). HPSEC and SUVA are

employed to reveal information about the composition and

properties of dissolved organicmatter and its fractions (Cheng

et al., 2005; Korshin et al., 2009).

Recent advances in mass spectrometry systems (e.g.,

Orbitrap Fourier transform mass spectrometry [FT-MS] and

Electrospray ionization Fourier transform ion cyclotron

resonance mass spectrometry [ESI-FT-ICR-MS]) were

employed to provide a detailed chemical fingerprint of dEfOM.

It has been shown that sulphur-containing compounds are

present in dEfOM, which can be attributed to surfactants

(linear alkyl benzene sulfonates), their associated-products

such as dialkyl tetralin sulfonates, as well as their

biodegraded products (sulfophenyl carboxylic acids) (Gonsior

et al., 2011; Urai et al., 2014).

The complex and diverse structure of dissolved organic

matter requires a multi-method analytical characterization,

thereby providing an adequate and comprehensive image of

its molecular structure and properties. A validation and

correlation of data deriving from different and independent

characterization techniques (i.e., isolation/fractionation and

physicochemical/spectroscopic/chromatographic methods)

is essential, in order to gather more detailed structural

information.
4. Effects and challenges associated with
dEfOM and wastewater reuse

Although treated wastewater reuse schemes in agricultural

and landscape irrigation are becoming more important due to

increasing water shortages, rising costs, and regulatory

Directives (e.g., European Council Directive 91/271/EEC), the

current knowledge on the potential effects that dEfOM might

induce to the aquatic environment is limited. The European

Council Directive 91/271/EEC concerning urban wastewater

treatment in Article 12 states that ‘Treated wastewater

shall be reused whenever appropriate. Disposal routes shall

minimize the adverse effects on the environment’. To date,

the ecotoxicological evaluation of urbanwastewater in Europe
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has been indirectly recognized through the implementation of

the Water Framework Directive (2000/60/EC). Lifting

the existing ecotoxicological barriers that are related to

wastewater reuse has been placed as a top priority by various

European Initiatives such as the Joint Programming Initiative

ofWater Challenges, the European Blueprint ofWater, and the

Strategic Implementation Plan of the European Innovation

Partnership on Water. European Commission has also started

working towards the preparation of a European Directive on

Wastewater Reuse (CEN/SABE, 2014). To date, countries with

organized wastewater reuse schemes have developed

national or regional regulations/guidelines based on conven-

tional chemical (COD, DOC, BOD, total suspended solids [TSS],

heavymetals, etc.) andmicrobiological (Escherichia coli, eggs of

intestinal worms, etc.) parameters, which are insufficient for

performing an environmental risk analysis (Vasquez and

Fatta-Kassinos, 2013).

In general, dissolved organic matter has been shown to

exhibit a contradictory effect towards various aquatic organ-

isms. It contains a variety of ligands that facilitate binding of

inorganic (e.g., metal ions) and organic microcontaminants,

thus potentially reducing their bioavailability to exposed

organisms (Sarathy and Allen, 2005; Buzier et al., 2006;

Pernet-Coudrier et al., 2008). On the other hand, it can

induce toxic effects by its adsorption on cell membranes.

Which effect prevails in real environmental conditions

depends on the physicochemical characteristics of the

dissolved organic matter, the functional biology of different

species and the exposure conditions (S�anchez-Marı́n et al.,

2011). From an ecotoxicological point of view, the biological

effects of dissolved NOM are also presented herein

considering the fact that the latter was proved to be a key

fraction of the bulk volume of dEfOM (and especially the

allochthonous portion) (Yu et al., 2015), aiming at facilitating

the understanding of such effects and assessing its contribu-

tion to the overall biological effect.

A limited number of studies have addressed the great

binding potential of dEfOM present in treated wastewater

effluents to complex metals, alleviating thus metal toxicity to

aquatic organisms. Pernet-Coudrier et al. (2008) reported that

Cu toxicity towards Daphnia magna was reduced in the

presence of dEfOM subjected to RO followed by fractionation

with XAD-4,8 resins (DOC < 0.5mg L�1). The critical effect to D.

magna was assessed using the biologically determined

constant (kbio, L mgC
�1) for each dEfOM fraction (i.e.,

hydrophobic, transphilic, hydrophilic) considering the free Cu

concentration. The results showed that the labile toxic Cu

concentration was slightly higher in the case of hydrophobic

and transphilic fractions compared to hydrophilic, while

compounds with low SUVA (e.g., proteins or polysaccharides)

were suspected to play a significant role in the Cu complexa-

tion by dEfOM. The biologically determined constant values

for hydrophobic, transphilic and hydrophilic fractions were

found to be 9.9, 11.3 and 9.8 L mgC
�1, respectively. A similar

constant (kbio ¼ 8.4 L mgC
�1) was reported by Buzier et al. (2006)

who studied the toxicity of D. magna in the presence of filtered

wastewater (raw [DOC ¼ 4.7e5.5 mg L�1] and treated

[DOC ¼ 1.1e2.3 mg L�1]) from two WWTPs. The complexation

of Cu and Cd by dEfOM was reported to be strongly depended

on the dEfOM concentration, with the binding capacities to be
lower in the case of treated wastewater possibly due to the

ligand removal during treatment. In a study performed by

Sarathy andAllen (2005), the complexation of Cu by biological-

derived macromolecules (i.e., SMPs) present in dEfOM

(DOC ¼ 10 mg L�1) was demonstrated. Worms et al. (2010)

investigated the role of dEfOM from WWTPs on the

speciation of Cd and Pb and their uptake by the green alga

Chlorella kesslerii. It was demonstrated that dEfOM induced

complexation of Pb to a greater extent than Cd, which is

consistent with the findings of Buffle (1988). In addition, the

intracellular Cd and Pb contents in the algaewere reduced due

to their complexation by dEfOM. A high complexation of Zn by

dEfOM (DOC ¼ 15 mg L�1) was reported by Louis et al. (2014),

which was mainly attributed to the hydrophilic fraction, i.e.,

binding 60e75% of total Zn.

Dissolved NOM present in surface water has been

extensively studied with respect to its capacity to complex

metals. Lamelas et al. (2005) have demonstrated that

polysaccharides, in particular alginic acid, may exhibit Pb

complexing properties and a protective role, with respect to

the green alga C. kesslerii. Bioavailability models, such as the

biotic ligand model (BLM), have been developed by De

Schamphelaere et al. (2004) aiming at predicting the effect of

dissolved NOM on metal speciation and toxicity towards D.

magna. This study showed that the predictive capacity of the

acute D. magna Cu-BLMwas improved taking into account the

dissolved NOM variability. Schwartz et al. (2004) showed that

toxicity of Cu and Pb towards rainbow trout Oncorhynchus

mykisswas decreased in the presence of dissolved NOM, while

the degree of protection varied with respect to NOM source

(i.e., allochthonous and autochthonous). In the case of Cd, no

variability in toxicity to freshwater fish between the different

types of dissolved NOM was observed. Dissolved NOM was

also reported to reduce Ag toxicity to D. magna, due to its

strong affinity to bind Ag (Glover and Wood, 2005). In a recent

study performed by Louis et al. (2014), the strong affinity of

dissolved NOM to bind Zn was demonstrated. Moreover,

recent investigations with Pb, Hg, Cu, Cd and Ni have

demonstrated the higher metal binding ability of hydrophilic

dissolved NOM compared to humic substances (Baken et al.,

2011; Muresan et al., 2011).

The aforementioned studies reveal that a fundamental

understanding of the 'protective' effect of both dEfOM and

dissolved NOM and their metal complexation capacity in

various environmental systems is crucial. Since biological

effects due to metals are always initiated by metal

bioaccumulation, more research on the mechanisms

underlying bioaccumulation will lead to an improved

evaluation of the impacts of metals on aquatic organisms. In

addition, the results obtained with respect to the metal

complexation by dissolved organic matter suggest that the

chemical heterogeneity and size dependence of metal binding

have to be taken into account to better understand the overall

effects of dEfOM on the interactions of metals with aquatic

organisms.

In contrast to the aforementioned ‘protective’ role of

dissolved NOM, direct adverse effects of dissolved NOM on

aquatic organisms have also been observed. For example,

dissolved NOM molecules may accumulate on cellular

membranes, inducing toxic effects and altering their basic
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functions (Campbell et al., 1997;Wood et al., 2003; Glover et al.,

2005; Galvez et al., 2008). Campbell et al. (1997) reported the

sorption of dissolvedNOMon themembranes of algae and fish

gill cells under acidic pH conditions due to the formation of

hydrogen bonds on the biological surfaces or the production of

hydrophobic interactions between dissolved NOM and the

membrane. In a similar study by Galvez et al. (2008), the ability

of dissolved NOM in altering the fundamental physiological

properties of fish gills under acidic conditions was demon-

strated. Timofeyev et al. (2006) reported that dissolved NOM

had an adverse impact on the amphipods Gammarus lacustris

and Gammarus tigrinus by inducing internal oxidative stress,

leading to the membrane lipid structures deterioration and

microorganisms' mortality. Many authors reported also that

humic compounds present in dissolved NOM can be adsorbed

onto the algal membrane surfaces, affecting thus the

membrane permeability and functionalities (e.g., charge,

binding sites, speciation) (Knauer and Buffle, 2001; Slaveykova

et al., 2003; Lamelas et al., 2009). Vigneault et al. (2000)

found that humic substances were able to penetrate into

phytoplankton and other model membranes, which led to

enhanced permeability at neutral pH conditions. The above

results suggest that since membrane permeability is highly

affected by pH, the interactive effects of dissolved NOM on

membrane permeability of various species should be studied

at a range of pH values in future investigations. An interesting

study by Meinelt et al. (2004) showed also that the exposure of

young swordtail (Xiphophorus helleri) to high concentrations of

synthetic humic substances with a median particle mass of

1500 Da (HS1500) significantly affected the physiological

functions and slightly altered the sex ratio of the fish. The

weak feminization has been attributed to the presence of

alkylphenols in HS1500. However, further studies should be

performed in order to confirm the molecular mechanisms of

this effect and to investigate whether this behaviour may be

appear to other fish or amphibian species.

To date, there are no available studies in the scientific

literature dedicated to the toxic effects that can be elicited by

dEfOM. However, since dissolved NOM is a key portion of

dEfOM and the chemical characteristics of effluent-derived

and naturally-derived organic compounds overlap exten-

sively (Drewes and Crou�e, 2002), it may be assumed that at

least similar effect prevails in the case of exposing

aquatic microorganisms to dEfOM. As a part of water quality

monitoring programmes, whole effluent toxicity (WET) tests

have been applied to regulate discharges in the United States

for over a decade (USEPA, 1991). In a recent study by Vasquez

and Fatta-Kassinos (2013), four organisms from different

trophic levels were used for the WET testing of treated

wastewater, namely, P. subcapitata, D. magna, Artemia salina

and Vibrio fischeri. The ecotoxicological assessment indicated

the presence of toxicity throughout the sampling periods

and importantly, an increase of the toxicity of the treated

wastewater during summer compared to winter. This

observation is in agreement with that reported by Kosmala

et al. (1999), using the 7-day Ceriodaphnia dubia chronic

toxicity test. It has been clearly shown that P. subcapitata was

more sensitive than D. magna to treated wastewater, while V.

fischeri and A. salina were found to be less sensitive. Even

though correlations were found to exist among some species
and physicochemical parameters (e.g., COD), these parame-

ters were not able to explain the toxicity mechanisms,

implying a more complex interaction scheme.

As for urban wastewater use in agricultural irrigation, little

research has been conducted on the environmental risks

associatedwith dEfOM, since all studies are devoted to specific

microcontaminants present in the treated wastewater (e.g.,

xenobiotic organic compounds, heavy metals, etc.).

Fatta-Kassinos et al. (2011a) presents an extensive review on

the toxicity (acute and chronic) of various xenobiotic com-

pounds, as well as their accumulation in soil and their uptake

by plants through wastewater reuse. Mu~noz et al. (2009)

investigated the potential environmental risks of crop irriga-

tion using secondary treated urban wastewater containing 27

micropollutants (PPCPs, pesticides, heavy metals, etc.).

Pharmaceuticals and heavy metals were assumed to be

the main contributors to the risk and the need for tertiary

treatment prior to reuse was highlighted. In a recent

review (Pedrero et al., 2010), the fundamentals of agricultural

irrigation using treated urban wastewater and the status of

wastewater reuse in the Mediterranean basin (i.e., Greece and

Spain) along with studies related to the effects on soils and

plants were presented. The focus, however, of this study was

the effect of specificmetals present in the treatedwastewater,

rather than dEfOM. In addition, the status of the treated

wastewater reuse in Greece, Israel, Italy and Cyprus was

recently examined by Kalavrouziotis et al. (2013). The authors

underlined the necessity for research on the safe wastewater

reuse strategies with respect to the presence of heavy metals

and xenobiotics in the treated wastewater, in order to comply

with future needs of high-quality effluent. The potential

uptake of microcontaminants present in dEfOM by plants in

soils irrigated with reclaimed wastewater is of outmost

concern for unrestricted effluent utilization. Boxall et al. (2006)

investigated the potential of various pharmaceuticals to be

accumulated in soil and be taken up by plants used for human

consumption. The analyses indicated that some compounds

were present in soils for at least 5 months following applica-

tion. Also, the uptake of pharmaceuticals into carrot roots,

lettuce leaves, and cucumber plants has been observed by

Shenker et al. (2011) andWu et al. (2013). An interesting study

by Malchi et al. (2014), revealed that a number of pharma-

ceuticals can be taken up by various wastewater-irrigated

crops, while it was reported that the threshold of toxicolog-

ical concern of lamotrigine can be reached for a child at a daily

consumption of half a carrot (~60 g) irrigatedwithwastewater.

In addition to the lack of studies, there is a methodological

gap in environmental risk assessment (ERA) of wastewater

irrigation, since guidelines (EC-European Commission, 2003)

recognize only two possible routes for organic micro-

contaminants to enter the soil compartment, i.e., aerial

deposition and application of wastewater sludge.

During the last decade, microcontaminants persisting in

dEfOM have been quantified, thus more chemicals need to be

evaluated for safe wastewater reuse (Petrovi�c and Barcel�o,

2006; Fatta-Kassinos et al., 2011a). The majority of these

microcontaminants are not currently regulated although

many of these compounds (even at low concentrations) are

known or suspected for impacts to the aquatic environment

(Weber et al., 2006).

http://dx.doi.org/10.1016/j.watres.2015.03.011
http://dx.doi.org/10.1016/j.watres.2015.03.011


wat e r r e s e a r c h 7 7 ( 2 0 1 5 ) 2 1 3e2 4 8 223
During wastewater disinfection, dEfOM can react with

disinfectants resulting in the formation of various DBPs, with

potential endocrine disruption and (geno)toxic effects

(Richardson, 2003; Krasner et al., 2009;Wu et al., 2014). The list

of DBPs identified in disinfected wastewater has been

expanded during the last years as a result of the improved

analytical tools, from THMs and HAAs to an extensive list

of halogenated and non-halogenated organic or inorganic

species (Crebelli et al., 2005; Sun et al., 2009). Yet, the forma-

tion of DBPs during wastewater disinfection has so far

received much less attention compared to the drinking

water-derived DBPs, the latter being regulated in several

countries (Singer and Bilyk, 2002; Mosteo et al., 2009). Previous

studies (Chu et al., 2010) reported that SMPs, which are

enrichedwith nitrogen-containing compounds, constitute the

main precursors to the formation of DBPs. Brominated and

iodinated DBPs have also been recognized as toxicologically

important because the latter were proved to be much more

carcinogenic than their chlorinated analogues (Richardson

and Ternes, 2005; Sirivedhin and Gray, 2005; Yang et al.,

2005). According to WHO (2008), NDMA, which has been

identified as a primary disinfection by-product of wastewater

chloramination, has potential carcinogenic and genotoxic

effects.

The presence of pharmaceutical compounds in dEfOM

is also of major concern. Diclofenac, oestradiol (E2) and

ethinyl-estradiol (EE2) are included into the European Union

priority list of compounds known to pose a significant risk to

surface water. In April 2013, the Council and the European

Parliament reached an informal agreement on priority

substances in the field of water policy. These compoundswere

included in a special 'watch list' that will be monitored but do

not yet have an Environmental Quality Standard (EQS) (COM,

2011). In addition, the relation between wastewater and

antibiotic resistance is now recognized since urban waste-

water contains a variety of ARB&ARG (Rizzo et al., 2013).

