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Abstract 

 

Global water quantity and quality are anticipated to decrease in the coming decades, as a result 

of both increasing global populations and the effects of climate change. Reusing and recycling 

water is a key part of reducing the pressure on our existing water supplies and the aquatic 

environment. However, the occurrence of non-steroidal anti-inflammatory drugs (NSAIDs) in 

secondary, and in some tertiary, treated effluents and sewage impacted water bodies is one of 

the major obstacles for the implementation of water reuse. For several decades, NSAIDs have 

been extensively used for therapeutic purposes in both humans and domestic livestock. The 

negative effects of NSAIDs on aquatic biota are just beginning to be realised. Currently, 

intensive treatments are required to remove effectively NSAIDs from recycled treated effluent 

in order to minimize, or eliminate risks to human health and aquatic environment. In this 

chapter, we focus the discussion on contemporary methods for NSAID removal including 

biological, physical, chemical and combined process that may provide a more effective and 

efficient alternative.  

 

Key words: NSAIDs; Water Reuse; Membrane Process; Advanced Oxidation Process; 

Integrated Process  

  



 

3 
 

1. Introduction 

Water reclamation refers to the treatment of used, or waste-water, to the quality suitable for 

either potable (e.g. drinking), or non-potable (e.g. irrigation, agricultural applications and toilet 

flushing) use. Water reclamation provides an alternative source of water that gives an extra 

level of certainty and security to water supplies in the face of a changing climate. In recent 

years, there has been an upward trajectory in both technology development and full-scale 

implementation of water reclamation. For example, NEWater, the trade name of reclaimed 

water produced in Singapore, now operates five full-scale NEWater plants that supply up to 

40% of Singapore’s water demand (i.e. water fabrication processes, non-potable applications 

in manufacturing processes as well as air-con cooling towers in commercial buildings). Despite 

recent advances, there are several barriers to acceptance of water reclamation, including capital 

and operation costs, presence of emerging contaminants (ECs), as well as community attitudes. 

Research efforts to reduce the cost, treat and remove ECs and enhance the community 

awareness are ongoing.  

One group of EC of particular concern is the non-steroidal anti-inflammatory drugs 

(NSAIDs), which include aspirin, ibuprofen, naproxen, diclofenac, paracetamol. NSAIDs are 

commonly used in our daily life to reduce pain, decrease fever, prevent blood clots and decrease 

inflammation (Day and Graham 2013). As a result of this usage, the presence of NSAIDs in 

the environment is beginning to receive considerable attention from the scientific community, 

public health and ecological conservation authorities (Sutherland and Ralph 2019, Tran et al. 

2018). The concerns are mainly due to their potential physicochemical toxicological properties 

on aquatic biota, although there are currently no environmental protection limits for NSAIDs 

(Sutherland & Ralph 2019). NSAIDs have been reported in both wastewater and the receiving 

environment at trace levels of ng/L to µg/L and while these concentrations may not always be 

harmful to humans, they are still considered to be undesirable with regards to the 

“precautionary principle” (Nguyen et al. 2018, Sutherland and Ralph 2019, Tran et al. 2018).  

Currently, there are no statutory requirements for wastewater and water reclamation plants 

to monitor the concentrations of NSAIDs in the water and, in most instances, is not routinely 

monitored for. However, with increased application of water reclamation, and improved 

understanding on the impacts of NSAIDs in reclaimed water, technologies for the treatment 

and / or removal of NSAIDs will need to be developed. In this chapter, contemporary 

technologies for the treatment and / or removal of NSAIDs are reviewed and discussed. In 
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particular, integrated processes (i.e. combination of biological, physical and chemical process) 

for NSAID removal are delineated. 

2. Contemporary methods for non-steroidal anti-inflammatory drugs removal 

2.1 Biological methods  

2.1.1 Bacterial based process 

Microbial consortia currently play a significant role in conventional activated sludge (CAS), 

carrying out soluble organic matter removal, nitrification–denitrification, luxury uptake of 

phosphorus, and volatile fatty acid degradation. Bacteria (the major component of the microbial 

consortia) with such diverse metabolic capacities are employed in a series of (or single) 

chambers with differential redox conditions (e.g., anaerobic, anoxic, and aerobic). The 

potential role of wastewater treatment bacterial consortia in biodegrading NSAIDs is discussed 

below, and conceptualised in Figure 1.     

 
 

Figure 1:  Biodegradation and adsorption concept of NSAIDs by bacteria in conventional 

activated sludge (CAS), sequencing batch reactor (SBR) and membrane bioreactor (MBR) 

CAS is not designed and operated for the treatment and removal of emerging contaminants, 

including NSAIDs. The removal rates of NSAIDs in CAS are, therefore, often incomplete and 

significantly variable (Clara et al., 2005; Oppenheimer et al., 2007). For example, CAS remove 

10-50% of diclofenac from influents at concentrations of 100 to 5000 µg/L (Jewell et al. 2016, 

Nguyen et al. 2019), while Kimura et al. (2007) found that ketoprofen and naproxen are not 

eliminated at all in CAS. In contrast, Tran et al (2009) found that nitrifying bacteria cultures 

achieved 10-30% improvement in the removal of diclofenac, ibuprofen and naproxen in 

comparison to CAS. Biodegradation of NSAIDs in CAS can be affected by microbial 
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community structure and their associated metabolic capabilities (Cui et al. 2016, Nguyen et al. 

2018, Wei et al. 2016). Microbial community composition and functionality are influenced by 

various operating conditions, such as pH, temperature, dissolved oxygen concentration, 

hydraulic/solid retention time, and the type and concentration of growth substrates. For 

example, high removals of NSAIDs were observed in CAS systems with higher nitrifying 

activity (Tran et al. 2013).  Higher removal efficiency of some NSAIDs could also be attributed 

to adsorption to sludge biomass (Radjenovic et al., 2007a). However, compounds which are 

relatively hydrophilic (log D < 3.2, acetaminophen, naproxen, ibuprofen, diclofenac) show 

limited sorption to sludge (Joss et al., 2006). Therefore, physicochemical properties of a 

compound can greatly influence its fate and removal during CAS treatment. 

 
Figure 2. Factors affecting the removal of NSAIDs in the biological process. SRT/HRT 

stands for sludge retention time and hydraulic retention time, respectively. 

Membrane bioreactor (MBR) is a combination of a membrane filtration process with a 

suspended growth bioreactor. MBR provides effective removal of both organic and inorganic 

contaminants from municipal and/or industrial wastewaters. MBR produces a more consistent 

effluent quality compared to that of CAS. The combination of activated sludge and membrane 

filtration has made MBR a reliable and popular technology for treating many types of 

wastewaters, particularly those that contain emerging contaminants such as NSAIDs (Bérubé 

et al. 2010, González et al. 2006, Petrovic et al. 2003, Snyder et al. 2007, Tadkaew et al. 2011).  

Wastewater with NSAIDs 

Compound properties  

Charge 
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However, the removal efficiency of ECs such as NSAIDs during MBR treatment depends on 

the physicochemical properties of the compound and the operational conditions of the 

wastewater treatment plant (Fig 2) (Hai et al. 2011b, Nguyen et al. 2013a, Nguyen et al. 2013e, 

Trinh et al. 2012). Physiochemical properties such as hydrophobicity, chemical structure, and 

compound polarity are likely to be important factors affecting the removal of NSAIDs in MBR 

systems. Understanding to what extent and how each property affects the removal of NSAIDs 

would help better design and operate MBR-based WWTPS for controlling NSAIDs-bearing 

waste streams. 

Hydrophobicity is a major factor affecting the sorption of NSAIDs by MBR. Of the many 

NSAIDs present in wastewater, some are highly hydrophobic and can be readily removed by 

MBR treatment via biosorption. For example, 80% of nonylphenol was eliminated in a pilot 

scale MBR process treating landfill leachate (Cirja et al. 2008), largely due to the high 

hydrophobic nature of nonylphenol (log D = 6.19 at pH 8). In a laboratory-scale study, the 

removal of hydrophobic compounds (log D >3.2), such as amitriptyline 17β-estradiol, 

androsterone, and simvastatin, by MBR was greater than 85% at pH 8 (Tadkaew et al. 2011). 