Furthermore, (i) the wastewater biological treatment stage

itself, constitutes a reactor capable to promote the horizontal

gene transfer of resistance among bacteria, and (ii) resistance

can develop due to the continuous contact of bacteria and

antibiotics. Even though the presence of antibiotics in the

treated urban wastewater and the promotion/dissemination

of antibiotic resistance have been documented in the scien-

tific literature (Baquero et al., 2008; Zhang et al., 2009; Michael

et al., 2013; Rizzo et al., 2013), knowledge on the actual effects

of reuse in relation to the evolution and spread of antibiotic

resistance through the release of resistance genes, is currently

not consolidated and there is not yet any European legislation

to address this issue. The Environmental Monitoring Strategy

Team of the European Committee on Standardisation (CEN/

SABE) has published in 2014, a Strategic Position Paper on

‘Wastewater reuse and implications for future standardisation’,

which recommends to (i) evaluate the antibiotic resistance

accumulation in soil and growing media for food crops during

wastewater reuse, (ii) define acceptable threshold values of

resistance in the environment and (iii) develop harmonised

risk assessment protocols for the determination of resistance

spread and transmission to humans and the food chain. In

addition, it asks for the identification of indicators concerning

the contaminants of emerging concern to be monitored
during wastewater reuse applications (CEN/SABE, 2014). Even

though the priority microcontaminants constitute only a very

small portion of the chemical composition of dEfOM, there is

an urgent need to launch an intensive research towards the

understanding of their interactions with dEfOM and their

potential environmental risks.
5. Assessment of advanced treatment
performance on dEfOM removal

The great structural complexity and chemical stability of

dEfOM impose challenges to theWWTPs for better operational

optimization and proper process control. Also, in the context

of the safe reuse of reclaimed wastewater, proper manage-

ment of dEfOM and associated microcontaminants should be

adopted especially where strict guideline limits may be

developed. Efforts should be put by the wastewater treatment

facilities to invest in additional treatment processes to mini-

mize the residual dEfOM resulting from the conventional

biological treatment. In recent years, considerable efforts

have been made with respect to the application of advanced

treatment technologies, such as membrane filtration,

activated carbon adsorption, anion-exchange resins and

advanced chemical oxidation processes, capable of removing

significant amounts of dEfOM. Table 1 provides an overview of

the recent work undertaken in this field demonstrating the

removal of dEfOM present in biologically treated wastewater

effluents following advanced treatment. dEfOM removal was

assessed in terms of organic carbonmeasurements and UV254

absorbance. Complementary information regarding the

experimental conditions, the organic load, and the main

findings as reported by studies presented herein are included.

In the subsequent section, special emphasis is devoted to the

key parameters associated with the efficiency of each process

regarding dEfOM removal. It is important to note that the

number of studies dealing with the assessment of advanced

treatment in removing dEfOM is limited compared to

those focussing on the advanced treatment for the removal of

dissolved NOM present in natural water (e.g., surface water,

groundwater, reservoir, etc.), nonetheless the latter was

beyond the scope of this review.

5.1. Membrane filtration and separation processes

Membrane-based processes are increasingly being used in

wastewater treatment to obtain a high quality final effluent

for various end-uses. Membrane systems have been used as

substitutes for secondary settling basins in conventional

activated sludge (CAS) treatment plants (i.e., membrane

bioreactors-MBRs), thus limiting biomass separation

problems and making it possible to work with high biomass

concentrations in the biological reactors (Alonso et al., 2001).

The effluent quality achieved with MBRs is improved

compared to CAS with respect to pEfOM removal, resulting in

a final effluent with 5e10 mg L�1 of DOC and <2 mg L�1 of TSS

(Melin et al., 2006). Microfiltration (MF) and ultrafiltration (UF)

have been described as very effective in reducing pEfOM, large

colloids and bacterial cells from wastewater (Alonso et al.,

2001; Filloux et al., 2012a). While the pores in MF and UF are

http://dx.doi.org/10.1016/j.watres.2015.03.011
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Table 1 e Removal of dEfOM with advanced treatment (examples taken from the recent literature [2000e2015]).

Matrix Organic content Treatment features Main findings
where available, the organic content removal (%) is provided

Reference
in alphabetical

order

Membrane filtration and separation processes

Wastewater effluent

jprimary

treatmentj

COD ¼ 165 mg L�1 UF (10e15 kDa)

Pre-treatment: coagulation (FeCl3,

120 mg L�1) and PAC (40 mg L�1)

- CODremoval (%)/UF ¼ 70; FeCl3 þ UF ¼ 87.9; PAC þ UF ¼ 75.7;

FeCl3 þ PAC þ UF ¼ 95.8

- Coagulation and PAC reduced the membrane fouling.

Abdessemed and

Nezzal, 2002

Wastewater effluent

jCAS, sequencing
batch reactorj

DOC ¼ 4.9e9.9 mg L�1

SUVA ¼ 2.5e3.3 L mg�1 m�1

UF (pore size: 0.04 mm) - The biopolymers fraction and the humic substances were found to

contribute largely to the total fouling.

Ayache et al.,

2013

Wastewater effluent

jCASj
na MF (pore size: 0.2 mm);

UF (50,000 Da)

- CODremoval (%)/MF ¼ 47; UF ¼ 46

- MF and UF resulted in same quality output of the treated water. From an

economical point of view, MF offered superior advantages compared to UF.

Alonso et al.,

2001

Wastewater effluent

jtertiary
treatmentj

DOC ¼ 4.61 mg L�1 MF (pore size: 0.04 mm); NF (200 Da);

RO (100 Da)

- DOCremoval (%)/MF ¼ 0; NF ¼ 91.3e94.5; RO ¼ 94e95.9

- HighMWcompounds (i.e. humic and fulvic acids) were entirely rejected by

the NF and RO membranes.

- 40e50% of the remaining TOC in permeates consisted of lowMWacids and

neutrals representing an MW range of ~500 Da.

Drewes et al.,

2003

Wastewater effluent

jCASj
DOC ¼ 6.8 mg L�1

SUVA ¼ 3.04 L mg�1 m�1

MF (pore size: 0.04 mm);

UF (150 kDa)

Pre-treatment: AER (5 mg L�1),

PAC (100 mg L�1) and ozonation

(O3/DOC ¼ 5.5)

- Biopolymersremoval (%)/MF-UF ¼ 82e89; AER þ MF-UF ¼ 68e71;

PAC þ MF-UF ¼ 52e63; Ozonation þ MF-UF ¼ 6e14

- Humic compounds/building blocksremoval (%)/MF-UF ¼ 12e16;

AER þ MF-UF ¼ 4e5; PAC þ MF-UF ¼ 1e2; Ozonation þ MF-UF ¼ 0

- Pre-treatment with AER and PAC did not improve the permeate flux rate

for MF or UF in contrast to ozonation.

Filloux et al.,

2012b

Wastewater effluent

jMBRj
TOC ¼ 11.1 mg dm�3

SUVA ¼ 1.4 dm3 mg�1 m�1

RO

Pre-treatment: GAC (0.015e2 g)

- The residual organic matter present in the RO permeate was mainly

composed of hydrophilic substances.

- The adsorbable fraction remained almost constant (~30%) in the entire

hydraulic range studied, corresponding to a steady removal of the

hydrophobic fraction prone to adsorb on the membrane surface, ranging

from 63% to 66%.

Gur-Reznik et al.,

2008

Wastewater effluent

jCAS, ponds, dual
media filtrationj

COD ¼ 2e37 mg L�1 UF (pore size: 0.04 mm) - DOCremoval (%)/12e25%

- The DOC removed comprised biopolymers (proteins,

polysaccharides and colloidal organics).

Henderson et al.,

2011

Wastewater effluent

jCASj
DOC ¼ 5.90e14.36 mg L�1

SUVA ¼ 1.82e2.71 L mg�1 m�1

MF (pore size: 0.2 mm);

UF (50,000 Da)

- The colloidal fraction showed high flux decline andmembrane fouling due

to the pore blockage. The hydrophobic and transphilic fractions exhibited

less fouling and flux decline than the colloids due to theirmolecular size as

well as electrostatic repulsion between organic acids and the membrane

surface.

- Proteins, polysaccharides and/or aminosugars were the main foulants.

Jarusutthirak

et al., 2002

Wastewater effluent

jCASj
TOC ¼ 26.7e44.4 mg L�1

SUVA ¼ 1.4e2.2 L mg�1 m�1

RO

Pre-treatment: UF, dual media

filtration (sand and anthracite), GAC

- TOCremoval (%)/75e90

- UF provided the best pre-treatment for RO resulting in high turbidity

removal and low flux decline. The dual media filter and GAC did not

Kim et al., 2002
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and flocculation (polyacrylamide,

15 mg L�1)

provide adequate pre-treatment; this led to rapid fouling in the RO

membrane. Flocculation did not significantly improve the performance of

the dual media filtration and the GAC.

Wastewater effluent

jCAS, coagulation,
sand filtrationj

DOC ¼ 6.5 mg L�1

SUVA ¼ 2.2 L mg�1 m�1

NF (200e400 Da)

Pre-treatment: ozonation

(O3/DOC ¼ 0.6e1) and slow sand

filtration (sand size: 0.4e0.8 mm)

- DOCremoval (%) ¼ 89.2; SUVAremoval (%) ¼ 6.7

- With the help of ozonation leading to breakdown of the large organic

molecules, slow sand filtration preferentially removed SMPs and dEfOM

with MW < 1 kDa.

- NF removed humic acid-like (72%) and fulvic acid-like (68%) substances

efficiently and dEfOM with MW > 1 kDa.

Linlin et al., 2011

Wastewater effluent

jCASj
TOC ¼ 6.5e10.4 mg L�1 NF (200, 250, 700 Da)

Pre-treatment: flocculation (FeCl3) and

PAC

- TOCremoval (%)/NF(700 Da) ¼ 77; NF(700 Da)þpre-treatment ¼ 92

TOCremoval (%)/NF(200, 250 Da) > 92

(with and without pre-treatment)

- TOC removal efficiency increased by 15% by the pre-treatment when NF

(700 Da) was used. When the other two membranes were used (200 and

250 Da), the TOC removal efficiency did not increase from thatwithout pre-

treatment.

- The detected functional groups in the deposit on the membrane without

any pre-treatment was alkene (NF: 700 Da), urea (NF: 250 Da), keton

functional groups (NF: 200 Da). The functional groups responsible for

membrane fouling were removed by the pre-treatment.

Shon et al., 2003

Wastewater effluent

jCASj
TOC ¼ 6.6 mg L�1

SUVA ¼ 1.661 L mg�1 m�1

UF (17,500 Da)

Pre-treatment: flocculation

(FeCl3, 120 mg L�1) and PAC (1 g L�1)

- TOCremoval (%)/UF(without pre-treatment) ¼ 43.6; UF(with pre-treatment) ¼ 91

SUVAremoval (%)/UF(without pre-treatment) ¼ 25.5;

UF(with pre-treatment) ¼ 61.4

- The highest removal of organic matter was observed when flocculation

followed by adsorption was used as pre-treatment.

- The pretreatment led to practically no filtration flux decline.

Shon et al., 2004

Wastewater effluent

jCASj
TOC ¼ 6.5e10.4 mg L�1 UF (17,500 Da) - Removal (%)/Hydrophobic ¼ 67.4; transphilic ¼ 52.9; hydrophilic ¼ 19.7

- The flux decline caused by the hydrophobic fraction was very high.

Shon et al., 2006c

Wastewater effluent

jCASj
DOC ¼ 4.9 mg L�1

SUVA ¼ 2.6 L mg�1 m�1

UF (150 kDa) - DOCremoval (%)/94

- Biopolymers have been demonstrated to play a core role in fouling

phenomena

Zheng et al., 2014

Activated carbon/anion-exchange resin

Wastewater effluent

jprimary

treatmentj

COD ¼ 165 mg L�1 PAC (40 mg L�1)

Pre-treatment: coagulation

(FeCl3, 120 mg L�1)

- CODremoval (%)/FeCl3 ¼ 75.8; FeCl3 þ PAC ¼ 87.9 Abdessemed and

Nezzal, 2002

Wastewater effluent

jCASj
DOC ¼ 6.8 mg L�1

SUVA ¼ 3.04 L mg�1 m�1

PAC (100 mg L�1);

AER (5 mL L�1)

- TOCremoval (%)/PAC ¼ 68e71; AER ¼ 51e53

UV
254removal

(%)/PAC ¼ 79; AER ¼ 71

- The AER treatment preferentially removed high and intermediate MW

humic-like substances, while PAC removed the majority of low MW

compounds. Only a small reduction of the high MW colloids (i.e.

biopolymers) was observed for AER and PAC treatments.

Filloux et al.,

2012b

Wastewater effluent

jMBRj
TOC ¼ 11.1 mg dm�3

SUVA ¼ 1.4 dm3 mg�1 m�1

GAC - DOCremoval (%)/hydrophobic ¼ 66; hydrophilic ¼ 83; transphilic ¼ 83 Gur-Reznik et al.,

2008

(continued on next page)
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Table 1 e (continued )

Matrix Organic content Treatment features Main findings
where available, the organic content removal (%) is provided

Reference
in alphabetical

order

- The dEfOM removed by GAC pre-treatment (80e90%) was composed

mainly of hydrophobic and biodegradable components.

- The residual hydrophilic fraction was mainly composed of poly-

saccharides and proteins proceeding from SMPs.

Synthetic

wastewater

effluenta

DOC ¼ 10 mg L�1 AER (MIEX®, 10 mL L�1) - DOCremoval (%)/77 Nguyen et al.,

2011

Wastewater effluent

jCASj
TOC ¼ 6.6 mg L�1

SUVA ¼ 1.661 L mg�1 m�1

PAC (1 g L�1)

Pre-treatment: flocculation

(FeCl3, 120 mg L�1)

- TOCremoval (%)/PAC ¼ 65.4; PAC þ FeCl3 ¼ 89.4

SUVAremoval (%)/73.6 (PAC)

Hydrophobicremoval (%)/PAC ¼ 71.4; PAC þ FeCl3 ¼ 82.9

Hydrophilicremoval (%)/PAC ¼ 66.9; PAC þ FeCl3 ¼ 53

Transphilicremoval (%)/PAC ¼ 57.4; PAC þ FeCl3 ¼ 81.8

- The organic colloidal portion was removed up to 65% by flocculation. PAC

removed less amount of organic colloids (>30%). A significant amount of

hydrophobic and hydrophilic fractions of organic matter was removed by

incorporating the pre-treatment of flocculation and adsorption.

- After the flocculation followed by adsorption, high removal of both low

and high MW organic material was achieved.

Shon et al., 2004

Wastewater effluent

jCASj
DOC ¼ 6.5e10.5 mg L�1 PAC (1 g L�1)

Pre-treatment: flocculation (FeCl3)

- Hydrophilicremoval (%)/FeCl3 ¼ 1.22; PAC ¼ 1.36

Hydrophobicremoval (%)/FeCl3 ¼ 68.5; PAC ¼ 71.4

Transphilicremoval (%)/FeCl3 ¼ 0.81; PAC ¼ 0.56

Shon et al., 2006b

Wastewater effluent

jCASj
DOC ¼ 4.8 mg L�1 AER (MIEX® with acrylic matrix,

NDMP, 0.1e2 g/300 mL)

- DOCremoval (%)/77.8e79.2

UV254removal (%)/73e78

- Humic acid-like and fulvic acid-like fractions were substantially removed

by NDMP, and a significant portion of SMPs were also reduced.

Wang et al., 2014

Synthetic

wastewater

effluenta

Wastewater effluent

jCASj

Synthetic wastewater effluent

TOC ¼ 12 mg L�1

Wastewater effluent

TOC ¼ 5.1e6 mg L�1

AER (MIEX®)

Pre-treatment: PAC

- TOCremoval (%)/80

Hydrophobicremoval (%)/56.5

Hydrophilicremoval (%)/31.8

Transphilicremoval (%)/69.1

- The majority of low MW organic compounds was removed.

Zhang et al., 2006

Synthetic

wastewater

effluenta

TOC ¼ 12 mg L�1 AER (MIEX®, 5e10 mL L�1)

Post-treatment: FeCl3, MF

(pore 0.1 mm)

- DOCremoval (%)/AER þ FeCl3 ¼ 85; AER þ FeCl3 þ MF ¼ 90

UV254removal (%)/AER þ FeCl3 ¼ 90; AER þ FeCl3 þ MF ¼ 95

Zhang et al., 2007

Wastewater effluent

jCASj
DOC ¼ 5.76 mg L�1 AER (MIEX®, 5e15 mL L�1) - DOCremoval (%)/60

UV254removal (%)/60

Zhang et al., 2012

O3/O3 þ UV/O3 þ H2O2

Wastewater effluent

jCASj
DOC ¼ 6.3e7 mg L�1

COD ¼ 17.8e19.8 mg L�1

SUVA ¼ 1.81e2.13 L mg�1 m�1

O3/DOC ¼ 0e1.5 - CODremoval (%) ¼ 20e30

SUVA was reduced at the end of

the treatment.

Audenaert et al.,

2013

w
a
t
e
r

r
e
s
e
a
r
c
h

7
7

(2
0
1
5
)
2
1
3
e
2
4
8

2
2
6

http://dx.doi.org/10.1016/j.watres.2015.03.011
http://dx.doi.org/10.1016/j.watres.2015.03.011


- At the end of the experiments, most of the DOC was hydrophilic in nature

and the very hydrophobic acid fraction was almost completely removed.

Wastewater effluent

jCAS þ MBRj
DOC ¼ 6.2e11.5 mg L�1

SUVA ¼ 1.8e2.4 L mg�1 m�1

[O3]gas ¼ 12 g m�3; H2O2/O3 ¼ 0.35 - DOCremoval (%)/O3 ¼ 12e48; O3 þ H2O2 ¼ 14e60

CODremoval (%)/O3 ¼ 44e55;

O3 þ H2O2 ¼ 48e100

UV254removal (%)/O3 ¼ 38e61

Domenjoud et al.,

2011

Wastewater effluent

jCASj
DOC ¼ 6.8 mg L�1

SUVA ¼ 3.04 L mg�1 m�1

[O3] ¼ 37 mg L�1; O3/DOC ¼ 5.5 - TOCremoval (%)/(�13)e(�8)*

UV254removal (%)/84

- Ozonation modified the MW distribution of dEfOM by breaking large

organic molecules and increasing their biodegradability.

- Ozonation induced a large reduction of the biopolymers (44%) and an

important increase of the low MW humic substances (i.e. building blocks).

*The slight increase in TOC after ozonation can be explained as ozonation may have

oxidized particulate organic carbon (i.e. sample pre-filtered through 10 mm) and

converted it into dissolved organic matter.

Filloux et al.,

2012b

Wastewater effluent

jCASj
DOC ¼ 8.18e21.7 mg L�1

UV254 ¼ 0.182e0.280 cm�1

[O3] ¼ 9.1 mg L�1; UV (low-pressure

lamp, l ¼ 254 nm, 25 W,

4700 mW cm�2); contact

time ¼ 150 min

- DOCremoval (%)/O3 ¼ 28*; O3 þ UV ¼ 88*

UV254removal (%)/O3 ¼ 72; O3 þ UV ¼ 85

*The values are not reported by the authors in the cited study. They were calculated

from the figures in the study.

- O3 reacted sequentially with aromatic hydrophobic, transphilic, and then

hydrophilic fractions; however, under UV, it reacted with all four organic

fractions simultaneously.

- Low MW hydrophilic compounds (e.g. aliphatic, carboxylic, acetic and

formic acid) were detected in the treated effluent (MW < 1000 Da).

Gong et al., 2008

Wastewater effluent

jCASj
DOC ¼ 5.5e11.7 mg L�1

SUVA ¼ 1.43e2.14 L mg�1 m�1

O3/DOC ¼ 1 - The fractions of dEfOM with MW < 10 kDa had a higher reactivity to O3

compared to the components with MW > 10 kDa.

Gonzales et al.,

2012

Wastewater

effluents jCASj
DOC ¼ 5.623 mg L�1

SUVA ¼ 0.021 L mg�1 m�1

[O3]¼ 4mg L�1; [FeCl3]¼ 2.5 mg L�1;

UF

- DOCremoval (%)/17.63

SUVAremoval (%)/33.3

- The reduction of the UF membrane flux decline was due to the significant

decrease of high MW fraction (>5 kDa) by ozone along with coagulation,

resulting in the formation of low MW, highly charged compounds.

Jeong et al., 2014

Wastewater effluent

jCAS, coagulation,
sand filtrationj

DOC ¼ 6.5 mg L�1

SUVA ¼ 2.2 L mg�1 m�1

O3/DOC ¼ 0.6e1 - DOCremoval (%)/1.5

SUVAremoval (%)/63.6

- Ozonation exhibited no significant DOC reduction.

- Ozonation decreased significantly fulvic acid-like (75%), humic acid-like

(76%) and tryptophan protein-like (77%) substances.

- dEfOM fraction with MW above 1 kDa was efficiently removed.

Linlin et al., 2011

Wastewater effluent

jCASj
TOC ¼ 6.6e8.6 mg L�1

COD ¼ 59e60 mg L�1

BOD5 ¼ 7.3e12.7 mg L�1

[O3] ¼ 0e0.3 mM; H2O2/O3 < 0.5;

contact time ¼ 1 h

- TOCremoval (%)/O3 < 35; O3 þ H2O2 ¼ 75e100

- The evolution of TOC was related to the concentration of HO� following a

second-order kinetic model.

- The results showed that the mineralization process took place in two

periods whose rate constants were linked to the COD/BOD ratio and to the

chloride content.

Rosal et al., 2009

(continued on next page)
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Table 1 e (continued )

Matrix Organic content Treatment features Main findings
where available, the organic content removal (%) is provided

Reference
in alphabetical

order

Wastewater effluent

jCAS, coagulation,
filtrationj

TOC ¼ 6.7 mg L�1

SUVA ¼ 1.7 L mg�1 m�1

[O3] ¼ 0.9e11.6 mg L�1; contact

time ¼ 30 min

- TOCremoval (%)/10

SUVAremoval (%)/58

- Ozonation decreased the hydrophobic fraction of dEfOM.

- A shift was observed from high MW to low MW after treatment.

- The second-order reaction rate constant between dEfOM and HO�

remained constant throughout the process.

Rosario-Ortiz

et al., 2008b

Wastewater effluent

jCAS, MBRj
DOC ¼ 4.31e8.6 mg L�1

COD ¼ 12e24 mg L�1

O3/DOC ¼ 0.5 - CODremoval (%)/15e45

UV254removal (%)/60

Sharif et al., 2012

UV/UV þ H2O2

Wastewater effluent

jCASj
DOC ¼ 6.3e7 mg L�1

COD ¼ 17.8e19.8 mg L�1

SUVA ¼ 1.81e2.13 L mg�1 m�1

UV (low-pressure lamp, 11 W,

l ¼ 254 nm); [H2O2] ¼ 2e4 mM

- CODremoval (%)/20e30

- SUVA was reduced at the end of the treatment, while at the end of the

experiments, most of the DOC was hydrophilic in nature.

Audenaert et al.,

2013

Wastewater effluent

jCAS, MBRj
DOC ¼ 6.3e15.2 mg L�1

TOC ¼ 6.8e17.4 mg L�1

UV254 ¼ 16.3e30.3 m�1

UV (low-pressure lamp, 8 W,

l ¼ 254 nm); [H2O2] ¼ 2.94 mM

- TOCremoval (%)/CAS: 47.9, MBR: 47.8

SUVAremoval (%)/60e63

- Residual dEfOM (CAS): 74.1% LMM compounds (16.0% acids, 27.1% building

blocks and 31% neutrals) and 25.9% high MW compounds (19.6% humic

substances).

- Residual dEfOM (MBR): 0.8% biopolymers, 11.7% humic substances, 24.0%

LMM neutrals, 14.9% LMM acids and 48.6% building blocks.

Gonz�alez et al.,

2013

Wastewater effluent

jCASj
DOC ¼ 15.5 mg L�1

UV254 ¼ 0.314 cm�1

UV (low-pressure lamp, 8 W,

l ¼ 254 nm); [H2O2] ¼ 5 mg L�1;

H2O2/DOC ¼ 0.1

- DOCremoval (%)/19

- UV254removal (%)/97

Souza et al., 2014

Wastewater effluent

jCAS, UF/ROj
DOC ¼ 32e37 mg L�1

UV254 ¼ 0.68 cm�1

LED (0.33 mW each, l ¼ 255 nm);

[H2O2] ¼ 3 mmol L�1

Pre-treatment: Al3þ

Post-treatment: biodegradable

dissolved organic carbon assay (BDOC)

- DOCremoval (%)/LED þ H2O2 ¼ 37; LED þ H2O2 þ Al3þ ¼ 52,

LED þ H2O2 þ Al3þ þ BDOC ¼ 67

- LED þ H2O2 treatment increased the biodegradability of the effluents.

- Alum coagulation pre-treatment led to complementary effect on DOC

removal.

Umar et al., 2015

Wastewater effluent

jCASj
DOC ¼ 12.8 mg L�1

UV254 ¼ 0.38 cm�1

UV-C (39 W, l ¼ 254 nm); VUV

(46 W, l ¼ 185 nm);

[H2O2] ¼ 32 mg L�1

- DOCremoval (%)/UV-C þ H2O2 ¼ 20; VUV þ H2O2 ¼ 10

- UV254removal (%)/UV-C þ H2O2 ¼ 75; VUV þ H2O2 ¼ 43

Puspita et al.,

2015

Fenton/Photo-Fenton

Wastewater effluent

jCASj
DOC ¼ 9.6 mg L�1 [Fe2þ] ¼ 10 mg L�1; H2O2:Fe

2þ ¼ 2.5;

pH ¼ 3

- DOCremoval (%)/30

- dEfOM was oxidized yielding formate, acetate, oxalate and, less

prominently, formaldehyde, acetaldehyde, propionaldehyde and

glycolaldehyde.

- Fenton oxidation decreased the absorbance of wastewater at all

wavelengths > 240 nm.

- High MW molecules were degraded.

Li et al., 2012

Wastewater effluent

jCASj
DOC ¼ 8.1e11.8 mg L�1 [Fe2þ] ¼ 5e10 mg L�1;

H2O2:Fe
2þ (or Fe3þ) ¼ 2.5; pH ¼ 3

Fenton-like refers to the use of Fe3þ

- DOCremoval (%)/Fenton ¼ 38 (30 min); Fenton-like ¼ 43 (120 min)

- Both Fenton and Fenton-like caused a consistent decrease of dEfOM

fluorescence regions (humic-like; fulvic-like and protein-like/soluble

microbial products).

Li et al., 2013
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- The removal of fluorescence intensity by Fenton was fast during the first

30 min of treatment, with little or no incremental changes at longer con-

tact times, while changes of the fluorescence intensity in Fenton-like

oxidations were much slower.

- Protein-like and SMPs were completely removed.

Wastewater effluent

jCASj
DOC ¼ 6.29e8.60 mg L�1

COD ¼ 25e27 mg L�1

[Fe2þ] ¼ 5 mg L�1;

[H2O2] ¼ 75 mg L�1; pilot scale

(CPC); natural sunlight; pH ¼ 3

- DOCremoval (%)/21

CODremoval (%)/50

Michael et al.,

2012b

Synthetic

wastewater

effluenta

Wastewater effluent

jCASj

Synthetic wastewater effluent

DOC ¼ 20e30 mg L�1

Wastewater effluent

DOC ¼ 17 mg L�1

[Fe2þ] ¼ 2.5e10 mg L�1;

[H2O2] ¼ 5e50 mg L�1;

pilot scale (CPC); natural sunlight;

pH ¼ 3 and 5

- DOCremoval (%)/pH 5: 19e22; pH 3: 28e70 Rodrı́guez-

Chueca et al.,

2014

TiO2eUV

Wastewater effluent

jCAS, dual media

filtrationj

na UV (low-pressure lamp, 75 W,

l ¼ 254 nm)

- CODremoval (%)/50 Al-Bastaki, 2004

Synthetic

wastewater

effluenta

na TiO2 (Degussa P25);

[TiO2] ¼ 0.1e10 g L�1; UV-A (8 W);

Pre-treatment: flocculation

(FeCl3, 10e120 mg L�1) and

PAC (0.1e5 g L�1)

- The TiO2 photocatalysis alone showed initial reverse reaction (i.e. DOC

increased with time).

- PAC adsorption followed by photocatalysis was not effective in alleviating

reverse reaction (high MW dEfOM remained in the solution after the PAC

adsorption was adsorbed on the TiO2 surface and was broken down into

low MW dEfOM, thus increasing the organic concentration).

- When PAC and TiO2 were added simultaneously, the reverse reaction was

eliminated.

- When flocculation was used as pretreatment to photocatalysis, the organic

removal efficiency was superior.

Shon et al., 2005

Wastewater effluent

jCASj
DOC ¼ 6.5 mg L�1 TiO2 (Degussa P25); [TiO2] ¼ 2 g L�1;

UV-C (8 W, l ¼ 253 nm);

UV-C (15 W, l ¼ 235 nm);

UV-A (15 W, l ¼ 315e400 nm)

Pre-treatment: flocculation (FeCl3,

69 mg L�1) and PAC (0.5 g L�1)

- DOCremoval (%)/UV-C¼ 70; UV-A¼ 40; FeCl3þ TiO2¼ 92.1; PACþ TiO2¼ 77.5

- Hydrophilic and transphilic fractions were removed by 80%.

Shon et al., 2007

Synthetic

wastewater

effluenta

DOC ¼ 10.5e11.5 mg L�1 TiO2 (Degussa P25); [TiO2] ¼ 1 g L�1;

UV (8 W, l ¼ 253.7 nm); MF/UF

Pre-treatment: flocculation (AlCl3,

12 mg L�1) and PAC (0.05 g L�1)

- DOCremoval (%)/TiO2¼ 70; TiO2 þ PAC¼ 76; TiO2þ PACþAlCl3þMF/UF¼ 92 Erdei et al., 2008

Synthetic

wastewater

effluenta

DOC ¼ 10e11 mg L�1 TiO2 (Degussa P25); [TiO2] ¼ 0

e1.5 g L�1; UV (l ¼ 352 nm); MF

(pore size ¼ 0.1 mm)

- DOCremoval (%)/TiO2 ¼ 40e62; TiO2 þ MF ¼ 70e75 Ho et al., 2010

Abbreviations (given in alphabetical order) / AER: anion-exchange resin; CAS: conventional activated sludge; COD: chemical oxygen demand; dEfOM: dissolved effluent organic matter; DOC: dis-

solved organic carbon; GAC: granular activated carbon; LMM: low molar mass; MBR: membrane bioreactor; MF: microfiltration; MW: molecular weight; NF: nanofiltration; PAC: powdered activated

carbon; PACl: polyaluminum chloride; RO: reverse osmosis; SMPs: soluble microbial products; SUVA: specific ultraviolet absorbance (SUVA¼UV254 � 100/DOC); TOC: total organic carbon; UF: ultra-

filtration; UV254: ultraviolet absorbance at a wavelength of 254 nm.

na: Not available.
a The synthetic wastewater effluents used in the cited studies approximate the effluent organic matter generally found in biologically treated wastewater effluents.
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too large to reject low MW trace organics, the lower

membrane pore sizes used in nanofiltration (NF) and

reverse osmosis (RO), have been shown to effectively reject

significant amounts of low MW compounds present in dEfOM

(Jarusutthirak et al., 2002; Gur-Reznik et al., 2008).