However, in the same study, the authors found that less than 20% removal was achieved for 

hydrophilic and moderately hydrophobic compounds (Log D <3.2).  

The chemical structure of the NSAIDs can be another major factor affecting their removal 

by MBR. Compounds with simple chemical structures (e.g., the absence of a branched alkyl 

chain) are likely easily degraded, whereas compounds with complex structures, or with toxic 

functional groups (e.g., halogens and nitro group), have a higher resistance to biodegradation, 

resulting in incomplete degradation (Cirja et al. 2008). In addition, simple structure (e.g., not 

containing multiple rings) compound with chloride groups (e.g. diclofenac) are less-removable 

by MBR (Hai et al. 2011a). Cirja et al. (2008) reported a decrease in the degradation rate of 

aromatic compounds when the number of nitro and chlorine groups increases. Therefore, MBR 

can represent a promising technology but further research on the removals of NASIDs in 

relation to MBR-based water reclamation processes is highly desired.  

 

2.1.2 Enzyme based process 

The enzymatic treatment process is at the border of traditional chemical and biological 

processes, where enzymes are the biological catalysts of chemical reactions. The use of 

enzymes purified from various plant and microbial sources for wastewater treatment has been 

actively studied in recent years. Enzymatic treatment processes have various advantages over 

conventional biological and chemical processes such as high substrate specificity, effective 



 

7 
 

degradation of recalcitrant xenobiotic compounds, high reaction rate, and biodegradability in 

discharged water (Hai et al. 2013, Kudanga et al. 2010, Modin et al. 2014, Yang et al. 2013). 

Despite all these advantages, the deployment of enzyme-based technologies in wastewater 

treatment is impaired by their relatively high production costs, limited scalability, sensitivity 

to inhibitors and low stability under harsh environmental conditions (Unuofin et al. 2019). 

Among the different oxidative enzymes of interest for wastewater treatment, laccases are 

the most studied (Unuofin et al. 2019). Laccases are multicopper oxidases produced in fungi, 

bacteria and some algae, which can oxidize phenols and similar substrates and have been shown 

to degrade NSAID compounds (Ashe et al. 2016, Nguyen et al. 2014, Tran et al. 2010). 

Laccases catalyze the ring cleavage of aromatic compounds using oxygen as an electron 

acceptor. Kim at al. (2006) reported 71 – 100%  degradation of triclosan (20 µM), while the 

measured laccase activity increased from 0.3 to 3 U/mL. Tran et al. (2010) reported that 2 mg/L 

of fungal laccase can degrade 60% of diclofenac and naproxen in the effluent after a 3 h 

reaction.  

Enzyme washout and inactivation are the limitation of enzyme application in water 

treatment process (Hai et al. 2013, Hai et al. 2012). Depending on the origin of the laccase 

(fungal or bacterial) and the reaction conditions, the half-life of the enzyme can varies from 

minutes to days (Brugnari et al. 2018, Margot et al. 2013). The recovery of the enzyme and its 

reusability are key factors for the feasibility of continuous-mode enzymatic reactors because 

the high cost of the enzyme may limit their application (Lloret et al. 2012). Enzyme 

immobilization on a support is one of the approaches to tackle this major limitation. Different 

supports, namely, polyacrylonitrile, polystyrene, SiO2 (celite), chitosan and sol-gel has been 

used to immobilize laccase (Yang et al. 2013). For example, Cabana et al. (2009) immobilized 

laccase on SiO2 that degraded nonylphenol, bisphenol A, and triclosan in a packed bed reactor. 

The use of membranes with pore size smaller than the molecular weight of an enzyme is another 

approach to prevent enzyme washout from a continuous flow enzymatic reactor. Enzymatic 

membrane reactor (EMR) allow for continuous feeding and product withdrawal without loss 

of the enzyme. Depending on the EMR design, the enzymes may be freely circulating in the 

retentate or immobilized onto the membrane surface or inside its porous structure (Hai et al. 

2013, Modin et al. 2014, Rios et al. 2004). An example of enzymatic membrane reactor is 

presented in Fig 3.  
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Figure 3: An example of laboratory scale enzymatic membrane reactor.  
 

Nguyen et al (2014) reported 60% removal of diclofenac at influent concentration of 0.5 

mg/L. However, enzymatic denaturation continuously occurred despite of a complete retention 

by the membrane initiated the periodic addition of enzyme. Indeed, the authors proposed a 

strategy to maintain enzymatic activity by adding 200 μL of the commercial laccase solution 

per L of the reactor volume every 12 h (equivalent to a laccase dose of 23 mg/L.d). Apart from 

enzyme reinjection, different methods have been reported to minimize the loss of enzyme 

during operation of an EMR. For example, ethylenediaminetetraacetic acid and polyethylene 

glycol, which are believed to possess a protecting role for enzymes, especially under oxidative 

stress, may be added to an EMR (Andersson et al. 2000, Mendoza et al. 2011). While enzymes 

hold a great potential, more research is needed to increase their stability before it can be 

implemented at industrial scale. 

 

2.1.3 Algae based process 

Microalgae have demonstrated potential for detoxifying a wide range of organic and 

inorganic compounds at a range of scales, from laboratory through to full-scale (Sutherland & 

Ralph 2019). Such detoxification typically occurs via three main pathways; bioadsorption, 

where the compound is adsorbed to cell wall components, or onto organic extracellular 

excretions, bio-uptake, where the compound is actively transported into the cell, or 

biodegradation, where the compound is broken down into simpler molecules through catalytic 

metabolic degradation (Sutherland & Ralph 2019). While coupling NSAIDs bioremediation 
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with technologies such as microalgal wastewater treatment could potentially be economically 

viable, there are several research challenges associated with microalgal NSAIDs 

biodegradation that need to be overcome before this is a viable option.  

Detoxification via microalgal bioadsorption is dependent on the chemical structure of the 

compound, with hydrophobic, cationic compounds being attracted to the microalgal cell 

surface through electrostatic interactions, whereas hydrophilic compounds are repelled (Xiong 

et al. 2017). Once at the cell surface, a number of chemical interactions between the compound 

and the functional, charged groups on the cell surface may occur, including adsorption 

reactions, ion exchange reactions with functional groups on the microalgal surface, surface 

complexation reactions, chelation and micro-precipitation (Dönmez et al. 1999, Schmitt et al. 

2001). However, NSAIDs are hydrophilic compounds, meaning that they are anionic, or 

negatively charged, and have low bioadsorption affinity values with microalgal cells due to the 

cells also being negatively charged (Sutherland & Ralph 2019). This means that the use of live 

microalgal cells for NSAIDs bioadsorption is not a viable option but the use of either physically 

or chemically modified non-living cells may potentially be a viable treatment option. Physical 

or chemical modifications can be made to the microalgal cell surface that permits hydrophilic 

interactions between the hydroxyl and carbonyl functional groups of the cell surface and the 

amino and carbonyl groups in the molecules (Ali et al. 2018). This can result in increased 

adsorption onto the cell surface for hydrophilic compounds such as NSAIDs (Ali et al. 2018). 

Adsorption of a non-NSAID hydrophilic drug (Tramadol) onto non-living microalgal cells 

was enhanced by 70% through simple chemical treatment (0.1 N NaOH) of microalgal cell 

surfaces, compared to living microalgae (Ali et al. 2018). Similarly, Coimbra et al. (2018) 

demonstrated that physically damaged (freeze-drying and grinding) non-living microalgal cells 

were able to remove between 20 – 28 mg of diclofenac from water per gram of algal biomass, 

although no live microalgal biomass was used as a comparison.  

Microalgal biodegradation involves the transformation of complex compounds into simpler 

breakdown molecules through either direct catalytic metabolic degradation, in which the 

compound serves as the carbon source or electron donor / acceptor, or by co-metabolism, in 

which the compound is degraded by enzymes that are catalyzing other substrates present 

(Tiwari et al. 2017; Sutherland & Ralph 2019). Microalgal biodegradation can occur either 

intracellularly, where the compound is taken up by the cell, extracellularly, where enzymes are 

excreted into the EPS to function as an external digestive system, or a combination of them 

both (Tiwari et al. 2017). The intracellular biodegradation of compounds involves a complex 

enzymatic process involving both Phase I and Phase II enzyme families. The main role of Phase 
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I enzymes in biodegradation is to make the compound more hydrophilic, while the main role 

of Phase II enzymes is to catalyze the degradation of the compound (Xiong et al. 2018). 