Removal of dEfOM during membrane processes can occur

throughmultiplemechanisms. First, removal can be governed

by adsorption when the organicmatter is mainly hydrophobic

or has strong hydrogen-bonding characteristics, thus readily

adsorb to membranes. In many cases though, removal

can occur through steric effects for uncharged solutes or

combined steric and electrostatic effects for charged solutes

(Bellona et al., 2004). Thesemechanisms are dependent on the

aqueous matrix properties (pH, salinity, ionic strength), the

membrane characteristics (material, surface morphology,

pore size, MWCO), and the physicochemical characteristics of

dEfOM (e.g., MWD, hydrophobicity/hydrophilicity, acidic

charge groups) (Shon et al., 2006b; Le-Minh et al., 2010).

Removal of dEfOM by membrane technology is challenging

since dEfOM represents a broad range of structurally complex

compounds with a wide size distribution and heterogeneous

functional chemistry that changes over time.

As shown in Table 1, dEfOM (in terms of DOC) was removed

up to 40e70% using UF, while NF and RO led to more than 90%

DOC removal. The removal efficiencies of dEfOM as

determined by the UV254 absorbance, were higher than those

obtained by the DOC determinations. This is attributedmainly

to the removal of the aromatic/hydrophobic compounds

which can be preferentially removed by negatively-charged

membranes (Lee et al., 2005). Due to the large pore size

of MF membranes, their efficiency in removing dissolved

organics from wastewater is not prominent (Drewes et al.,

2003). For this reason, MF is usually used as a pre-treatment

for NF and RO processes to remove suspended particles,

while is also widely employed in MBR systems. Only a small

proportion of the influent DOC concentration was removed by

an UF membrane (Henderson et al., 2011), whereas UF was

found to be efficient in removing biopolymers present in

dEfOM, which mainly comprised proteins, polysaccharides

and colloidal organics. In recent years, special emphasis on

the evaluation of integrated membrane systems such as UF

followed by NF or RO has increased. UF pre-treatment is

effective at decreasing NF or RO membrane fouling by

reducing turbidity and suspended solids, thus achieving an

overall enhanced performance. According to Kim et al. (2002),

the integration of UF and RO processes can lead to high

removal efficiencies of dEfOM (DOCremoval ¼ 75e90%).

The inevitable fouling process imposes a major challenge

for efficient application of the membrane technology. In

particular, colloidal material present in EfOM may cause

fouling by forming a cake or gel layer on the membrane

surface, while dissolved material may cause fouling by

precipitating at the membrane surface or adsorbing within

the membrane pore space. The membrane fouling can be

induced by the interactions of dEfOM with the membrane, as

well as the interactions among the organics present in it.

These interactions were found to be a function of the organic

type (hydrophilic or hydrophobic), intrinsic molecular size

and structure, synergistic effects (individual or combined

fouling), solution chemistry (ionic strength and calcium
content), and membrane characteristics. Additionally,

Ivnitsky et al. (2005) reported that dEfOM can serve as a

source of nutrients and substrates for the growth of a

biofouling layer. Biofouling involves adhesion and growth of

microorganisms on the membrane surface, but very little is

understood about the fundamental nature of their growth

processes.

Membrane fouling that arises fromvarious dEfOM fractions

is difficult to predict and control; in fact, there is still a lack of

agreement on the role of each dEfOM fraction towards the

rate and extent of membrane fouling and this field has been

confronted with some confusion. Some studies on the

identification of the organic compounds responsible for

membrane fouling have reported that the fouling during

wastewater treatment is primarily caused by dissolved

hydrophobic organic matter, while others reported that

hydrophilic materials were the major foulants (Shon et al.,

2003; Filloux et al., 2012a,b). SMPs were also found to

enhance membrane fouling phenomena (Shon et al., 2004; Le-

Clech et al., 2006; Rosenberger et al., 2006; Jarusutthirak and

Amy, 2007; Liang et al., 2007).

Many researchers suggested that the low aromatic

hydrophilic neutral and protein macromolecules compounds,

which predominantly consist of polysaccharides-like

substances (chitin, carbohydrates, and cellulose) and fatty

acids present in dEfOM, are the most important cause for

irreversiblemembrane fouling (Jarusutthirak et al., 2002; Liang

et al., 2007; Henderson et al., 2011; Filloux et al., 2012a,b).

These findings were well supported by a study carried out

by Jarusutthirak et al. (2002), revealing that proteins,

polysaccharides, and aminosugars were the main constitu-

ents of dEfOM which were responsible for the membrane

fouling (UF and NF), while the hydrophobic fraction (i.e.,

humic substances) induced fouling to a lesser extent. Liang

et al. (2007) also reported that hydrophilic neutrals (e.g.,

carbohydrates) were most likely the main foulants of an MBR

system. An interesting observation was made by Filloux et al.

(2012a) who studied the fouling of UF and MF membranes

occurred by secondary treated wastewater effluents collected

from either MBR or from CAS treatment plants. It was shown

that the unified membrane fouling index of these effluents

was different even though they were originated from the

same feed source, pointing out the strong influence of the

biological step (i.e., MBR versus CAS) in the dEfOM composi-

tion. The effluents derived from MBR exhibited higher fouling

index (1.5e1.7 times higher) due to their higher SMPs content

compared to CAS effluents. Also, the protein-like and lowMW

compounds present in dEfOMwere correlated to a high fouling

potential. Meng et al. (2011) and Yang et al. (2011) identified

the contribution of protein-like compounds to membrane

fouling. Henderson et al. (2011) observed that protein-

enriched biopolymers (38e60% of total foulant layer in terms

of DOC) were responsible for the UF membrane fouling, while

the fouling resistance was highly correlated with the organic

components of the wastewater, measured as total DOC

concentration.

In contrast to the aforementioned, other studies have also

reported the hydrophobic fractions of dEfOM as the major

foulants associated with adsorptive fouling or hydrophobic

interactions. This lack of consistency can be attributed to the
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complex and diverse character of dEfOM. Shon et al. (2003)

studied the fouling of an NF membrane using biologically

treated wastewater effluents and concluded that the

hydrophobic fraction (i.e., high MW humic compounds)

contributed to greater fouling rate of the membrane than that

of hydrophilic. Similarly, the hydrophobic fraction (humic

substances) of dEfOM was shown to be the main cause of an

UF membrane fouling (Shon et al., 2006c). Pramanik et al.

(2015) recently reported that MF membrane fouling was

caused by the high MW compounds, such as biopolymers and

humic substances present in biologically treated secondary

effluents.

The extent of membrane fouling and thus the efficiency of

membrane filtration in removing dEfOM, are highly dependent

on the type and extent of any pre-treatment used prior

to membrane application (e.g., coagulation/flocculation,

activated carbon adsorption). Coagulation can effectively

reduce the degree of membrane fouling mainly due to the

aggregation of fine particles, leading to the increase of cake

permeability or preventing the pore blockage. In addition,

Abdessemed and Nezzal (2002) reported that coagulation can

reduce fouling by conditioning of the cake by incorporation of

fine particles into highly-porous flocs. The most widely

used coagulant is ferric chloride but recently the use of

polyaluminum chloride (PACl) has become more common.

Flocculation with FeCl3 was shown to be effective in removing

both low and high MW compounds resulting in lower

flux decline of an UF membrane (Shon et al., 2005, 2006b).

Activated carbon adsorption has also been considered as a

promisingmeans for reducingmembrane fouling by removing

significant amount of dEfOM (Filloux et al., 2012b). Activated

carbon adsorption is further discussed in the subsequent

section. Here it is noted that membrane fouling induced

by biological growth may be prevented/reduced in the

case that wastewater is disinfected with chloramines

prior to membrane application, resulting in the formation of

N-nitrosamines (e.g., NDMA), which have been shown to pass

through NF and RO membranes (Steinle-Darling et al., 2007;

Fujioka et al., 2013). However, this practice will lead to

elevated concentrations of NDMA with subsequent biological

effects upon the discharge of the disinfected wastewater

effluents.

In general, membrane technology can be successfully

utilized for the dEfOM removal. Nonetheless, an understand-

ing of the contribution of dEfOM components in membrane

fouling, which constitutes the major limitation of this

treatment system, is needed to provide a basis for appropriate

selection and operation of membrane technology for

wastewater treatment. A reduction in the rate of fouling may

be possible if the dEfOM substances responsible for the fouling

are removed through an efficient pre-treatment process.

5.2. Activated carbon adsorption

Adsorption is a well-established process for the removal

of dEfOM from wastewater due to its strong affinity to

hydrophobic organic compounds even at low concentrations

(Shon et al., 2006a; Gur-Reznik et al., 2008). Adsorption using

activated carbon (AC), either in granular (GAC) or powdered

(PAC) form, has been widely used alone or in combination
with other treatment processes (i.e., coagulation/flocculation,

membrane filtration) (Gur-Reznik et al., 2008; Filloux et al.,

2012b). In principle, non-specific dispersive interactions (e.g.,

van der Waals, dipoleedipole interactions, covalent bonding,

etc.) are the dominant mechanisms for the removal of organic

compounds in AC adsorption systems (Aksu and Tunç, 2005).

The performance of the AC treatment system in removing

organic compounds depends on the properties of the

adsorbent (e.g., specific surface area, porosity, surface

polarity, physical shape of the material, etc.), the character-

istics of the adsorbate (e.g., molecular structure, charge,

hydrophobicity, etc.), and the aqueous matrix characteristics

(e.g., pH, temperature, the presence of other species in the

solution, etc.) (Aksu and Tunç, 2005). McCreary and Snoeyink

(1980) reported that the solution pH and phosphate

concentration had amarked effect on the adsorption of humic

compounds, which improved with decreasing pH and

increasing phosphate concentration. Research on the effect of

pH and ionic strength on the organic matter adsorption,

showed that in the absence of strong electrostatic effects,

adsorption occurs via a pore filling mechanism in which the

available pore volume is filled (Newcombe, 1999).

Previous studies have shown that treatment utilizing AC

can remove significant quantities of dEfOM (Abdessemed and

Nezzal, 2002; Shon et al., 2004; Gur-Reznik et al., 2008; Filloux

et al., 2012b). Gur-Reznik et al. (2008) investigated the

adsorption of dEfOM on GAC as a pre-treatment to RO of

wastewater effluents generated in an MBR. GAC adsorption

resulted in 80e90% dEfOM removal which stabilized the RO

membrane permeability and increased permeate quality.

dEfOM removed by GAC treatment was mainly composed of

hydrophobic and biodegradable components. In the case of

PAC, low or medium MW dEfOM and organic molecules with

low SUVA were removed by 65e70% (Shon et al., 2004; Filloux

et al., 2012b).

Several studies investigated the combined use of

coagulation/flocculation to remove high MW compounds and

adsorption with PAC to maximize the overall removal of

dEfOM. Shon et al. (2004) removed significant amounts of

hydrophobic (82.9%) and hydrophilic (53%) fractions of dEfOM

by incorporating flocculation (FeCl3) and PAC adsorption. Both

lowandhighMWorganic compoundswere also reduced (more

than 88.2% of TOC removal). Abdessemed and Nezzal (2002)

reported that the combined system FeCl3/PAC had a

beneficial effect on the removal of dEfOM (CODremoval¼ 87.9%).

AC adsorption has also been considered as a means for

reducing membrane fouling, either alone or in combination

with other pre-treatment procedures. Kim et al. (2002) tested

GAC adsorption as a pre-treatment for the desalination of

secondary effluent, in combination with either dual media

filtration (sand and anthracite) or dual media filtration and

chemical flocculation. TOC removal reached high levels (i.e.,

75e90%) and the fouling of the membrane was negligible due

to the presence of GAC. Shon et al. (2006b) examined the

effect of flocculation followed by PAC adsorption prior to the

application of an UF system for the treatment of a secondary

effluent. Their results showed that the aforementioned

integration led to the reduction of fouling. Meier and Melin

(2005) employed a hybrid process combining PAC with NF for

secondary effluent reclamation and their findings showed that

http://dx.doi.org/10.1016/j.watres.2015.03.011
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the pre-treatment contributed to a significant reduction of

membrane fouling. The fouling was caused by small neutral

and amphiphilic substances present in the dEfOM of the

effluent.

In general, introduction of AC process as a pre-treatment

step to a membrane system can remove the majority of the

low MW organic compounds which cannot be removed by a

membrane system alone. Furthermore, it minimizes the

membrane fouling that would have occurred in the presence

of low MW organics in the water, increasing thus the overall

process efficiency. However, it is important to note that the

regeneration and reuse of AC after treatment constitute an

important limitation of its application, especially in full-scale

wastewater treatment facilities.

AC can also be used as a medium to support biological

activity (i.e., biological activated carbon [BAC]), where two

mechanisms can take place, i.e., adsorption of dEfOM and

degradation of the organic matter adsorbed onto the AC

surface by the microorganisms (Shon et al., 2006a; Stalter

et al., 2010; Reungoat et al., 2012). Previous investigations

clearly indicated the efficiency of BAC combined with

enhanced coagulation in removing organic compounds

present in secondary wastewater effluents (Aryal et al., 2011).

DOC was removed by 83% by BAC, while the integrated

process resulted in higher DOC removal due to the fact

that the BAC-treated effluent contained SMPs and humic

substances, which in turn were removed by the coagulant. A

comparative study of BAC and GACwas recently performed by

Pramanik et al. (2015) with the aim to minimize fouling of

MF used for wastewater treatment. GAC treatment led

to substantial removal of DOC (42e65%), nevertheless

membrane flux was not improved compared to BAC

treatment. This behaviour may be attributed to the preferen-

tial removal of low and medium MW compounds by GAC

rather than high MW organics, such as biopolymers which

were responsible for the flux decline. In the case of BAC,

the microorganisms contributed to the removal of the

biopolymers and the humic compounds adsorbed onto

the AC, resulting thus in reduced accumulation of organics in

the membrane. Kalkan et al. (2011) demonstrated that BAC

can efficiently remove both nitrogen (51.5e54%) and organic

carbon (64.5e81%) from secondary wastewater.

BAC following ozonation was also found to be efficient in

removing SMPs and/or other nitrogenous organic matter

(expressed as DON) (Chu et al., 2014). The synergistic effect of

ozonation and BAC can be assumed considering the fact that

ozone transforms high MW compounds into smaller ones

(Santos et al., 2013), enhancing thus the biodegradability of the

organic matter, which is then more efficiently removed by a

subsequent BAC process (Xu et al., 2007; Chu et al., 2012).

Nguyen and Roddick (2010) investigated the contribution of

ozonation followed by BAC with regard to UF membrane per-

formance in treating activated sludge effluents. Their results

revealed that ozonation led to the oxidation of dEfOM to lower

MW compounds, which were favourable for alleviating UF

membranefluxdecline,whileBACfurther improved theUFflux

by removing the TSS of the ozonated effluents. BAC was also

proposed as an effective post-treatment step to ozonation

(Stalter et al., 2010), since it minimizes the toxic effects associ-

ated with the oxidation products originated during ozonation.
5.3. Anion-exchange resins

Several studies highlighted the strong potential of anion-

exchange resins (AERs) to remove negatively charged

organic compounds present in various aqueous matrices, as

well as non-ionicmolecules (Bolto et al., 2002a,b; Fearing et al.,

2004; Tan and Kilduff, 2007; Humbert et al., 2008). In principle,

two mechanisms are possible for the removal of organic

matter by AERs (Fu and Symons, 1990): (i) ion exchange,

involving counterion displacement from the resin phase and

electrostatic interaction between ionic functional groups, and

(ii) physical adsorption, involving van der Waals interactions

between non-ionic (hydrophobic) moieties present on organic

molecules and the resin polymer backbone.

The efficiency of the organic matter removal by AERs

depends on the inner characteristics of the resins (strong or

weak base), the aqueous matrix characteristics (pH, ionic

strength, etc.), and the organic matter composition and

concentration (Humbert et al., 2008). AERs have recently

received a significant interest in the scientific literature due to

the development of a new AER, namelymagnetic ion-exchange

resin (MIEX®) (Fearing et al., 2004; Johnson and Singer, 2004;

Allpike et al., 2005; Humbert et al., 2008). The MIEX® resin

(OricaWatercareLtd.,Australia)wasoriginallydeveloped for the

removal of DOC from drinking water. A major feature of this

resin is the high content of a magnetic iron oxide compound

integrated into its structure. Because of their magnetic

properties, the resin beads can be recovered after they are

allowed to separate from the suspending solution by gravita-

tional settling at relatively high overflow rates, in excess of

10 m h�1 (Singer and Bilyk, 2002; Cornelissen et al., 2009). The

MIEX® resin can be easily regenerated and even after several

regenerations it yields significant organic matter removal

(Matilainen et al., 2010).

The MIEX® process was found efficient in removing DOC

(higher than 70%) from wastewater effluents. dEfOM fractions

of both low and high MW are known to be removed by MIEX®

(Filloux et al., 2012b; Nguyen et al., 2011; Wang et al., 2014).

The MIEX® resin removed the majority of hydrophilic

compounds and significant amounts of hydrophobic

compounds within a short contact time (20 min) (Zhang et al.,

2006). It also removed small MW (500e1000 Da) organic

compounds. The combination of the magnetic resin with PAC

was reported to increase dEfOM removal (up to 80% expressed

as TOC removal). The combination of MIEX® and flocculation

followed by submerged membrane system led to a very high

UV254 absorbance removal of more than 90e95% (Zhang et al.,

2007). MIEX® removed the hydrophilic fraction of dEfOM and

mainly the small MW (345e688 Da) organic compounds.Wang

et al. (2014) observed the preferential removal of humic

acid-like and fulvic acid-like fractions, as well as SMPs, from

wastewater effluents. dEfOM was significantly removed by

MIEX® with both DOC and UV254 absorbance removal to be

nearly 80%. The preferential removal of aromatic organic

compounds (MW above 10 kDa) present in dEfOM by MIEX®

was reported by Zhang et al. (2012), indicating the high

efficiency of the resin in decreasing SUVA. Besides the high

dEfOM removal achieved by MIEX®, it should be stressed out

that its application requires small load of influent and high
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operating pressure (Wang et al., 2014), limiting thus its utili-

zation in WWTPs.

5.4. Advanced chemical oxidation processes

Advanced chemical oxidation processes (AOPs) have been

studied over the past 30 years and the scientific literature

surrounding their application in the water and wastewater

treatment field is quite extensive (Klavarioti et al., 2009). The

most common AOPs that have been used and evaluated in the

wastewater treatment field with respect to the dEfOM removal

are: UV-driven photolysis combined with hydrogen peroxide

(H2O2) (Audenaert et al., 2013; Gonz�alez et al., 2013; Souza

et al., 2014; Umar et al., 2015); ozonation and combination of

H2O2 with ozone (O3) (Gong et al., 2008; Rosario-Ortiz et al.,

2008b; Rosal et al., 2009; Linlin et al., 2011; Filloux et al., 2012b;

Gonz�ales et al., 2012; Sharif et al., 2012; Audenaert et al., 2013);

homogeneous photocatalysis with Fenton reagent (Li et al.,

2012, 2013; Michael et al., 2012b) and heterogeneous photo-

catalysis with semiconductor materials such as TiO2 (Shon

et al., 2005; Erdei et al., 2008; Ho et al., 2010). The complex

and variable chemical composition and properties of dEfOM

have a direct impact on the oxidation processes performance

and hence, increased insight into the mechanisms occurring

is essential for their optimization and proper control. It should

be highlighted that there are limited studies on advanced

chemical oxidation of dEfOM since most of the experiments

have been carried out either using surface water (i.e., dis-

solved NOM) or using various microcontaminants spiked in

wastewater effluents at high concentration level (mg L�1).

Matilainen and Sillanp€a€a (2010) provided a comprehensive

review on the various AOPs employed with regard to the

removal of dissolved NOM from drinking water.

The main reactions of hydroxyl radicals (HO�), the latter

being formed during the application of AOPs, with organic

matter proceed via three principal mechanisms: (i) hydrogen

abstraction from aliphatic carbon atoms yielding carbon-

centred radicals, (ii) electrophilic addition to double bonds or

aromatic rings, and (iii) electron transfer reactions, where

HO� accepts an electron from an organic substituent. The

generated organic radicals continue reacting, prolonging a

series of chain reactions (Legrini et al., 1993; Malato et al.,

2009). In a recent study, wastewater effluent samples were

analyzed to identify the main factors (i.e., bulk properties

of dEfOM, matrix qualitative characteristics, and operating

parameters of different wastewater treatment processes)

affecting the reactivity of dEfOM towards HO� (Keen et al.,

2014). The second-order reaction rate constants

between dEfOM and HO� ðk
dEfOM�HO

� Þ were determined

during the bench-scale UV/H2O2 experiments with methy-

lene blue as a probe and during electron pulse radiolysis

ðk
dEf OM�HO

� ¼ 1:6� 3:3� 108 M�1 s�1Þ. Four variables, i.e., COD,

TOC, retention onto NH2 extraction medium (a measure of

the prevalence of charged functional groups (Rosario-Ortiz

et al., 2008a)), and fluorescence index (FI) (a measure of the

degree of bond conjugation of dEfOM) were identified as the

dominant parameters affecting dEfOM reactivity with HO�.

Also, it was found that different types of processes (e.g.,

secondary clarifier, activated sludge, nitrifying/denitrifying

trickling filter, and final effluent prior disinfection) did not
cause statistically significant changes in k
dEf OM�HO

� , while in

some cases, an increase in the rate constant at high SRTs was

observed. The SRT can affect the reaction of dEfOM with HO�

via the formation of SMPs, whose properties will dictate the

scavenging degree. Similar studies on the elucidation of the

relationship between k
dEf OM�HO

� and the physicochemical

properties of dEfOM derived from different wastewater

treatment facilities, were performed by Rosario-Ortiz et al.

(2008a) ðk
dEfOM�HO

� ¼ 0:27� 1:21� 109 M�1 s�1Þ and Dong

et al. (2010) ðk
dEfOM�HO

� ¼ 6:32� 14:1� 108 M�1 s�1Þ. These

studies revealed that k
dEfOM�HO

� is a function of SUVA, FI, MW,

and polydispersity (a measure of the heterogeneity of sizes of

molecules in a mixture). The results presented herein indi-

cate that the ability to estimate the reactivity of dEfOM with

HO� would allow design engineers and modellers to predict

the overall 'scavenging' effect through the competitive

reactions that lead to the consumption of HO�, allowing thus

to properly optimize AOPs. This would also enable a better

assessment of the concentration and utilization of HO� during

full-scale application of AOPs.

Westerhoff et al. (2007) determined the average

k
dEfOM�HO

� for HO� reactions with dEfOM ðk
dEfOM�HO

� ¼ 1:39�
4:53� 108 M�1 s�1Þ by performing electron pulse radiolysis

and transient adsorption spectroscopy experiments on

fractionated dEfOM (hydrophobic/transphilic acids and

neutrals) from a WWTP. Their results revealed that trans-

philic and neutral fractions of dEfOM have the highest

k
dEfOM�HO

� . In addition, dEfOM oxidation products exhibit

lower reaction rate constants with HO� than the initial

compounds present in dEfOM and may vary depending on

the origin of the dEfOM. Future work is needed to elucidate

the importance of these oxidation products on HO�

reactions, in order to understand whether the reaction rate

constant would be dependent on the oxidation state of

dEfOM (i.e., structural changes that occur to dEfOM)

throughout the application of AOPs. It was also shown that

upon radiolysis and oxidation by HO�, electrons are shuttled

throughout the organic compounds present in dEfOM by

quinone-like moieties, hindering thus the effective attack

by HO�. This behaviour can also be supported by the fact

that dEfOM transients are stable for milliseconds. It is

important to highlight that in the case of photochemical

AOPs, the role of dEfOM still remains unclear and contro-

versial because both photosensitizing and inhibitory effects

of dEfOM on the formation of reactive oxidative species

(ROS) have been observed (Ng et al., 2014). Of course, each

AOP is described by distinct mechanisms, however, a

detailed description of the reaction mechanisms occurring

between HO� with dEfOM reactions is beyond the scope of

this review.

As shown in Table 1, dEfOM has been observed to decrease

(in terms of DOC, SUVA and/or UV254 removal) during the

application of various AOPs. However, the extent of dEfOM

reduction by AOPs is always study-specific depending on the

amount/type of organic content and other water quality

characteristics, as well as the treatment technology. Complete

mineralization of dEfOM (i.e., conversion of the organic

load into CO2, H2O, and inorganic salts) during AOPs, under

conditions of practical significance, has not been observed in

any case. This implies a considerable residual organic load
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which may be attributed to the presence of persistent

oxidation products less susceptible towards HO� attack

(Tercero Espinoza and Frimmel, 2009).

The preferential removal of hydrophobic compounds dur-

ing AOPs has been reported (Li et al., 2012), while studies have

also revealed that although the fraction of dEfOM with highly

hydrophobic acids is reduced during oxidation, a relative in-

crease occurs in the hydrophilic charged and/or hydrophilic

neutral dEfOM fractions (Audenaert et al., 2013). Also, the shift

of the MWD towards lower MW compounds during the

application of AOPs has been observed in many cases, e.g.,

ozonation (Linlin et al., 2011; Filloux et al., 2012b), UV/H2O2

(Audenaert et al., 2013), Fenton/photo-Fenton oxidation (Li

et al., 2012, 2013) and TiO2 photocatalysis (Shon et al., 2005).

5.4.1. UV-based applications (UV, UV/H2O2)
Irradiation with either an artificial light source (usually

performed with low- or medium-pressure mercury vapour

lamps) or natural sunlight is a potential means to remove

dEfOM. dEfOM photolysis can occur through the direct

absorption of the emitted light which leads to the triplet

excited-state of dEfOM (3dEfOM*). Strong reactive agents, e.g.,

singlet oxygen (1O2), HO�, or alkyl peroxyl radicals (�OOR)

are generated in situ which can significantly enhance the

oxidation potential in the chemical system (Litter, 2005;

Fatta-Kassinos et al., 2011c). UV-driven processes combined

with H2O2 (which yield additional HO� from its dissociation)

significantly enhance the efficiency of the oxidation process

by further reducing the dEfOM (Audenaert et al., 2013;

Gonz�alez et al., 2013; Umar et al., 2015). UV-driven processes

are commonly used in WWTPs for tertiary treatment,

nonetheless the number of the research studies performed to

date with regard to their efficiency in removing dEfOM as a

global surrogate parameter is small.

Gonz�alez et al. (2013) studied the fate of different dEfOM

fractions (i.e., biopolymers, humic substances, building

blocks, low molar mass (LMM) neutrals and acids) present in

two secondary treated effluents from a CAS and an MBR

system during UV/H2O2 oxidation. In the case of CAS, the

degradation rate of biopolymers was higher in comparison to

the humic substances and the LMM fractions. It was found

that the UV/H2O2 process produced an effluent with lower

biopolymer and LMM compounds (building blocks, neutrals

and acids) content, while a significant amount of humic

substances still remained after treatment. The final dEfOM

consisted of 74.1% LMM compounds (16% acids, 27.1%

building blocks and 31% neutrals), while within the high MW

compounds (25.9%) humic substances were the predominant

fraction (19.6%). In contrast, HO� generated during the

oxidation of the MBR effluents preferentially attacked humic

substances, which were the most abundant fraction in these

effluents. At the end of the treatment, the building blocks

contribution stood out within the dEfOM composition: 0.8%

biopolymers, 11.7% humic substances, 24% LMM neutrals,

14.9% LMM acids and 48.6% building blocks. SUVA of both

CAS and MBR effluents decreased during the first 30 min

of oxidation (approx. 60e63%), resulting in poorly aromatic

effluents, and then remained nearly constant until the end of

the oxidation process. In a recent study performed by

Audenaert et al. (2013), UV/H2O2 treatment drastically
changed the polarity of dEfOM. At the end of the reactions,

most of the dEfOM was hydrophilic in nature and the

hydrophobic fraction was almost completely removed. Also,

the oxidation process led to a progressive reduction of UV254

absorbance over the entire apparent MW range. In general,

UV-driven photolysis has been observed to induce significant

changes in organic matter structural characteristics leading

to a reduction in high MW UV-absorbing species (Frimmel,

1998).

During UV-driven photolysis, the structural characteristics

of dEfOM (i.e., aromaticity, carbon bonding and functional

groups) are directly related to the reactivity with HO�. Other

important parameters include themolar extinction coefficient

and the MW of the compounds. An organic compound with a

higher extinction coefficient is more susceptible to photolytic

decomposition. Also, the inorganic chemical species present

in the aqueous matrix and UV fluence are also considered

important factors governing the removal efficiency of dEfOM

during photolysis. Certain species that can be classified as HO�

scavengers can adversely affect the dEfOM reduction in

wastewater. High concentration of inorganic substances such

as carbonates/bicarbonates and chlorides can render dEfOM

removal quite slow and inefficient (Michael et al., 2012a; Umar

et al., 2015).

According to the authors' knowledge, no information is

currently available in the scientific literature regarding the

effect of UV fluence on the dEfOM removal. Some studies

reported the effect of UV fluence in the case of dissolved NOM

removal from reservoir water; however the inconsistent

literature data does not allow comparison among the various

studies conducted. A significant reduction of UV254

absorbance (91%) was observed with high UV fluence values

(up to 1100 mJ cm�2) but, this was accompanied by an insig-

nificant DOC reduction (Goslan et al., 2006). A similar study

showed 95% and 30% of UV254 absorbance and DOC reduction,

respectively, with a UV fluence of 200 mJ cm�2 (Parkinson

et al., 2003). Chin and B�erub�e (2005) reported that the

maximum UV fluence used (1600 mJ cm�2) did not result in

any significant reduction of TOC or UV254 absorbance.

Considering the pool of the complex organic compounds and

the SMPs present in dEfOM compared to the dissolved NOM, it

may be assumed that higher UV doses will be needed for its

efficient removal. Noteworthy, however, is that the above

statement is merely hypothetical and further research will be

needed to back up and confirm the hypothesis.

Several drawbacks are associated with the use of conven-

tional UV lamps, such as instability upon long-term exposure

due to overheating, low photonic efficiency resulting in high

energy consumption and short lifetime. Within this context,

the development of LEDs technology has opened the

possibility of employing LEDs as novel UV irradiation source in

photolytic applications. LEDs offer significant merits over

conventional UV lamps, such as long lifetime, high efficiency

in removing potentially pathogenic bacteria from wastewater

effluents, high spectral purity, flexible configuration enabling

the construction of reactors with variable geometries (i.e., the

reactor shape is no longer dependent on the lamp shape) and

avoiding the use of hazardousmercury (from conventional UV

lamps), and small footprint. Umar et al. (2015) demonstrated

the high potential of LEDs-driven process in the presence of

http://dx.doi.org/10.1016/j.watres.2015.03.011
http://dx.doi.org/10.1016/j.watres.2015.03.011


wat e r r e s e a r c h 7 7 ( 2 0 1 5 ) 2 1 3e2 4 8 235
H2O2 and Al3þ in removing the dEfOM present in RO waste-

water concentrate. LEDs/H2O2 process yielded 27% of DOC

removal, whereas coagulation removed a significant propor-

tion of the dEfOM (55% reduction of humic substances), lead-

ing to an enhanced overall organic reduction after the

subsequent LEDs/H2O2 treatment (DOCremoval¼ 52%). Also, the

LEDs/H2O2 treatment generated low MW compounds

amenable to biodegradation, resulting in an overall DOC

reduction of 67%.

UV or LEDs-based processes may be expensive due to their

high energy requirements. The utilization of natural sunlight

as an option of reducing UV energy demand is receiving more

interest, especially in the context of sustainable full-scale

applications. The main disadvantage, however, of utilizing

the solar energy is the low efficiency in dEfOM removal

compared to UV energy.

5.4.2. Ozone-based applications (O3, O3/UV, O3/H2O2, O3/
H2O2/UV)
Ozone (O3) is a powerful oxidant used extensively inwater and

wastewater treatment for disinfection purposes, due to its

ability to destroy resistant pathogens. O3 may react

with organic matter via two distinct mechanisms: (i) O3

decomposes in water to form HO�, thus inducing indirect

oxidation, and (ii) O3 can react selectively with certain

functional groups, particularly double bonds and aromatic

rings of organic molecules, through an electrophilic mecha-

nism (ozonolysis) (Klavarioti et al., 2009; Dantas et al., 2008).

Von Gunten (2003) presented a comprehensive review on the

use of ozonation with emphasis on oxidation kinetics and

reaction mechanisms.