Microalgal-mediated biodegradation is regarded as being highly complex and the exact role of 

the multiple enzymes in both the Phase I and Phase II enzyme families are not fully understood 

(Xiong et al. 2018) and both the enzymes involved, and their respective roles is likely to differ, 

at least in part, between different microalgal species (Sutherland & Ralph 2019).  

There are few studies that have assessed microalgal biodegradation of a limited number of 

NSAID compounds and despite NSAIDs being hydrophilic, the reported rates of microalgal-

mediated biodegradation are low. For example, reported microalgal biodegradation rates of the 

NSAID diclofenac range from <7% to 22% and requiring at least 9 days exposure (Zhang et al. 

2008; Garcia-Rodriguez et al. 2014; Escapa et al. 2016). However, the authors did not state 

whether the microalgal culture was axenic or not, or if any associated bacteria could have 

played a role in the reported degradation. Similarly, Ding et al. (2017) found varying rates of 

degradation of the NSAID, naproxen, between different microalgal species, with Cymbella sp. 

enhancing naproxen degradation by 27% above that in the control, while Scenedesmus 

quadricauda inhibited degradation by 23%, following 30 days incubation. One of the 

challenges to successful microalgal biodegradation of NSADs is ensuring that the microalgae 

can uptake the hydrophilic compounds into the cell in the first place, or that extracellular 

enzymes are expressed in sufficient quantity to induce extracellular degradation. Fungal 

biodegradation of NSADs has been attributed to extracellular ligninolytic enzymes (e.g., 

peroxidases, laccases), often in coordination with an internal detoxification process, involving 

both Phase I and Phase II enzymes, that is mediated by the cytochrome P450 family (CYP), 

epoxidases and transferases (Marco-Urrea et al. 2010, Olicón-Hernández et al. 2017). These 

enzymes have also been reported as being present, to some degree, in some microalgae but 

their efficacy and mode of action (redox mediator) may vary and the exact role these enzymes 

play in microalgal biodegradation of compounds is unknown (Domaradzka et al. 2015, Olicón-

Hernández et al. 2017, Otto et al. 2015, Xiong et al. 2018). There are several strategies that 

may potentially improve microalgal-mediated biodegradation of NSADs. Firstly, the 

conditions of the growth media can be optimized to enhance the secretion, activity and stability 

of native laccases, for instance, Otto et al. (2010) found increased laccase production in 

microalgae was achieved through the simple addition of copper sulphate. Secondly, the 

catalytic performance of the native enzymes can be increased by random mutagenesis and/or 

site-directed mutagenesis (Zhang et al. 2018). Finally, exogeneous enzymes, such as fungal 

enzymes with high biodegradation capacity, can be recombinantly expressed in microalgae. 
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Microalgae have higher growth rates than fungi, minimal growth requirements (phototrophy) 

and therefore potentially lower bioremediation costs (Rasala and Mayfield 2015). For example, 

Chiaise et al. (2011) succeeded in producing the fungal laccase POX A1b in Chlamydomonas 

pitschmannii, Chlorella emersonii, and Ankistrodesmus braunii for the remediation of phenolic 

compounds from olive oil mill wastewaters. However, the genetic engineering of microalgae 

is in its infancy and numerous limitations such as low transformation efficiencies and low 

recombinant protein yields still need to be overcome (Rasala and Mayfield 2015). In addition 

to the current technology limitations, for many countries, legislation around the limited use, or 

the total ban of, genetically modified organisms (GMO) due to the risks and potential impact 

on the environment means that, at present, genetically modifying microalgae for NSAIDs 

biodegradation is not a viable option.  

Microalgae play a role in enhancing bacterial biodegradation of NSAIDs. In microalgal-

bacteria coupled treatment systems, microalgal photosynthesis provides the necessary oxygen, 

a key electron acceptor, for aerobic bacterial degradation of the organic compounds, while 

microalgal released dissolved organic matter (DOM) provides the necessary substrates for 

bacterial co-metabolism of compounds such as NSAIDs (Sutherland et al. 2015, Sutherland & 

Ralph 2019). For example, Matamoros et al. (2016) successfully demonstrated microalgal 

enhancement of bacterial biodegradation of the NSAID, ibuprofen. The authors found that, in 

the presence of microalgae, bacterial degradation of ibuprofen increased from 15 to 60%, 

following 3 days of incubation under laboratory conditions (Matamoros et al. 2016). However, 

the exact mechanism for microalgal enhancement of bacteria degradation of NSAIDs and other 

organic compounds is not fully understood. Investigations into the interactions between the 

two organisms and conditions that further enhance coupled degradation would help to enable 

the development of biological-mediated NSAIDs remediation. 

Microalgae may also enhance the photodegradation of NSAIDs through the release of DOM, 

which comprises of a range of molecules such as hydrophilic organic acids, hemicellulose, 

humic acids and fulvic acids. This released DOM is thought to enhance photodegradation 

through various mechanisms, including catabolic processes, redox cycling, via production of 

hydroxyl radicals, or in inhibiting photo-oxidation by competitive reaction with radicals, 

resulting in the photosensitised transformation of NSAIDs (Van Trump et al. 2006, Norvill 

2016). Photodegradation of the NSAIDs, diclofenac (Matamoros et al. 2016; Villar-Navarro et 

al. 2018), and ibuprofen (de Wilt et al. 2016; Matamoros et al. 2016), in the presence of 

microalgal derived DOMs has been successfully demonstrated in both wastewater treatment 



 

12 
 

high rate algal ponds and photobioreactors, with reported removal rates between 82 – 99% 

compared to 7% for biodegradation.   

Options for cost-effective microalgae degradation of NSAIDs are limited due to the 

hydrophilic nature of the compounds and the negatively charged cell surface of the microalgae. 

The most promising options include coupled microalgal-bacteria degradation or enhancement 

of photodegradation. Further research into the mechanisms behind microalgal-assisted 

degradation is needed in order to optimise the treatment system.  

 

2.1.4 Fungi based process 

Considerable research has been devoted to test the performance of different white-rot fungi 

(WRF) for the removal of NSAID compounds. For example, Tran et al. (2010) observed the 

complete removal of the NSAID compounds ibuprofen, naproxen, diclofenac and ketoprofen 

by a white-rot fungus Trametes versicolor over 7 days of inoculation. Cajthaml et al. (2009) 

investigated the performance of eight different strains of WRF for the removal of several 

NSAID compounds, including diclofenac, ibuprofen and ketoprofen while almost all tested 

fungal strains were able to degrade the selected NSAIDs, to some degree, the strains Irpex. 

lacteus and Pleurotus ostreatus provided the highest removal efficiency of NSAIDs (i.e. 90% 

and 80%, respectively), after 7 days of incubation. Marco-Urrea et al. (2009) found that four 

different strains of WRF were able to completely remove the NSAID ibuprofen from culture 

but were ineffective at removing carbamazepine and clofibric acid. In another study by Marco-

Urrea et al. (2010b), the WRF strain T. versicolor was capable of removing diclofenac (70%) 

from the culture. The authors suggested that, at least two different mechanisms were involved 

in the degradation of diclofenac; (i) cytochrome P450 system and (ii) laccase catalysis. 

However, to date the application of fungi for wastewater treatment is still at laboratory scale 

studies as scale-up of fungal cultures is challenging.   

 

2.2. Advanced oxidation process  

Advanced oxidation processes (AOPs) aim at chemically generating strong oxidants (e.g. 

hydroxyl radicals) to transform persistent organic compounds such as NSAIDs into 

biodegradable substances. The hydroxyl radicals (•OH) can be generated using catalysts 

(electrodes, metal oxides), irradiation (UV light, solar light, ultrasounds) and strong oxidising 

agents like hydrogen peroxide (H2O2) or ozone (O3). These methods can be used separately or 

in combination. AOPs have been used to remove organic pollutants from reclaimed effluent 
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and ground water (Azbar et al. 2004). Numerous studies in the literature have demonstrated the 

effectiveness as well as limitation of AOPs for the removal of trace organic contaminants from 

wastewater (Andreozzi et al. 2004, Contreras et al. 2003, Esplugas et al. 2002, Klavarioti et al. 