Analysis of dEfOM prior to and after ozonation showed that

O3 oxidation does not significantly reduce DOC, however, the

aromaticity (represented by SUVA or UV254) was significantly

decreased (Linlin et al., 2011; Filloux et al., 2012b; Sharif et al.,

2012; Audenaert et al., 2013). Gong et al. (2008) observed

that during the ozonation of wastewater effluents, O3 was

ineffective in removing DOC because it reacted sequentially

with aromatic hydrophobic, transphilic and hydrophilic

dEfOM fractions. According to Beltran (2004), aromatic

compounds are more susceptible to electrophilic substitution

reactions with an electrophilic agent, such as O3. Jeong et al.

(2014) demonstrated the partial oxidation of dEfOM by O3

along with coagulation to lowMWhighly charged compounds

with low aromaticity, which in turn resulted in the enhance-

ment of the flux of the UF system employed. During ozona-

tion, high MW hydrophobic compounds (humic-, fulvic- and

protein-like compounds) present in dEfOM are transformed

more readily than low MW compounds, improving thus the

biodegradability of the reclaimed water (Linlin et al., 2011).

The preferential reduction of higher MW organic matter could

be a result of improved reaction rate with HO� (Thomson et al.,

2004; Rosario-Ortiz et al., 2008b). Higher MW compounds

possess a higher number of active reaction sites than

lower MW compounds due to their aromatic character. The

simultaneous addition of H2O2 or UV irradiation to the ozone

system (Table 1) leads to an increase in process efficiency

with respect to the DOC and UV254 absorbance removal

by accelerating the O3 decomposition and promoting HO�

formation (Domenjoud et al., 2011).
Several operational conditions can affect ozone-based

treatment processes with respect to the dEfOM removal,

including O3 dose, contact time, pH, H2O2 concentration, and

UV dose (if used). In general, by increasing the O3 dose, DOC

removal is increased. Also, pH has a major role during ozon-

ation. The O3 decomposition is reduced in acidic pH. This

leads to an increased efficiency in the case where the main

pathway is ozonolysis. However, if the substances do not react

with molecular O3 and the primary reaction is with HO�,

increased pH (pH 8e9) leads to enhanced performance

(Tizaoui et al., 2011). Noteworthy, however, is that O3 demand

depends on reactor configuration and experimental setup

(Audenaert et al., 2013). The use of the O3/H2O2/UV combined

system results in a shorter reaction time than the individual

processes.

Catalytic ozonation has been found efficient in reducing

dEfOM yielding approximately 50e60% of TOC removal

(Alv�arez et al., 2009). To date, however, limited research has

been conducted on the structural changes of dEfOM resulting

from catalytic ozonation. Although the dEfOM reduction was

satisfactory in terms of faster organics degradation and

enhancement of the ozonation process, there are many

engineering operational issues (such as stability/reuse of the

catalyst) to be solved in order to use this process in full-scale

application.

It is important to highlight the fact that ozonation of

bromide-containing wastewater leads to the formation of

bromate and brominated DBPs (e.g., bromoform, bromoacetic

acids, dibromoacetone, dibromoacetonitrile, etc.) with

potential carcinogenic effects (Richardson and Ternes, 2005).

According to Wert et al. (2007), at ozone dosages higher than

the instantaneous O3 demand, bromate formation can take

place. There are limited studies reporting the formation of

brominated DBPs during ozonation of wastewater effluents,

since the majority of the studies focused on the potential of

specific organic fractions extracted from surface water or

groundwater to generate brominated DBPs. For example, it

was reported that at high ozone doses (O3/DOC < 2), depoly-

merization of dissolved NOMmolecules can take place, which

can potentially increase the concentrations of precursors that

may become halogenated. On the other hand, at higher ozone

doses (O3/DOC > 2), ozonation oxidizes some precursors to

other non-precursor compounds (and in some cases

completely), thus effectively reducing the precursor levels

available for brominated DBPs formation (Huang et al., 2004).

Furthermore, the formation of the potentially carcinogenic

NDMA during ozonation of wastewater effluents in a WWTP

was reported by Hollender et al. (2009). It is therefore crucial to

take into consideration the potential for producing bromi-

nated DBPs and NDMA during wastewater ozonation.

5.4.3. Homogeneous photocatalysis using the Fenton reagent
Extensive research on the application of Fenton and photo-

Fenton processes to treat a wide variety of organic contami-

nants present in various aqueous matrices (e.g., wastewater

effluents, surface water) has been reported (Trov�o et al., 2008;

P�erez-Moya et al., 2010; Michael et al., 2012a,b). Generally, the

process efficiency is strongly influenced by the presence of

organic matter that interacts readily with HO� with reaction

rate constants ranging between 108e1010 M�1 s�1 (Rosario-
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Ortiz et al., 2008a; Dong et al., 2010). As a result, dEfOM is

expected to be the primary reaction substrate under the most

relevant conditions of the Fenton wastewater treatment. On

the other hand, dEfOM can induce complexation of dissolved

ferric iron (Fe3þ) leading to the formation of stable and soluble

(at natural pH) complexes (Fe3þedEfOM) which can participate

in further reactions (De la Cruz et al., 2012).

The capacity of the Fenton/photo-Fenton systems

to remove dEfOM is primarily affected by H2O2 and Fe2þ

concentrations, pH, and reaction time. Optimization of

the catalyst and oxidant ratio renders the Fenton processes

suitable to treat complex aqueous matrices rich in dEfOM.

Malato et al. (2009) presented a comprehensive review on the

main process parameters and their influence on the Fenton/

photo-Fenton systems efficiency in removing various

organic compounds dissolved in water or wastewater.

Although previous studies have shown that the optimum

operating pH for Fenton/photo-Fenton processes is near 3

(Park and Yoon, 2007; Moncayo-Lasso et al., 2008), it was

reported by Goslan et al. (2006) that UV254 absorbance andDOC

reduction of humic acid solution were significant within a

pH range of 3e7. These conditions may be more feasible and

cost-effective for full-scale treatment applications, since pH

adjustment would not be necessary.

Reported results for Fenton and photo-Fenton processes

have shown the potential of these systems to treat waste-

water rich in dEfOM yielding up to 70% of DOC removal, while

UV254 absorbance was significantly reduced (Michael et al.,

2012b; Li et al., 2013; Rodrı́guez-Chueca et al., 2014). While

the effect of dEfOM on the Fenton process performance has

not been examined in sufficient detail (most studies

are devoted to the removal of specific organic micro-

contaminants rather than dEfOM), some alterations of dEfOM

structural characteristics during the application of Fenton

process were reported. Li et al. (2012) demonstrated that

during the Fenton process, preferential removal of high MW

compounds in dEfOM was observed. In addition, the relative

modifications of absorbance at 254 nm were strongly corre-

lated with Fe2þ concentration and contact time. According to

Li et al. (2013), protein-like compounds and SMPs were

the most readily removed species by both Fenton and

Fenton-like processes compared to humic- and fulvic-like

substances. These results could be linked to a very

interesting conclusion. Since the reaction rate between

organic molecules with unsaturated bonds and HO� tends to

be higher compared to that for organic molecules containing

predominantly saturated bonds (Westerhoff et al., 1999), it

may be assumed that SMPs consist of organic compounds

with unsaturated bonds which can react readily with HO�

during the Fenton process.

5.4.4. Heterogeneous photocatalysis (TiO2/UV)
Heterogeneous photocatalytic processes using TiO2 have

attracted considerable attention recently due to their appli-

cability to a variety of organic microcontaminants and utili-

zation of solar energy. Organic compounds can be degraded by

HO� which are formed from the reaction of water molecules

with the hVB
þ on the catalysts' surface (Herrmann et al., 1993;

Banerjee et al., 2014). In addition, adsorption of organic com-

pounds onto the catalysts' surface can occur.
The efficiency of heterogeneous photocatalytic systems for

organic matter removal depends on a number of parameters,

such as the catalyst loading, the addition of oxidant and

the solution pH. In general, higher TiO2 concentrations have

achieved greater DOC and UV254 absorbance removals.

Nevertheless, beyond a certain level, additional TiO2 particles

cannot be involved in further reactions due to the increased

turbidity and subsequent decrease in UV-light transmission

(Ho et al., 2010; Mueses et al., 2013). The H2O2 addition in the

TiO2-photocatalytic system, enhances the degradation rate of

the organic compounds by promoting the charge separation

(inhibiting eCB
� ehVB

þ recombination on the semiconductor

surface) and the HO� production. Of course, this increase

occurs up to a level which corresponds to the optimum H2O2

concentration.

It is well known that the adsorption of organic compounds

on the catalyst surface is strongly dependent on the solution

pH. According to the authors' knowledge, the adsorption of

dEfOM onto the catalyst particles has not been studied. Some

studies reported that the adsorption of humic substances

plays a significant role in their photocatalytic degradation

under acidic pH conditions, where the adsorption of carbox-

ylic surface groups onto TiO2 can be reinforced (Tran et al.,

2006; Liu et al., 2008). Wiszniowski et al. (2002) used diffuse

reflectance FTIR technique to demonstrate that the adsorption

occurred via the interaction of carboxylate groups in the

humic acid molecules with the TiO2 surface under acidic pH.

Moreover, it has been reported that hydrophobic dissolved

NOM is preferably adsorbed onto TiO2 surface, and more

hydrophilic oxidation products are then desorbed (Huang

et al., 2008). Here it is noted that the effect of pH on the

adsorption of various microcontaminants present in dEfOM

(e.g., PPCPs) is compound-specific involving complex

reactions.

Shon et al. (2005) reported that TiO2 photocatalytic

treatment of dEfOM provoked both a positive and negative

effect, the latter being eliminated by the simultaneous

addition of PAC or FeCl3 in the oxidation system. In a later

study by Shon et al. (2007), the removal of specific fractions of

dEfOM (i.e. hydrophophic, hydrophilic, transphilic) during the

coupling of TiO2 photocatalysis with FeCl3 flocculation and

PAC adsorption was investigated. The preferential removal

(approx. 80%) of hydrophobic and transphilic compounds

during UV-C-driven TiO2 photocatalysis has been demon-

strated, resulting in residual organic matter comprising

compounds of hydrophilic nature. TiO2 photocatalysis

removed 70% of the overall DOC,whereas the addition of FeCl3
and PAC in the photocatalytic system enhanced the removal

of dEfOM to 92.1% and 77.5%, respectively. In the case of

the combined TiO2/PAC system, the increase in the

dEfOM removal may be attributed to the adsorption of the

TiO2-photodegraded compounds onto the PAC particles.

In general, there are limited studies on the application of

TiO2 photocatalytic process with respect to the monitoring

and characterization of dEfOM fractions during the various

treatment steps. Most of the research carried out so

far has been concentrated on the effect of heterogeneous

photocatalysis on the removal of dissolved NOM present in

surface water and its structural alterations during treatment.

For example, HPSEC was used to fractionate dissolved NOM at
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different stages of the TiO2 photocatalytic process to charac-

terize the shift in the MWD (Liu et al., 2008; Tercero Espinoza

and Frimmel, 2009). Conversely, Carp et al. (2004) reported

different kinetic models for the TiO2 degradation of dissolved

NOM even under similar conditions. This can be attributed to

the multi-component composition of dissolved NOM present

in various water sources and the analytical techniques used to

characterize its structural characteristics and properties

(Gaffney et al., 1996). Arana et al. (2002) observed a uniform

TiO2 particle size distribution on the PAC surface and that the

rate of organic matter removal by the TiO2 together with

PAC was six times higher than that with TiO2 alone.

Similar combined treatment processes, incorporating TiO2

photocatalytic oxidationwith either ozonation or coagulation/

flocculation, produced higher dissolved NOM removal

(Uyguner et al., 2007; Mosteo et al., 2009).

Recently, the idea of integrating photocatalysis with

low-pressure submerged membranes (e.g., MF) has attracted

considerable attention (Huang et al., 2007; Erdei et al., 2008; Ho

et al., 2010). In the combined system, filtration aids in

the separation of suspended catalysts, while semiconductor

particles reduce membrane fouling by degrading organic

compounds present in dEfOM. Ho et al. (2010) assessed

the performance of a TiO2-photocatalytic-membrane

hybrid system in removing dEfOM. TiO2 photocatalysis led to a

significant DOC reduction (DOCremoval ¼ 62%), which in turn

enhanced membrane filtration flux resulting in a higher DOC

removal (70e75%). This study revealed the high adsorption

potential of humic substances present in dEfOM onto the

membrane surface. This observation is supported by the fact

that the membrane pore size used in this study (i.e., 0.1 mm) is

much higher than the equivalent size of humic substances. In

a treatment train comprised UV/TiO2, PAC, AlCl3 and MF/UF, a

high DOC removal of up to 92% was achieved (Erdei et al.,

2008).

From an engineering point of view, TiO2 slurry systems

constitute an important obstacle for full-scale applications of

TiO2 photocatalysis since they require an additional step for

post-separation and reuse of the catalyst. A new approach for

solving problems concerning separation of the photocatalyst

from the reaction mixture is the application of immobilized

photocatalytic membrane reactors. The latter have many ad-

vantages with respect to conventional photoreactors, such as:

(i) confinement of the photocatalyst in the reaction solution by

means of the membrane and (ii) control of a residence time

of molecules in the reactor (Mozia, 2010). According to the

authors' knowledge, the immobilized membrane reactors

received less attention compared to slurry systems for the

treatment of dEfOM.

5.4.5. Biological effects of dEfOM oxidation products
It is important to highlight the fact that despite the studies

performed for the understanding of dEfOM treatment efficacy,

current knowledge in relation topotential biological potencyof

dEfOM after advanced treatment is still insufficient. In partic-

ular, the potential effects of the oxidation products formed

during the advanced chemical oxidation of dEfOM should not

be overlooked. To date, the majority of the studies performed

by the various research groups active in the field, focused on

the formation and the effects (considering various biological
endpoints) of transformation products of specific micro-

contaminants present in dEfOM (e.g., PPCPs, EDCS, etc.) spiked

in pure water solutions upon their advanced oxidation treat-

ment (Fatta-Kassinos et al., 2011c; Rizzo, 2011; Haddad et al., in

press). This certainly prevents scientists from reaching

comprehensive conclusions in relation to the formation of

oxidation products deriving from the dEfOM itself.

There are few studies on the toxic effects of dEfOM oxida-

tion products, tested as whole effluent undergone oxidation.

Michael et al. (2012b) evaluated toxicity (D. magna and three

plant species [Sorghum saccharatum, Lepidium sativum, Sinapis

alba]) at various steps of the homogeneous photocatalytic

treatment (solar Fenton) of wastewater at a pilot scale. The

seed germination inhibition and D. magna immobilization was

found to be attributed to the dEfOM oxidation products formed

during the solar Fenton oxidation process rather than the

presence of microcontaminants (i.e., antibiotics) (Michael

et al., 2012b). The toxic and genotoxic effect of ozone-treated

wastewater effluents towards Lytechinus variegatus and zebra

mussels (i.e., comet assay) was demonstrated in Stalter et al.

(2010) due to the formation of dEfOM oxidation products.

The toxicity of ozonated wastewater effluents as a result of

the formation of oxidation products was also evidenced in

Switzerland, by applying a battery of bioassays (Escher et al.,

2009). In vitro and in vivo bioassays conducted to assess

the biological effects of UV- and ozone-treated wastewater

effluents (Cao et al., 2009), revealed that the dEfOM oxidation

products contributed to the biological potency of the whole

treated effluent. Therefore, toxicological tests to monitor and

control the formation of these harmful oxidation products

following AOP-based treatment are mandatory. Of course, the

formation of oxidation products upon AOPs application

cannot be regarded as a 'cut-off criterion' per se, considering

the fact that biodegradation products with unknown

biological effects are formed during conventional activated

sludge treatment.
6. Direct and indirect potable wastewater
reuse: real case studies

Certain advanced treatment technologies have experienced

popularity over the past few decades in IPR and DPR, possibly

due to their simple technological application and economi-

cally feasibility. The treatment technologies commonly used

in IPR and DPR systems include membrane filtration and

separation processes (i.e., MF, UF, NF, RO), as well as chemical

oxidation processes, mostly UV- and ozone-based technolo-

gies. MF and/or UF are usually used as pre-treatment for NF

and RO followed by an advanced oxidation process for further

improvement of final effluents' quality. In addition, advanced

biological treatment processes, such as BAC, are often

employed as pre- or post-treatment in full-scale treatment

facilities, in order to enhance the final effluent quality with

regard to dEfOM removal and mitigation of recalcitrant and

toxic microcontaminants. Examples of IPR and DPR schemes

which are currently in operation throughout the world are

provided in detail elsewhere (Rodriguez et al., 2009; Gerrity

et al., 2013). Therefore, the aim of this section is not to pro-

vide an extensive review on this topic, but to discuss the
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application of advanced technologies under 'real scenarios'
and conditions along with their efficiency in removing dEfOM

and toxicity.