2009, Ternes et al. 2003). In this Chapter, we focused mostly on ozone and UV oxidation.  

2.2.1. Ozonation 

Ozonation process involves two reaction mechanisms i) direct reaction by ozone and ii) 

indirect reaction by OH radicals during ozone reactions (Rizzo et al. 2019). While ozone reacts 

selectively with electron-rich moieties compounds, the OH radicals can react with wide range 

of aromatic compounds including NSAIDs (Lee et al. 2013). Regardless of the reaction 

mechanisms, the required ozone treatment dose is proportional to the bulk organic content in 

the wastewater. Ozone (O3) has been shown to degrade trace organic contaminants during 

wastewater treatment and water reuse applications (Fujioka et al. 2014, Zhang et al. 2008). 

Ozone reacts with TrOC through either direct reactions or through the formation of free 

radicals, including the hydroxyl radical (•OH) (Wert et al. 2009). Oxidation using ozone can 

achieve >92% removal of a number of pharmaceuticals, including NSAIDS, and pesticides 

such as ofloxacin, sulfamethoxazole, propranolol, carbamazepine, clofibric acid, diclofenac, 

atrazine and diuron (Andreozzi et al. 2004, Maldonado et al. 2006, Ternes et al. 2003). 

However, a number of other pharmaceuticals and personal care products (e.g. ibuprofen, 

naproxen, caffeine, and tonalide) could not be oxidized using the same process (Ternes et al. 

2003).  

2.2.2. UV oxidation 

UV oxidation generates hydroxyl radicals by photolysis. Huber et al. (2003) demonstrated 

that UV treatment alone resulted in 75, 13, and 7% removal of diclofenac, iopromide, and 

sulfamethoxazole, respectively. Complete removal of several pharmaceuticals (e.g. ofloxacin, 

sulfamethoxazole, propranolol, carbamazepine, clofibric acid and diclofenac) was achieved 

using the combination of hydrogen peroxide and UV radiation (Andreozzi et al. 2004), 

although only 30-40% of ibuprofen, diphenhydramine, phenazone, and phenytoin could be 

removed using this method (Yuan et al. 2009).  

The AOPs are effective at treating NSAIDs, but the operating cost of AOPs is high due to 

the requirements in chemicals and energy (Comninellis et al. 2008). It therefore limits their 

applications as a wide-spread solution of NSAIDs remediation. 

2.3 Membrane separation process  
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High pressure membrane filtration, including nanofiltration (NF) and reverse osmosis 

(RO), has been widely used to remove organic pollutants including NSAIDs (Agenson et al. 

2003, Hofman et al. 2007, Nghiem and Schäfer 2002, Vogel et al. 2010, Xu et al. 2006). NF/RO 

membranes can reject TrOCs mainly due to size exclusion, electrostatic exclusion and 

adsorption on the membrane (Nghiem et al. 2004a, Nguyen et al. 2013b). In a full scale study, 

Verliefde et al. (2008) reported a high rejection (>95%) of most investigated NSAIDs by the 

Triseps (X20 and ACM5) and Hydranautics (ESPA1 and ESPA4) RO membranes. In another 

study, an NF270 membrane achieved a high rate of rejection for charged pharmaceuticals, i.e., 

96% for ibuprofen, where removal NSAIDs was enhanced by charge repulsion (Nghiem 2005). 

However, the rejection rate of some uncharged and small molecular weight organic 

contaminants by NF/RO membrane can be low (Agus and Sedlak 2010).  

The low rejection of some small molecular weight and uncharged NSAIDs by NF/RO 

membranes, as mentioned above, has been widely reported in the literature (Agus and Sedlak 

2010, Bellona et al. 2004, Kimura et al. 2003, Nghiem et al. 2004b, Steinle-Darling et al. 2010, 

Xu et al. 2005). For example, at extended stages of filtration there was poor rejection of 

chloroform and bromoform by RO (e.g., TFC-HR and XLE) and NF membranes (e.g., NF-90 

and TFC-SR2) (Xu et al. 2005). Chloroform and bromoform are both neutral and have a 

molecular weight of 119.4 and 252.7 g/mol, respectively. The charge of the trace organic 

contaminants and that on the membrane can play a significant role in the rejection of TrOCs. 

For example, rejection of a charged compound by NF/RO membranes is usually higher than 

for a neutral compound with the same molecular weight or size (Xu et al. 2005). Since most 

pharmaceuticals are negatively charged particularly at neutral pH, a considerable number of 

these compounds may be completely rejected by charge repulsion between the compound and 

membrane charges (Nghiem 2005). Xu et al. (2005) reported that highly negative surface 

charge membranes such as the loose NF200 membrane, with a molecular weight cut-off 

(MWCO) of 300 g/mol, could reject more than 89% of low molecular weight negatively 

charged compounds such as ibuprofen. A high rejection of other pharmaceuticals such as 

dichloroacetic acid (91%) and trichloroacetic acid (94%) was also achieved using the ESNA 

(NF) and RO-XLE (RO) membranes (Kimura et al. 2003).  

Membranes with a high degree of desalting showed the highest rejection of most NSAIDs 

(Bellona et al. 2004). A UTC60 aromatic polyamide membrane (an NF membrane) which has 

a low NaCl rejection (55%), demonstrated a poor rejection of several trace organics such as 

47% for bisphenol A and 5% for chloroform (Agenson et al. 2003). Moreover, higher 
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membrane roughness has been highly correlated with a lower rejection of large organic 

contaminants (Bellona et al. 2004).   

The hydrophobicity and charge of an active layer of the membrane can also affect the 

rejection of various NSAIDs (Xu et al. 2005). The surface hydrophobicity of a membrane can 

be determined by measuring the contact angle. The rejection of some organics could be 

improved by increasing the hydrophobicity of the membrane because it reduces the affinity 

between the neutral organic solute and the surface of the membrane (Ben-David et al. 2010). 

Furthermore, the amount of charge in the surface of the membrane affects the degree of 

electrostatic repulsion and rejection of negatively charged solutes that are subjected to dynamic 

property changes during the membrane process (Xu et al. 2005). For example, Bellona and 

Drewes (2005) studied the rejection of negatively charged organic acids (2-

naphthalenesulfonic acid and 1,4-dinaphthalenesulfonic acid) by negatively charged NF 

membranes (e.g.,  NF-90 and NF-200). According to their findings, the rejection was larger 

than expected based on steric exclusion, and was mainly driven by the surface charge of the 

membrane and correlated with the degree of ionization of these compounds (Bellona and 

Drewes 2005).  

Operational parameters such as feed solution pH, salinity, temperature, pressure, and 

cross-flow velocity can influence the rejection of NSAIDs by NF/RO membranes. The feed 

solution pH can govern the speciation of ionisable NSAIDs (and to a lesser extent, the 

membrane surface charge) and thus their rejection. For instance, Bellona et al. (2004)  claimed 

that when using NF/RO at pH values between 3 and 9, more than 90% of trace organics such 

as estrone can be rejected. Sulfamethoxazole and ibuprofen are also highly soluble at high pH 

(in the alkaline region) where the compounds are negatively charged, but when the solution pH 

decreases, their solubility decreases sharply (Nghiem and Hawkes 2007). Nghiem and Hawks 

(2007) reported an almost complete rejection of sulfamethoxazole using the NF-270 membrane 

at a pH above 8.  

Temperature is another parameter that can affect the water flux and rejection of 

NSAIDs (Steinle-Darling et al. 2010). Increasing the feed temperature can lead to a change in 

the structure and morphology of the polymer matrix, causing an increase in the mean pore 

radius and MWCO (Sharma et al. 2003). An increase in the solubility of some NSAIDs can 

occur due to the increase in the temperature of the surrounding solution (Wei et al. 2011).  

Operating pressure and cross-flow velocity are important factors which can affect the 

volume and quality of a product. An increase in the operating pressure can reduce the shielding 

of negative  charges on the surface of a membrane,  which makes repulsion more effective and 
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enhances the rejection of negatively charged contaminants by NF/RO membranes (Binyam et 

al. 2009). Also, the permeate flux increases with cross-flow velocity over a range of operating 

conditions because increasing the cross-flow velocity increases the flux and rejection of 

NSAIDs due to a reduction in concentration polarization (Binyam et al. 2009, Steinle-Darling 

and Reinhard 2008).  

The hydrophobicity of both contaminant and membrane can affect the rejection of 

NSAIDs by NF/RO membranes. Contaminants such as steroid hormones with a high 

hydrophobicity (Log D >3.2), can adsorb onto the surface of the membrane due to 

hydrophobic–hydrophobic interactions (Ng and Elimelech 2004, Verliefde et al. 2008). 

Nghiem et al. (2004b) reported that the rejection of natural hormones by the NF270 and NF90 

membranes was lower than that expected based on steric hindrance. They explained this 

phenomenon by  the adsorption of these hydrophobic compounds onto the surface of the 

membrane followed by diffusion through its polymeric matrix (Steinle-Darling et al. 2010). 

The membrane separation processes (i.e. NF/RO) has demonstrated excellent capacity in 

removing NSAID compounds, however their inherent operation conditions (high pressure, 

membrane fouling) requires pretreatment process.  

 

2.4 Integrated process 

Biological based processes are the most pragmatic approach for wastewater treatment. 

However, the biological treatment alone is not effective for NSAIDs compounds (Section 2.1) 

for water reuse purposes. Because the biological treatment processes can reduce large bulk 

organic content, research reports a significant synergy when it is integrated with other physical 

(i.e. membrane filtration and adsorption) and chemical (i.e. advanced oxidation) based 

processes.  

 

2.4.1 Biological treatment coupled membrane filtration 

A complementation between membrane filtration and biological degradation of NSAIDs in 

hybrid systems such as MBR coupled NF/RO has been successfully demonstrated (Alturki et 

al. 2010, Hai et al. 2016, Nguyen et al. 2013b) (Fig. 4). Alturki et al. (2010) reported that 

hydrophilic NSAIDs, which passed through the MBR, were effectively removed by the 

following NF/RO membranes. For example, the MBR-RO removed naproxen at 100% of 

which MBR and RO contributed 40 and 60%, respectively. The authors also reported the 

removal of 40 compounds to below the analytical detection limit (10 ng/L), thus the final 

effluent may meet the reuse water quality standard (Alturki et al. 2010). Nguyen et al. (2013b) 
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reported that MBR and NF/RO removed NSAIDs based on different mechanisms. Thus, hybrid 

systems are very effective at removing NSAIDs. Apart from NSAIDs removal, the hybrid 

system also offers a stable permeate flux of NF/RO membranes over extended operating 

periods (Comerton et al. 2005, Dialynas and Diamadopoulos 2009, Jacob et al. 2010, Qin et al. 

2006, Tam et al. 2007).  

 

 

Figure 4. Schematic diagram of the combined membrane bioreactor (MBR) and nanofiltration 

(NF)/reverse osmosis (RO) process. 

 
2.4.2 Biological treatment coupled activated carbon adsorption  

It is well known that activated carbon is one of the most effective adsorbents for the removal 

of taste, color, and odor causing organic pollutants from aqueous or gaseous phases. Activated 

carbon  is widely applied as a commercial adsorbent in the purification of water and air (Halim 

et al. 2010). It is also widely used for treatment of taste and odor. Treatment with activated 

carbon has proved to be efficient for removal of geosmin and 2-MIB (Cook et al. 2001). Zhang 

et al., (2011) demonstrated that granular activated carbon (GAC) is an excellent adsorbent for 

two algal odorants dimethyl trisulfide and β- cyclocitral. Activated carbon has been widely 

studied for treating landfill leachate wastewater. AC has been also investigated intensively for 

treatment of dye wastewater (Mall et al. 2005, Singh et al. 2003, Yeh and Thomas 1995). The 

Influent  Effluent 
- Low organic carbon 
- Free suspended solid 
- 20-60% removal of NSAIDS 
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results indicated that activated carbon could be employed for efficient removal of dyes from 

wastewater (Gamez et al. 2007, Hai et al. 2008, Yeh and Thomas 1995).  

PAC and GAC are frequently applied in drinking water treatment for removal of natural or 

synthetic organic compounds (SOCs) e.g., pesticides (Matsui et al. 2002). Recently several 

studies have evaluated adsorption of other trace organics (PhACs, EDCs) on activated carbon 

both under laboratory conditions and surveys at full- scale drinking water treatment plants (Kim 

et al. 2010, Ternes et al. 2002). For example, Hernández-Leal et al., (2011) reported complete 

adsorption of all studied trace organics  (bisphenol-A, benzophenone-3, hexylcinnamic 

aldehyde, 4-methylbenzylidene-camphor (4MBC), triclosan, galaxolide, and ethylhexyl 

methoxycinnamate) onto PAC in batch tests with milli-Q water spiked with 100 - 1600 µg/ L 

of trace organics at a PAC dosage of 1.25 g/ L  and contact time of 5 minutes.  

GAC has a relatively larger particle size compared to PAC and, consequently, presents a 

relatively smaller surface area. Nevertheless, GAC has long been used in the removal of 

traditional organic contaminants such as pesticides (Matsui et al. 2002). GAC has been 

proposed as a potential treatment method to aid in the effective removal of emerging 

contaminants, particularly EDCs in wastewater treatment. A significant reduction in the 

concentration of steroidal estrogens (43-64%), mebeverine (84-99%) has been achieved in a 

full-scale granular activated carbon plant (Grover et al. 2010). In a study by Hernández-Leal et 

al., (2011) , three GAC columns were operated to treat aerobically treated grey water which 

was spiked with the above emerging contaminants in the range of 0.1 - 10 µg/ L at a flow rate 

of 0.5 bed volumes (BV)/h. They observed more than 72% removal of all compounds 

(bisphenol-A, hexylcinnamic aldehyde, 4-methylbenzylidene-camphor (4MBC), 

benzophenone-3 (BP3), triclosan, galaxolide, and ethylhexyl methoxycinnamate). Tanghe et 

al., (2001) reported that at least 100 mg/ g of nonyphenol adsorbed on GAC in an adsorption 

test. A few studies have investigated GAC adsorption as an option for tertiary treatment of 

conventional biologically treated wastewater (Dickenson and Drewes 2010, Grover et al. 

2010), for example, Grover et al., (2010) reported that a full scale GAC plant could reduce 

above 60% of steroidal estrogens in sewage effluent.   

Activated carbon adsorption can be coupled with a biological treatment in two different 

configurations i) addition of powdered activated carbon (PAC) directly in the bioreactor  (Li et 

al. 2011, Nguyen et al. 2013d, Serrano et al. 2011, Yang et al. 2010), and ii) post-treatment of 

the bioreactor (e.g. MBR) permeate using either a granular activated carbon (GAC) column 

(Navaratna et al. 2012, Nguyen et al. 2012) or a continuously mixed reactor containing a slurry 
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of PAC (Lipp et al. 2012). Research results have suggested that addition of PAC enhanced 

NSAID removal by initial adsorption and subsequently enhance contact time with biological 

agents in the reactor for biodegradation. While the removal by initial adsorption has been easily 

demonstrated in a number of studies, the enhancement of biodegradation is an assumption. 

Nguyen et al. (2013a) observed an immediate improvement in naproxen, diclofenac, 

ketoprofen and ibuprofen removal after PAC addition to the MBR. The NSAID adsorbed onto 

PAC can be efficiently removed by the PAC – MBR system because of the complete retention 

of the sludge by the membrane (Li et al. 2011, Nguyen et al. 2013a).  

In the second configuration, a GAC post-treatment can specifically target the residual 

NSAID compounds in the MBR permeate without significant competition or interference from 

the bulk organics (Nguyen et al. 2013a). Nevertheless, periodic regeneration/replenishment of 

the activated carbon is necessary, because over an extended operating period fouling and 

substrate deterioration is inevitable.  

 

2.4.3 Biological treatment coupled with advanced oxidation process  

Advanced oxidation processes (UV or ozonation) are very effective at oxidizing NSAID 

compounds but are mostly used as a polishing or disinfection steps. Packer et al. (2003) 

observed a rapid and mild photodegradation of diclofenac and ketoprofen, respectively. 