The investigation of three full-scale wastewater

reclamation plants in Australia incorporating ozonation

followed by BAC filtration and various disinfection processes

(i.e., ozone, UV, MF/UV) was reported by Reungoat et al.

(2010, 2012). The reclamation plants (Caboolture

[8000 m3 day�1], Landsborough [2000 m3 day�1] and

Gerringong [900 m3 day�1]) receive biologically treated

effluents. The integration of chemical and biological treat-

ment processes results in 50% and 90% removal of DOC and

microcontaminants, respectively. It produces also an

improved wastewater effluent quality compared to the raw

wastewater with low toxicity and estrogenicity (removal of

non-specific toxicity and estrogenicity higher than 70%

and 95%, respectively). It is worth noting that the South

Caboolture Water Reclamation Plant, which is the largest

plant among the aforementioned, provides reclaimed

wastewater to be reused in industry, as well as to cover water

needs for community consumption.

A similar treatment train is applied in the case of

Reno-Stead Water Reclamation Facility in Reno (Nevada, US),

where a series of treatment steps follows the conventional

biological treatment (i.e., UF/sand filtration, ozone/H2O2 and

BAC), in an effort to establish the required quality criteria for

aquifer recharge (Gerrity et al., 2011). The ozone/H2O2

process has been found efficient in removing a variety of

microcontaminants (>90%) and effluent aromaticity

(U254removal ¼ 50%) by preferentially transformed the organic

matter associated with SMPs, while BAC was particularly

effective for the elimination of persistent oxidation products

(>95%) and 33% reduction of TOC. Also, ozone/H2O2 process

has been found to provide a >6.5-log viral inactivation and

estrogenicity reduction.

The Clark County Water Reclamation District in Las Vegas

(Nevada, US) discharges its treated effluents after granular

media filtration and disinfection with chlorine or UV, to

the Las Vegas Wash, which eventually reaches Lake Mead.

According to Gerrity et al. (2013), the reclamation plant will be

upgraded with UF and ozone to further reduce the chemical

and biological load of the effluents prior to their discharge.

Furthermore, UF employed in the F. Wayne Hill Water

Resources Center in Gwinnett Country (Georgia, US,

189,270 m3 day�1), seems to be promising technology in

producing an effluent of a high level of purity with the

potential to be discharged to the Chattahoochee river and be

used for irrigation at local parks and golf courses.

In the US, California is the leading state implementing IPR.

MF, RO and UV/H2O2, are employed prior to groundwater

replenishment with the treated effluents (CDPH, 2013).

MF provides substantial removal of pEfOM, while dEfOM

reduction down to 0.5 mg L�1 (in terms of TOC) is achieved

through RO application. The chemical oxidation treatment

(UV/H2O2) following the membrane steps, results in the

mitigation of NDMA, as well as in the improvement of the

effluent quality with respect to its organic content. Reclaimed

wastewater undergoing further treatment with MF/RO and

UV/H2O2 in the City of San Diego, is stored to the San Vicente

reservoir and subsequently used for potable water supply.
The combined treatment scheme produces a high quality

effluent complying with all the regulated parameters, while it

also provides elimination of PPCPs and NDMA

(removal > 99%). A similar treatment (MF/RO, UV) is currently

under operation by the PUB-Singapore's National Water

Agency, with the only difference being the non-addition of

H2O2. The produced water (known as NEWater) after stabili-

zation (addition of alkaline chemicals) is in compliance with

the WHO requirements and can be piped off to its wide range

of applications (e.g., reuse in industry, discharge to a drinking

water reservoir) (PUB, 2012).

IPR was also employed in the surroundings of Barcelona as

a means to overcome the severe drought occurred in 2008 by

discharging tertiary treated wastewater effluents (UF/RO,

UV þ chlorination) in a river (K€ock-Schulmeyer et al., 2011).

Windhoek (Namibia) represents a strong example of DPR

since 1968, where reclaimed wastewater is directly pumped

into the drinking water distribution system (Lahnsteiner and

Lempert, 2007). The quality of the final water is validated

with extensivemonitoring systems against a variety of quality

parameters by many organizations (e.g., EPA, EU,WHO, etc) to

assure that strict water quality requirements are met. Other

examples of DPR are currently implemented in the US

(Cloudcroft, New Mexico and Big Spring, Texas), in order to

meet the increased and prolonged potable water demands

(Tchobanoglous et al., 2011; Gerrity et al., 2013). In Cloudcroft

(New Mexico, US), the treatment configurations consist of

MBR, RO and UV/H2O2 and mixing of the treated water with

>51% of well water. The water is further treated with UF, UV,

GAC and chlorination prior to potable distribution. In the case

of Big Spring (Texas, US), wastewater passes through MF/RO

and then is treated with UV/H2O2 followed by flocculation,

sedimentation, granular media filtration and chlorination.

Considering that IPR and DPR schemes are implemented in

many regions as alternative potable water source, toxicolog-

ical risk assessmentswith respect to the remaining dEfOMand

its associated products after advanced treatment should not

be neglected. Each advanced treatment train poses its own

challenges and obstacles, which must be addressed according

to the effectiveness and reliability of the treatment processes,

regulatory quality requirements and health issues.
7. Conclusions

dEfOM remaining following biological wastewater treatment

comprises a heterogeneous mixture of refractory organic

compounds with diverse structures and functionalities which

can reach the aquatic environment via wastewater discharge

and reuse practices. Three categories of dEfOM are considered:

natural organic matter, soluble microbial products, and

trace microcontaminants originating from domestic and/or

industrial use. Many analytical methods for the qualitative

and quantitative characterization of dEfOM are available;

however, currently, a huge gap exists betweenwhat analytical

methodology is sufficient to provide a complete understand-

ing of the complex structure and the exact composition

of dEfOM. Furthermore, dEfOM composition is affected by

differences in biological wastewater treatment processes and

their operational conditions. If not supported by adequate
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dEfOM and operational characterization, any comparative

evaluations between various treatment processes cannot be

conducted properly.

Despite the fact that wastewater reuse is a strategy that is

gaining wider acceptance and is rapidly expanding, there is

still a significant number of issues to be tackled with respect

to dEfOM originating from treated wastewater. Typical

wastewater operational parameters, such as DOC, COD, and

conventional microbiological tests, are not adequate alone for

the design of wastewater reuse schemes, because the residual

dEfOM contains mixtures of organic compounds and their

transformation products whose biological potency needs

careful assessment and consideration. More in-depth studies

are necessary to better understand the potential risk of dEfOM

towards aquatic organisms and human health. In addition,

the accumulation of dEfOM in soil and its uptake potential by

plants and crops need to be urgently addressed in the

framework of agricultural wastewater reuse. Novel combina-

tion of bioassays should be developed and utilised

to adequately evaluate long-term effects of dEfOM and

subsequently the impacts of repeated wastewater reuse. The

knowledge on mechanisms underlying the effects of residual

dEfOM is key to predicting its potential risks, and is therefore

integral to the development of new wastewater quality

guidelines and legislation.

It is inevitable that in the near future, indirect and direct

potable reuse will become part of the water management

portfolio worldwide. The assessment of the efficiency of

various advanced treatment technologies in managing dEfOM

in view of the current concerns related to the wastewater

reuse and the induction of toxic effects in aquatic organisms

indicated that dEfOM removal is highly affected by the source

of wastewater, process mechanisms, and the technology

operating conditions. In many cases, the lack of data

regarding the treatment processes and the experimental

configurations, as well as the different qualitative character-

istics of dEfOM, does not allow comparison among the various

studies conducted.

The extent of membrane fouling and the efficiency of

membrane filtration in removing dEfOM, is highly dependent

on the type of the membrane and the pre-treatment pro-

cesses used prior to membrane application. Due to the large

pore size of MF membranes, their efficiency in removing

dEfOM from wastewater is not evident, whereas DOC can be

removed up to 40e70% using UF and more than 90% by

employing NF and RO. The membrane technologies generate

a residual stream, i.e., the concentrate that is rejected from

membrane systems, thereby imposing a dilemma for its

proper disposal. AC adsorption treatment (both in powdered

and granular form) results in high removal of low MW

hydrophobic organic compounds, while dEfOM fractions of

low and high MW have been found to be removed by AERs. Of

course, the regeneration and reuse of both AC and AERs

should not be overlooked.

Among the advanced treatment technologies applied for

the dEfOM removal, AOPs present a particularly attractive

option as they produce powerful oxidative species capable of

degrading a wide range of organic pollutants present in

dEfOM. The hydrophobic and high MW compounds present in

dEfOM have been shown to be more susceptible to oxidation
with various AOPs. UV-driven AOPs (i.e., UV/H2O2, photo-

Fenton, TiO2 photocatalysis) have demonstrated significant

dEfOM removal. Ozone-based processes, on the other hand

result in lower DOC removal; however, aromaticity of dEfOM

can be greatly reduced. Of course, the extent of dEfOM

reduction by AOPs is always study-specific, depending on the

organic content, other water qualitative characteristics, and

the treatment operational parameters. Nonetheless, it must

be stated that complete dEfOM removal (in terms of DOC

removal) seldom is attained during the application of AOPs

indicating the formation of persistent oxidation products

which may exhibit toxic effects and should not be neglected.

AOPs as individual processes or integratedwith other physical

and physicochemical processes (e.g., coagulation, floccula-

tion, and membrane technology) can be optimized further to

provide a promising option for wastewater treatment and safe

reuse schemes.

According to Mu~noz et al. (2009), 'Suitable technologies to

reduce the risks fromwastewater effluents exist andwill have

to be chosen on a case-by-case basis'. Obviously, switching

from conventional wastewater treatment to advanced treat-

ment can significantly increase costs. In a world where water-

energy-food nexus is becoming increasingly important,

energy efficiency should be taken into consideration when

selecting an advanced treatment scheme. It is clear that many

of the treatment trains described in this review require a

significant amount of energy, which increases operational

cost. However, urban communities cannot thrive without

sufficient and safe water supplies and hence such

investments are certainly warranted inmany cases. A balance

between efficiency, environmental risks, cost and energy

should be pursued, especially now that the European

Commission has started working on the development of a

Wastewater Reuse Directive.

The presence of dEfOM affects the current discharge

standards of the treated wastewater effluent and also

becomes a primary constraint to safe wastewater reuse.

Wastewater reuse guidelines vary from region to region

because of particular permit requirements, stakeholder

acceptance, financial means, health protection, public

acceptance, the level of water stress, and the variety of end

uses. However, risk assessment approaches to identify the

most critical microbiological and chemical parameters should

be developed in a unified approach to underpin the decisions

that promote ‘Best Reuse Practices’. The ‘Best Practice’ will

depend on the overall reuse strategy, sources of wastewater,

and the type of treatment under consideration. In order

to promote safe wastewater reuse solutions through a sus-

tainable risk assessment framework, a comprehensive

research strategy based on advanced chemical, microbiolog-

ical, toxicological, and modelling tools is needed to address

the critical issues associated with the residual dEfOM and its

potential environmental risks.
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Garcı́a-Reyes, J.F., Molina-Dı́az, A., 2009. Chemical evaluation
of contaminants in wastewater effluents and the
environmental risk of reusing effluents in agriculture. TrAC
Trends Anal. Chem. 28 (6), 676e694.

Muresan, B., Pernet-Coudrier, B., Cossa, D., Varrault, G., 2011.
Measurement and modeling of mercury complexation by
dissolved organic matter isolates from freshwater and

http://refhub.elsevier.com/S0043-1354(15)00193-1/sref152
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref152
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref152
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref153
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref153
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref153
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref153
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref153
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref153
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref154
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref154
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref154
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref154
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref154
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref154
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref154
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref154
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref155
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref155
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref155
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref155
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref156
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref156
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref156
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref156
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref156
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref156
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref157
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref157
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref157
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref157
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref158
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref158
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref158
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref158
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref158
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref158
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref158
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref159
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref159
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref159
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref159
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref159
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref160
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref160
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref160
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref160
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref160
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref160
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref160
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref160
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref160
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref160
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref160
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref160
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref161
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref161
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref161
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref161
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref161
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref161
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref163
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref163
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref163
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref163
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref164
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref164
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref164
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref164
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref164
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref164
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref164
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref165
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref165
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref165
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref165
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref165
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref167
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref167
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref167
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref167
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref168
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref168
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref168
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref168
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref168
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref169
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref169
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref169
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref169
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref169
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref169
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref169
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref169
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref170
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref170
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref170
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref170
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref171
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref171
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref171
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref171
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref172
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref172
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref172
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref172
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref172
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref172
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref173
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref173
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref173
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref174
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref174
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref174
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref174
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref174
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref175
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref175
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref175
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref175
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref175
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref175
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref176
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref176
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref176
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref176
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref176
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref177
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref177
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref177
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref177
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref177
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref178
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref178
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref178
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref178
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref178
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref178
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref178
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref179
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref179
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref179
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref179
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref179
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref179
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref179
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref180
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref180
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref180
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref180
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref180
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref180
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref181
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref181
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref181
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref181
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref181
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref182
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref182
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref182
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref182
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref182
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref182
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref183
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref183
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref183
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref183
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref184
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref184
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref184
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref184
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref184
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref184
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref185
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref185
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref185
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref185
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref185
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref185
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref185
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref185
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref185
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref186
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref186
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref186
http://dx.doi.org/10.1016/j.watres.2015.03.011
http://dx.doi.org/10.1016/j.watres.2015.03.011


wat e r r e s e a r c h 7 7 ( 2 0 1 5 ) 2 1 3e2 4 8 245
effluents of a major wastewater treatment plant. Appl.
Geochem. 26, 2057e2063.

Murray, A., Ray, I., 2010. Wastewater for agriculture: a reuse-
oriented planning model and its application in peri-urban
China. Water Res. 44 (5), 1667e1679.

Namkung, E., Rittmann, B.E., 1986. Soluble microbial products
(SMP) formation kinetics by biofilms. Water Res. 20 (6),
795e806.

Nasser, A.M., Paulman, H., Sela, O., Ktaitzer, T., Cikurel, H.,
Zuckerman, I., Meir, A., Aharoni, A., Adin, A., 2006. UV
disinfection of wastewater effluents for unrestricted
irrigation. Water Sci. Technol. 54 (3), 83e88.

Newcombe, G., 1999. Charge vs. porosity e some influences on
the adsorption of natural organic matter (NOM) by activated
carbon. Water Sci. Technol. 40 (9), 191e198.

Ng, T., Chow, A.T., Wong, P., 2014. Dual roles of dissolved organic
matter in photo-irradiated Fe (III)-contained waters. J.
Photochem. Photobiol. A: Chem. 290, 116e124.

Nguyen, S.T., Roddick, F.A., 2010. Effects of ozonation and
biological activated carbon filtration on membrane fouling in
ultrafiltration of an activated sludge effluent. J. Membr. Sci.
363, 271e277.

Nguyen, T.V., Zhang, R., Vigneswaran, S., Ngo, H.H.,
Kandasamy, J., Mathes, P., 2011. Removal of organic matter
from effluents by magnetic ion exchange (MIEX®).
Desalination 276, 96e102.