Nguyen et al. (2013c) reported almost 100% removal of pentachlorophenol and triclosan within 

7.5 min of UV 254 nm exposure. These compounds are quite recalcitrant to biological 

treatment. The benefit of combining biological treatment (e.g. MBR) with UV oxidation 

therefore can be shown by examining the removal of these compounds. For example, 

diclofenac was poorly removed by the MBR (40%). By contrast, treatment by UV system 

following MBR attained exceptionally high removal efficiency (i.e. 98%). The MBR also 

provides a low background organic matter content and suspended solids free influent which is 

highly suitable as influent for UV oxidation process.  

The efficiency of a combined MBR and ozonation process for NSAID removal has been 

assessed in different operational modes. de Wilt et al. (2018) reported the limitation of 

removing ibuprofen, naproxen and diclofenac by individual biological and ozonation process. 

In details, 14 and 80% removal of diclofenac was achieved by biological and ozonation 

process, respectively. However, their combination resulted in >99% removal, indicating the 

complementary impact. The combination also reduced the ozone dose due to the decrease in 
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organic matter of the influent (de Wilt et al. 2018). Ikehata et al. (2008) also reported that 

diclofenac was reactive towards ozone.  

Apart from the MBR-ozonation, studies have reported the integrated MBR with ozonation 

(i.e. ozone is dosed directly in the reactor) (Pollice et al. 2012). Positive results include virtue 

of higher removal of ozonation by-products and lower ozone treatment dose requirement. A 

similar observation was reported by Laera et al. (2012), where the ozonation by-product was 

20-fold lower in the final effluent of the integrated process than in that of MBR-post ozonation 

process. Mascolo et al. (2010) achieved a similar removal of an anti-viral drug (acyclovir) by 

both the configurations, however, the integrated process again was more beneficial in terms of 

removal of specific ozonation by-products. 

 

3. Conclusions and outlooks 

The necessity of water reclamation is growing, driven by a stress on water supply and 

increased statutory regulations with respect to wastewater effluent quality. More water 

reclamation schemes in regions with restricted freshwater resources for both non-potable and 

indirect potable purpose are on trial and full-scale operation (e.g. in Singapore). As of today, 

membrane filtration processes such as NF and RO continue to play a central role in propagating 

the success of water reclamation due to the robust performance on the removal of emerging 

contaminants (e.g. NSAIDs). In future, integrated processes (i.e. to combine the advantages of 

biological and chemical/mechanical processes) should be at the forefront of research 

considerations as such processes have the potential to reduce the cost and enhance the 

application of water reclamation.    

  

4. References 

Agenson, K.O., Oh, J.-I. and Urase, T. (2003) Retention of a wide variety of organic pollutants 
by different nanofiltration/reverse osmosis membranes: controlling parameters of process. 
Journal of Membrane Science 225(1–2), 91–103. 
Agus, E. and Sedlak, D.L. (2010) Formation and fate of chlorination by-products in reverse 
osmosis desalination systems. Water Research 44(5), 1616–1626. 
Alturki, A.A., Tadkaew, N., McDonald, J.A., Khan, S.J., Price, W.E. and Nghiem, L.D. (2010) 
Combining MBR and NF/RO membrane filtration for the removal of trace organics in indirect 
potable water reuse applications. Journal of Membrane Science 365(1), 206-215. 
Andersson, M.M., Breccia, J.D. and Hatti-Kaul, R. (2000) Stabilizing effect of chemical 
additives against oxidation of lactate dehydrogenase. Biotechnology and applied Biochemistry 
32(3), 145–153. 
Andreozzi, R., Campanella, L., Fraysse, B., Garric, J., Gonnella, A., Giudice, R.L., Marotta, 
R., Pinto, G. and Pollio, A. (2004) Effects of advanced oxidation processes (AOPs) on the 
toxicity of a mixture of pharmaceuticals. Water Science and Technology 50(5), 23–28. 



 

21 
 

Ashe, B., Nguyen, L.N., Hai, F.I., Lee, D.-J., van de Merwe, J.P., Leusch, F.D.L., Price, W.E. 
and Nghiem, L.D. (2016) Impacts of redox-mediator type on trace organic contaminants 
degradation by laccase: Degradation efficiency, laccase stability and effluent toxicity. 
International Biodeterioration & Biodegradation 113, 169-176. 
Azbar, N., Yonar, T. and Kestioglu, K. (2004) Comparison of various advanced oxidation 
processes and chemical treatment methods for COD and color removal from a polyester and 
acetate fiber dyeing effluent. Chemosphere 55(1), 35–43. 
Bellona, C. and Drewes, J.E. (2005) The role of membrane surface charge and solute physico-
chemical properties in the rejection of organic acids by NF membranes. Journal of Membrane 
Science 249(1–2), 227–234. 
Bellona, C., Drewes, J.E., Xu, P. and Amy, G. (2004) Factors affecting the rejection of organic 
solutes during NF/RO treatment-a literature review. Water Research 38(12), 2795–2809. 
Ben-David, A., Bernstein, R., Oren, Y., Belfer, S., Dosoretz, C. and Freger, V. (2010) Facile 
surface modification of nanofiltration membranes to target the removal of endocrine-disrupting 
compounds. Journal of Membrane Science 357(1–2), 152–159. 
Bérubé, P., Isabel, C.E. and Andrea, I.S. (2010) Sustainability Science and Engineering. 
C.Escobar, I. and Andrea, I.S. (eds), pp. 255-292, Elsevier. 
Binyam, S., Mukhtar, H. and Leong, L.K. (2009) Flux and rejection on monoethanolamine 
(MEA) in wastewater using membrane technology, pp. 139–151, IWTC, Hurghada, Egypt. 
Brugnari, T., Pereira, M.G., Bubna, G.A., de Freitas, E.N., Contato, A.G., Corrêa, R.C.G., 
Castoldi, R., de Souza, C.G.M., Polizeli, M.d.L.T.d.M., Bracht, A. and Peralta, R.M. (2018) A 
highly reusable MANAE-agarose-immobilized Pleurotus ostreatus laccase for degradation of 
bisphenol A. Science of The Total Environment 634, 1346-1351. 
Cabana, H., Jones, J.P. and Agathos, S.N. (2009) Utilization of cross-linked laccase aggregates 
in a perfusion basket reactor for the continuous elimination of endocrine-disrupting chemicals. 
Biotechnology Bioengineering 102(6), 1582–1592. 
Chiaiese, P., Palomba, F., Tatino, F., Lanzillo, C., Pinto, G., Pollio, A. and Filippone, E. (2011) 
Engineered tobacco and microalgae secreting the fungal laccase POXA1b reduce phenol 
content in olive oil mill wastewater. Enzyme Microb Technol 49(6-7), 540-546. 
Cirja, M., Ivashechkin, P., Schäffer, A. and Corvini, P.F.X. (2008) Factors affecting the 
removal of organic micropollutants from wastewater in conventional treatment plants (CTP) 
and membrane bioreactors (MBR) Journal Reviews in Environmental Science and 
Biotechnology 7(1), 61–78. 
Comerton, A.M., Andrews, R.C. and Bagley, D.M. (2005) Evaluation of an MBR-RO system 
to produce high quality reuse water: Microbial control, DBP formation and nitrate. Water 
Research 39(16), 3982–3990. 
Comninellis, C., Kapalka, A., Malato, S., Parsons, S.A., Poulios, I. and Mantzavinos, D. (2008) 
Advanced oxidation processes for water treatment: advances and trends for R&D. Journal of 
Chemical Technology & Biotechnology 83(6), 769-776. 
Contreras, S., Rodríguez, M., Momani, F.A., Sans, C. and Esplugas, S. (2003) Contribution of 
the ozonation pre-treatment to the biodegradation of aqueous solutions of 2,4-dichlorophenol. 
Water Research 37(13), 3164–3171. 
Cook, D., Newcombe, G. and Sztajnbok, P. (2001) The application of powdered activated 
carbon for mib and geosmin removal: predicting pac doses in four raw waters. Water Research 
35(5), 1325-1333. 
Cui, Y.-W., Zhang, H.-Y., Lu, P.-F. and Peng, Y.-Z. (2016) Effects of carbon sources on the 
enrichment of halophilic polyhydroxyalkanoate-storing mixed microbial culture in an aerobic 
dynamic feeding process. Natural Report 3. 
Day, R.O. and Graham, G.G. (2013) Non-steroidal anti-inflammatory drugs (NSAIDs). BMJ : 
British Medical Journal 346, f3195. 



 

22 
 

de Wilt, A., van Gijn, K., Verhoek, T., Vergnes, A., Hoek, M., Rijnaarts, H. and Langenhoff, 
A. (2018) Enhanced pharmaceutical removal from water in a three step bio-ozone-bio process. 
Water Research 138, 97-105. 
Dialynas, E. and Diamadopoulos, E. (2009) Integration of a membrane bioreactor coupled with 
reverse osmosis for advanced treatment of municipal wastewater. Desalination 238(1–3), 302–
311. 
Dickenson, E.R.V. and Drewes, J.E. (2010) Quantitative structure property relationships for 
the adsorption of pharmaceuticals onto activated carbon. Water Science & Technology 62(10), 
2270-2276. 
Domaradzka, D., Guzik, U. and Wojcieszyńska, D. (2015) Biodegradation and 
biotransformation of polycyclic non-steroidal anti-inflammatory drugs. Reviews in 
Environmental Science and Bio/Technology 14(2), 229-239. 
Esplugas, S., Giménez, J., Contreras, S., Pascual, E. and Rodríguez, M. (2002) Comparison of 
different advanced oxidation processes for phenol degradation. Water Research 36(4), 1034–
1042. 
Fujioka, T., Khan, S.J., McDonald, J.A. and Nghiem, L.D. (2014) Ozonation of N-
Nitrosamines in the Reverse Osmosis Concentrate from Water Recycling Applications. Ozone: 
Science & Engineering 36(2), 174-180. 
Gamez, V., Larrechi, M.S. and Callao, M.P. (2007) Kinetic and adsorption study of acid dye 
removal using activated carbon. Chemosphere 69(7), 1151-1158. 
González, S., Müller, J., Petrovic, M., Barceló, D. and Knepper, T.P. (2006) Biodegradation 
studies of selected priority acidic pesticides and diclofenac in different bioreactors. 
Environmental Pollution 144(3), 926–932. 
Grover, D.P., Zhou, J.L., Frickers, P.E. and Readman, J.W. (2010) Improved removal of 
estrogenic and pharmaceutical compounds in sewage effluent by full scale granular activated 
carbon: Impact on receiving river water. Journal of Hazardous Materials 185(2-3), 1005-1011. 
Hai, F.I., Alturki, A., Nguyen, L.N., Price, W.E. and Nghiem, L.D. (2016), Green Technologies 
for Sustainable Water Management, pp. 533-578. 
Hai, F.I., Nghiem, L.D. and Modin, O. (2013) Handbook of Membrane Reactors Volume 2: 
Reactor types and industrial application. Basile, A. (ed), pp. 763–807, Woodhead publishing, 
UK (ISBN:978057094155). 
Hai, F.I., Tadkaew, N., McDonald, J.A., Khan, S.J. and Nghiem, L.D. (2011a) Is halogen 
content the most important factor in the removal of halogenated trace organics by MBR 
treatment? Bioresource Technology 102(10), 6299-6303. 
Hai, F.I., Tessmer, K., Nguyen, L.N., Kang, J., Price, W.E. and Nghiem, L.D. (2011b) Removal 
of micropollutants by membrane bioreactor under temperature variation. Journal of Membrane 
Science 383(1), 144-151. 
Hai, F.I., Yamamoto, K., Nakajima, F. and Fukushi, K. (2008) Removal of structurally 
different dyes in submerged membrane fungi reactor - Biosorption/PAC-adsorption, membrane 
retention and biodegradation. Journal of Membrane Science 325(1), 395-403. 
Hai, F.I., Yamamoto, K., Nakajima, F. and Fukushi, K. (2012) Application of a GAC-coated 
hollow fiber module to couple enzymatic degradation of dye on membrane to whole cell 
biodegradation within a membrane bioreactor. Journal of Membrane Science 389, 67-75. 
Halim, A.A., Aziz, H.A., Johari, M.A.M. and Ariffin, K.S. (2010) Comparison study of 
ammonia and COD adsorption on zeolite, activated carbon and composite materials in landfill 
leachate treatment. Desalination 262(1-3), 31-35. 
Hernández-Leal, L., Temmink, H., Zeeman, G. and Buisman, C.J.N. (2011) Removal of 
micropollutants from aerobically treated grey water via ozone and activated carbon. Water 
Research 45(9), 2887-2896. 



 

23 
 

Hofman, J.A.M.H., Gijsbertsen, A.J. and Cornelissen, E. (2007) Nanofiltration retention 
models for organic contaminants, p. 167, Water research foundation, Denver, CO, USA. 
Ikehata, K., Gamal El-Din, M. and Snyder, S.A. (2008) Ozonation and Advanced Oxidation 
Treatment of Emerging Organic Pollutants in Water and Wastewater. Ozone: Science & 
Engineering 30(1), 21-26. 
Jacob, M., Guigui, C., Cabassud, C., Darras, H., Lavison, G. and Moulin, L. (2010) 
Performances of RO and NF processes for wastewater reuse: Tertiary treatment after a 
conventional activated sludge or a membrane bioreactor. Desalination 250(2), 833–839. 
Jewell, K.S., Falås, P., Wick, A., Joss, A. and Ternes, T.A. (2016) Transformation of diclofenac 
in hybrid biofilm-activated sludge processes. Water Research 105, 559-567. 
Kim, S.H., Shon, H.K. and Ngo, H.H. (2010) Adsorption characteristics of antibiotics 
trimethoprim on powdered and granular activated carbon. Journal of Industrial and Engineering 
Chemistry 16(3), 344-349. 
Kim, Y.-J. and Nicell, J.A. (2006) Laccase catalysed oxidation of aqueous triclosan. Journal of 
Chemical Technology & Biotechnology 81, 1344–1352. 
Kimura, K., Amy, G., Drewes, J.E., Heberer, T., Kim, T.-U. and Watanabe, Y. (2003) 
Rejection of organic micropollutants (disinfection by-products, endocrine disrupting 
compounds, and pharmaceutically active compounds) by NF/RO membranes. Journal of 
Membrane Science 227(1-2), 113–121. 
Klavarioti, M., Mantzavinos, D. and Kassinos, D. (2009) Removal of residual pharmaceuticals 
from aqueous systems by advanced oxidation processes. Environment International 35(2), 
402–417. 
Kudanga, T., Prasetyo, E.N., Widsten, P., Kandelbauer, A., Jury, S., Heathcote, C., Sipilä, J., 
Weber, H., Nyanhongo, G.S. and Guebitz, G.M. (2010) Laccase catalyzed covalent coupling 
of fluorophenols increases lignocellulose surface hydrophobicity. Bioresource Technology 
101(8), 2793–2799. 
Laera, G., Cassano, D., Lopez, A., Pinto, A., Pollice, A., Ricco, G. and Mascolo, G. (2012) 
Removal of organics and degradation products from industrial wastewater by a membrane 
bioreactor integrated with ozone or UV/H2O2 treatment. Environmental Science and 
Technology 46(2), 1010-1018. 
Lee, Y., Gerrity, D., Lee, M., Bogeat, A.E., Salhi, E., Gamage, S., Trenholm, R.A., Wert, E.C., 
Snyder, S.A. and von Gunten, U. (2013) Prediction of Micropollutant Elimination during 
Ozonation of Municipal Wastewater Effluents: Use of Kinetic and Water Specific Information. 
Environmental Science & Technology 47(11), 5872-5881. 
Li, X., Hai, F.I. and Nghiem, L.D. (2011) Simultaneous activated carbon adsorption within a 
membrane bioreactor for an enhanced micropollutant removal. Bioresource Technology 
102(9), 5319–5324. 
Lipp, P., Groay, H.-J. and Tiehm, A. (2012) Improved elimination of organic micropollutants 
by a process combination of membrane bioreactor (MBR) and powdered activated carbon 
(PAC). Desalination and Water Treatment 42(1–3), 65–72. 
Lloret, L., Eibes, G., Feijoo, G., Moreira, M.T. and Lema, J.M. (2012) Degradation of estrogens 
by laccase from Myceliophthora thermophila in fed-batch and enzymatic membrane reactors. 
Journal of Hazardous Materials 213–214, 175-183. 
Maldonado, M.I., Malato, S., Pérez-Estrada, L.A., Gernjak, W., Oller, I., Doménech, X. and 
Peral, J. (2006) Partial degradation of five pesticides and an industrial pollutant by ozonation 
in a pilot-plant scale reactor. Journal of Hazardous Materials 138(2), 363–369. 
Mall, I.D., Srivastava, V.C., Agarwal, N.K. and Mishra, I.M. (2005) Removal of congo red 
from aqueous solution by bagasse fly ash and activated carbon: Kinetic study and equilibrium 
isotherm analyses. Chemosphere 61(4), 492-501. 