Nikolaou, A., Meric, S., Fatta, D., 2007. Occurrence patterns of
pharmaceuticals in water and wastewater environments.
Anal. Bioanal. Chem. 387 (4), 1225e1234.

O'Loughlin, E., Chin, Y., 2001. Effect of detector wavelength on the
determination of the molecular weight of humic substances
by high-pressure size exclusion chromatography. Water Res.
35 (1), 333e338.

Park, S., Yoon, T., 2007. The effects of iron species and mineral
particles on advanced oxidation processes for the removal of
humic acids. Desalination 208 (1e3), 181e191.

Parkinson, A., Roddick, F., Hobday, M., 2003. UV photooxidation of
NOM: issues related to drinking water treatment. Aqua 52,
577e586.

Parsons, S.A., Jefferson, B., Goslan, E.H., Jarvis, P.R., Fearing, D.A.,
2004. Natural organic matter e the relationship between
character and treatability. Water Sci. Technol. Water Supply 4
(5e6), 43e48.

Pedrero, F., Kalavrouziotis, I., Alarc�on, J.J., Koukoulakis, P.,
Asano, T., 2010. Use of treated municipal wastewater in
irrigated agriculture e review of some practices in Spain and
Greece. Agric. Water Manag. 97 (9), 1233e1241.

Pehlivanoglu-Mantasa, E., Hawley, E.L., Deeb, R.A., Sedlak, D.V.,
2006. Formation of nitrosodimethylamine (NDMA) during
chlorine disinfection of wastewater effluents prior to use in
irrigation systems. Water Res. 40, 341e347.

P�erez-Moya, M., Graells, M., Castells, G., Amig�o, J., Ortega, E.,
Buhigas, G., P�erez, L.M., Mansilla, H.D., 2010. Characterization
of the degradation performance of the sulfamethazine
antibiotic by photo-Fenton process. Water Res. 44 (8),
2533e2540.

Pernet-Coudrier, B., Clouzot, L., Varrault, G., Tusseau-
Vuillemin, M., Verger, A., Mouchel, J., 2008. Dissolved organic
matter from treated effluent of a major wastewater treatment
plant: characterization and influence on copper toxicity.
Chemosphere 73 (4), 593e599.

Petrovi�c, M., Barcel�o, D., 2006. Liquid chromatographyemass
spectrometry in the analysis of emerging environmental
contaminants. Anal. Bioanal. Chem. 385 (3), 422e424.

Petrovi�c, M., Gros, M., Barcel�o, D., 2006. Multi-residue analysis of
pharmaceuticals in wastewater by ultra-performance liquid
chromatographyequadrupole-time-of-flight mass
spectrometry. J. Chromatogr. A 1124 (1), 68e81.
Petrovi�c, M., Gros, M., Barcel�o, D., 2007. Multi-residue analysis of
pharmaceuticals using LCetandem MS and LCehybrid MS.
Compr. Anal. Chem. 50, 157e183.

Pisani, P., Menge, J.G., 2013. Direct potable reclamation in
Windhoek: a critical review of the design philosophy of new
Goreangab drinking water reclamation plant. Water Sci.
Technol. Water Supply 13 (2), 214e226.

Pramanik, B.K., Roddick, F.A., Fan, L., 2015. A comparative study
of biological activated carbon, granular activated carbon and
coagulation feed pre-treatment for improving microfiltration
performance in wastewater reclamation. J. Membr. Sci. 475,
147e155.

PUB, 2012. NEWater: the 3rd National Tap. Singapore Public
Utilities Board. <http://www.pub.gov.sg/water/newater/
Pages/default.aspx>.

Puspita, P., Roddick, F., Porter, N., 2015. Efficiency of sequential
ozone and UV-based treatments for the treatment of
secondary effluent. Chem. Eng. J. 268, 337e347.

Quaranta, M.L., Mendes, M.D., MacKay, A.A., 2012. Similarities
in effluent organic matter characteristics from
Connecticut wastewater treatment plants. Water Res. 46 (2),
284e294.

Reungoat, J., Macova, M., Escher, B.I., Carswell, S., Mueller, J.F.,
Keller, J., 2010. Removal of micropollutants and reduction of
biological activity in a full scale reclamation plant using
ozonation and activated carbon filtration. Water Res. 44,
625e637.

Reungoat, J., Escher, B.I., Macova, M., Argaud, F.X., Gernjak, W.,
Keller, J., 2012. Ozonation and biological activated carbon
filtration of wastewater treatment plant effluents. Water Res.
46, 863e872.

Richardson, S.D., 2003. Disinfection by-products and other
emerging contaminants in drinking water. TrAC Trends Anal.
Chem. 22 (10), 666e684.

Richardson, S.D., Ternes, T.A., 2005. Water analysis: emerging
contaminants and current issues. Anal. Chem. 77 (12),
3807e3838.

Rizzo, L., 2011. Bioassays as a tool for evaluating advanced
oxidation processes in water and wastewater treatment.
Water Res. 45, 4311e4340.

Rizzo, L., Manaia, C., Merlin, C., Schwartz, T., Dagot, C., Ploy, M.,
Michael, I., Fatta-Kassinos, D., 2013. Urban wastewater
treatment plants as hotspots for antibiotic resistant bacteria
and genes spread into the environment: a review. Sci. Total
Environ. 447, 345e360.

Rodriguez, C., Buynder, P.V., Lugg, R., Blair, P., Devine, B., Cook, A.,
Weinstein, P., 2009. Indirect potable reuse: a sustainable water
supply alternative. Int. J. Environ. Res. Public Health 6,
1174e1209.

Rodrı́guez-Chueca, J., Polo-L�opez, M.I., Mosteo, R., Ormad, M.P.,
Fern�andez-Ib�anez, P., 2014. Disinfection of real and simulated
urban wastewater effluents using a mild solar photo-Fenton.
Appl. Catal. B: Environ. 150e151, 619e629.

Rosal, R., Rodrı́guez, A., Perdig�on-Mel�on, J.A., Petre, A., Garcı́a-
Calvo, E., 2009. Oxidation of dissolved organic matter in the
effluentof a sewage treatmentplantusingozonecombinedwith
hydrogen peroxide (O3/H2O2). Chem. Eng. J. 149 (1), 311e318.

Rosario-Ortiz, F.L., Mezyk, S.P., Doud, D.F., Snyder, S.A., 2008a.
Quantitative correlation of absolute hydroxyl radical rate
constants with non-isolated effluent organic matter bulk
properties in water. Environ. Sci. Technol. 42 (16), 5924e5930.

Rosario-Ortiz, F.L., Mezyk, S.P., Wert, E.C., Doud, D.F., Singh, M.K.,
Xin, M., Baik, S., Snyder, S.A., 2008b. Effect of ozone oxidation
on the molecular and kinetic properties of effluent organic
matter. J. Adv. Oxid. Technol. 11 (3), 529e535.

Rosenberger, S., Laabs, C., Lesjean, B., Gnirss, R., Amy, G.,
Jekel, M., Schrotter, J., 2006. Impact of colloidal and soluble
organic material on membrane performance in membrane

http://refhub.elsevier.com/S0043-1354(15)00193-1/sref186
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref186
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref186
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref187
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref187
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref187
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref187
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref188
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref188
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref188
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref188
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref189
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref189
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref189
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref189
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref189
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref190
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref190
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref190
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref190
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref190
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref191
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref191
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref191
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref191
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref192
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref192
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref192
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref192
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref192
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref193
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref193
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref193
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref193
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref193
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref193
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref194
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref194
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref194
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref194
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref197
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref197
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref197
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref197
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref197
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref198
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref198
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref198
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref198
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref198
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref199
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref199
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref199
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref199
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref200
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref200
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref200
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref200
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref200
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref200
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref200
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref201
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref201
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref201
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref201
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref201
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref201
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref201
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref202
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref202
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref202
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref202
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref202
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref205
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref205
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref205
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref205
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref205
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref205
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref205
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref205
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref205
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref206
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref206
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref206
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref206
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref206
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref206
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref207
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref207
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref207
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref207
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref207
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref207
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref207
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref208
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref208
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref208
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref208
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref208
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref208
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref208
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref208
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref209
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref209
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref209
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref209
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref209
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref209
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref209
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref209
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref210
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref210
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref210
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref210
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref210
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref211
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref211
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref211
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref211
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref211
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref211
http://www.pub.gov.sg/water/newater/Pages/default.aspx
http://www.pub.gov.sg/water/newater/Pages/default.aspx
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref213
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref213
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref213
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref213
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref214
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref214
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref214
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref214
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref214
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref215
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref215
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref215
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref215
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref215
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref215
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref216
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref216
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref216
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref216
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref216
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref217
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref217
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref217
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref217
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref218
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref218
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref218
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref218
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref219
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref219
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref219
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref219
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref220
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref220
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref220
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref220
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref220
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref220
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref221
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref221
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref221
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref221
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref221
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref222
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref222
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref222
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref222
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref222
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref222
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref222
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref222
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref222
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref223
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref223
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref223
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref223
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref223
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref223
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref223
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref223
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref223
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref223
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref224
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref224
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref224
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref224
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref224
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref225
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref225
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref225
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref225
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref225
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref226
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref226
http://refhub.elsevier.com/S0043-1354(15)00193-1/sref226
http://dx.doi.org/10.1016/j.watres.2015.03.011
http://dx.doi.org/10.1016/j.watres.2015.03.011


wat e r r e s e a r c h 7 7 ( 2 0 1 5 ) 2 1 3e2 4 8246
bioreactors for municipal wastewater treatment. Water Res.
40 (4), 710e720.

Ruiken, C., Breuer, G., Klaversma, E., Santiago, T., van
Loosdrecht, M., 2013. Sieving wastewater e cellulose recovery,
economic and energy evaluation. Water Res. 47 (1), 43e48.

S�anchez-Marı́n, P., Bellas, J., Mubiana, V.K., Lorenzo, J.I., Blust, R.,
Beiras, R., 2011. Pb uptake by the marine mussel Mytilus sp.
interactions with dissolved organic matter. Aquat. Toxicol.
102 (1), 48e57.

Santos, D.C., Silva, L., Albuquerque, A., Sim~oes, A., Gomes, A.C.,
2013. Biodegradability enhancement and detoxification of cork
processing wastewater molecular size fractions by ozone.
Bioresour. Technol. 147, 143e151.

Sarathy, V., Allen, H.E., 2005. Copper complexation by dissolved
organic matter from surface water and wastewater effluent.
Ecotoxicol. Environ. Saf. 61, 337e344.

Saunders, F.M., Dick, R.I., 1981. Effect of mean-cell residence time
on organic composition of activated sludge effluents. J. Water
Pollut. Control Fed. 201e215.

Schwartz, M.L., Curtis, P.J., Playle, R.C., 2004. Influence of natural
organic matter source on acute copper, lead, and cadmium
toxicity to rainbow trout (Oncorhynchus mykiss). Environ.
Toxicol. Chem. 23 (12), 2889e2899.

Sedlak, D.L., Deeb, R.A., Hawley, E.L., Mitch, W.A., Durbin, T.D.,
Mowbray, S., Carr, S., 2005. Sources and fate of
nitrosodimethylamine and its precursors in municipal
wastewater treatment plants.Water Environ. Res. 77 (1), 32e39.

Serkiz, S.M., Perdue, E.M., 1990. Isolation of dissolved organic
matter from the Suwannee River using reverse osmosis.
Water Res. 24 (7), 911e916.

Sharif, F., Wang, J., Westerhoff, P., 2012. Transformation in bulk
and trace organics during ozonation of wastewater. Ozone Sci.
Eng. 34, 26e31.

Shenker, M., Harush, D., Ben-Ari, J., Chefetz, B., 2011. Uptake of
carbamazepine by cucumber plants e a case study related to
irrigation with reclaimed wastewater. Chemosphere 82 (6),
905e910.

Shon, H., Vigneswaran, S., Ngo, H., Kim, D., Park, N., Jang, N.,
Kim, I.S., 2003. Characterization of effluent organic matter
(EfOM) of fouled nanofilter (NF) membranes. In: Proceedings of
the International Membrane Science and Technology
(IMSTEC), Sydney, Australia.

Shon, H., Vigneswaran, S., Kim, I.S., Cho, J., Ngo, H., 2004. The
effect of pretreatment to ultrafiltration of biologically treated
sewage effluent: a detailed effluent organic matter (EfOM)
characterization. Water Res. 38 (7), 1933e1939.

Shon, H., Vigneswaran, S., Ngo, H., Kim, J., 2005. Chemical
coupling of photocatalysis with flocculation and adsorption in
the removal of organic matter. Water Res. 39 (12), 2549e2558.

Shon, H., Vigneswaran, S., Snyder, S., 2006a. Effluent organic
matter (EfOM) in wastewater: constituents, effects, and
treatment. Crit. Rev. Environ. Sci. Technol. 36 (4), 327e374.

Shon, H., Vigneswaran, S., Ngo, H., Johnston, A., Kim, I.S., Cho, J.,
2006b. Performance of flocculation and adsorption
pretreatments to ultrafiltration of biologically treated sewage
effluent: the effect of seasonal variations. Sep. Sci. Technol. 41
(16), 3585e3596.

Shon, H.K., Vigneswaran, S., Kim, I.S., Cho, J., Ngo, H.H., 2006c.
Fouling of ultrafiltration membrane by effluent organic
matter: a detailed characterization using different organic
fractions in wastewater. J. Membr. Sci. 278, 232e238.

Shon, H.K., Vigneswaran, S., Kim, J.H., Ngo, H.H., 2007.
Application of hybrid photocatalysis systems coupled with
flocculation and adsorption to biologically treated sewage
effluent for organic removal. Korean J. Chem. Eng. 24 (4),
618e623.

Singer, P.C., Bilyk, K., 2002. Enhanced coagulation using a
magnetic ion exchange resin. Water Res. 36 (16), 4009e4022.
Sirivedhin, T., Gray, K.A., 2005. Part I. Identifying
anthropogenic markers in surface waters influenced by
treated effluents: a tool in potable water reuse. Water Res.
39, 1154e1164.

Slaveykova, V.I., Wilkinson, K.J., Ceresa, A., Pretsch, E., 2003. Role
of fulvic acid on lead bioaccumulation by Chlorella kesslerii.
Environ. Sci. Technol. 37 (6), 1114e1121.

Souza, B.Z., Dantas, R.F., Cruz, A., Sans, C., Esplugas, S.,
Dezotti, M., 2014. Photochemical oxidation of municipal
secondary effluents at low H2O2 dosage: study of hydroxyl
radical scavenging and process performance. Chem. Eng. J.
237, 268e276.

Stalter, D., Magdeburg, A., Oehlmann, J., 2010. Comparative
toxicity assessment of ozone and activated carbon treated
sewage effluents using an in vivo test battery. Water Res. 44,
2610e2620.

Steinle-Darling, E., Zedda, M., Plumlee, M.H., Ridgway, H.F.,
Reinhard, M., 2007. Evaluating the impacts of membrane type,
coating, fouling, chemical properties and water chemistry on
reverse osmosis rejection of seven nitrosoalklyamines,
including NDMA. Water Res. 47, 3959e3967.

Sun, Y.X., Wu, Q.Y., Hu, H.Y., Tian, J., 2009. Effect of bromide on
the formation of disinfection by-products during wastewater
chlorination. Water Res. 43, 2391e2398.

Sutton, R., Sposito, G., 2005. Molecular structure in soil humic
substances: the new view. Environ. Sci. Technol. 39 (23),
9009e9015.

�Swietlik, J., Sikorska, E., 2004. Application of fluorescence
spectroscopy in the studies of natural organic matter fractions
reactivity with chlorine dioxide and ozone. Water Res. 38 (17),
3791e3799.
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