 

24 
 

Marco-Urrea, E., Perez-Trujillo, M., Blanquez, P., Vicent, T. and Caminal, G. (2010) 
Biodegradation of the analgesic naproxen by Trametes versicolor and identification of 
intermediates using HPLC-DAD-MS and NMR. Bioresour Technol 101(7), 2159-2166. 
Margot, J., Bennati-Granier, C., Maillard, J., Blánquez, P., Barry, D.A. and Holliger, C. (2013) 
Bacterial versus fungal laccase: potential for micropollutant degradation. AMB Express 3(1), 
63-63. 
Mascolo, G., Laera, G., Pollice, A., Cassano, D., Pinto, A., Salerno, C. and Lopez, A. (2010) 
Effective organics degradation from pharmaceutical wastewater by an integrated process 
including membrane bioreactor and ozonation. Chemosphere 78(9), 1100-1109. 
Matsui, Y., Knappe, D.R.U., Iwaki, K. and Ohira, H. (2002) Pesticide Adsorption by Granular 
Activated Carbon Adsorbers. 2. Effects of Pesticide and Natural Organic Matter Characteristics 
on Pesticide Breakthrough Curves. Environmental Science & Technology 36(15), 3432-3438. 
Mendoza, L., Jonstrup, M., Hatti-Kaul, R. and Mattiasson, B. (2011) Azo dye decolorization 
by a laccase/mediator system in a membrane reactor: Enzyme and mediator reusability. 
Enzyme and Microbial Technology 49(5), 478–484. 
Modin, O., Hai, F.I., Nghiem, L.D., Basile, A. and Fukushi, K. (2014) Membrane Biological 
Reactors. Hai, F.I., Yamamoto, K. and Lee, C.-H. (eds), pp. 300-333, IWA publishing, London 
(ISBN: 9781780400655). 
Navaratna, D., Shu, L., Baskaran, K. and Jegatheesan, V. (2012) Treatment of ametryn in 
wastewater by a hybrid MBR system: a lab-scale study. Water Science and Technology 66(6), 
1317–1324. 
Ng, H.Y. and Elimelech, M. (2004) Influence of colloidal fouling on rejection of trace organic 
contaminants by reverse osmosis. Journal of Membrane Science 244(1–2), 215–226. 
Nghiem, L.D. (2005) Removal of emerging trace organic contaminants by nanofiltration and 
reverse osmosis, University of Wollongong Wollongong. 
Nghiem, L.D. and Hawkes, S. (2007) Effects of membrane fouling on the nanofiltration of 
pharmaceutically active compounds (PhACs): Mechanisms and role of membrane pore size. 
Separation and Purification Technology 57(1), 176–184. 
Nghiem, L.D., Manis, A., Soldenhoff, K. and Schäfer, A.I. (2004a) Estrogenic hormone 
removal from wastewater using NF/RO membranes. Journal of Membrane Science 242(1), 37-
45. 
Nghiem, L.D. and Schäfer, A.I. (2002) Adsorption and Transport of Trace Contaminant 
Estrone in NF/RO Membranes. Environmental Engineering Science 19(6), 441–451. 
Nghiem, L.D., Schäfer, A.I. and Elimelech, M. (2004b) Removal of Natural Hormones by 
Nanofiltration Membranes: Measurement, Modeling, and Mechanisms. Environmental Science 
& Technology 38(6), 1888–1896. 
Nguyen, L.N., Hai, F.I., Kang, J., Nghiem, L.D., Price, W.E., Guo, W., Ngo, H.H. and Tung, 
K.-L. (2013a) Comparison between sequential and simultaneous application of activated 
carbon with membrane bioreactor for trace organic contaminant removal. Bioresource 
Technology 130, 412-417. 
Nguyen, L.N., Hai, F.I., Kang, J., Price, W.E. and Nghiem, L.D. (2012) Removal of trace 
organic contaminants by a membrane bioreactor-granular activated carbon (MBR-GAC) 
system. Bioresource Technology 113, 169–173. 
Nguyen, L.N., Hai, F.I., Kang, J., Price, W.E. and Nghiem, L.D. (2013b) Removal of emerging 
trace organic contaminants by MBR-based hybrid treatment processes. International 
Biodeterioration & Biodegradation 85, 474-482. 
Nguyen, L.N., Hai, F.I., Kang, J., Price, W.E. and Nghiem, L.D. (2013c) Removal of emerging 
trace organic contaminants by MBR-based hybrid treatment processes. International 
Biodeterioration & Biodegradation 85, 474-482. 



 

25 
 

Nguyen, L.N., Hai, F.I., Nghiem, L.D., Kang, J., Price, W.E., Park, C. and Yamamoto, K. 
(2013d) Enhancement of removal of trace organic contaminants by powdered activated carbon 
dosing into membrane bioreactors. Journal of the Taiwan Institute of Chemical Engineers, 
http://dx.doi.org/10.1016/j.jtice.2013.1005.1021. 
Nguyen, L.N., Hai, F.I., Price, W.E., Leusch, F.D.L., Roddick, F., McAdam, E.J., Magram, 
S.F. and Nghiem, L.D. (2014) Continuous biotransformation of bisphenol A and diclofenac 
by laccase in an enzymatic membrane reactor. International Biodeterioration & Biodegradation 
95, 25-32. 
Nguyen, L.N., Hai, F.I., Yang, S., Kang, J., Leusch, F.D.L., Roddick, F., Price, W.E. and 
Nghiem, L.D. (2013e) Removal of trace organic contaminants by an MBR comprising a mixed 
culture of bacteria and white-rot fungi. Bioresource Technology 148, 234-241. 
Nguyen, L.N., Nghiem, L.D., Pramanik, B.K. and Oh, S. (2018) Cometabolic 
biotransformation and impacts of the anti-inflammatory drug diclofenac on activated sludge 
microbial communities. Science of The Total Environment. 
Nguyen, L.N., Nghiem, L.D., Pramanik, B.K. and Oh, S. (2019) Cometabolic 
biotransformation and impacts of the anti-inflammatory drug diclofenac on activated sludge 
microbial communities. Science of The Total Environment 657, 739-745. 
Olicón-Hernández, D.R., González-López, J. and Aranda, E. (2017) Overview on the 
Biochemical Potential of Filamentous Fungi to Degrade Pharmaceutical Compounds. Frontiers 
in Microbiology 8(1792). 
Otto, B., Beuchel, C., Liers, C., Reisser, W., Harms, H. and Schlosser, D. (2015) Laccase-like 
enzyme activities from chlorophycean green algae with potential for bioconversion of phenolic 
pollutants. FEMS Microbiol Lett 362(11). 
Packer, J.L., Werner, J.J., Latch, D.E., McNeill, K. and Arnold, W.A. (2003) Photochemical 
fate of pharmaceuticals in the environment: Naproxen, diclofenac, clofibric acid, and 
ibuprofen. Aquatic Sciences 65(4), 342-351. 
Petrovic, M., Gonzalez, S. and Barceló, D. (2003) Analysis and removal of emerging 
contaminants in wastewater and drinking water. TrAC Trends in Analytical Chemistry 22(10), 
685–696. 
Pollice, A., Laera, G., Cassano, D., Diomede, S., Pinto, A., Lopez, A. and Mascolo, G. (2012) 
Removal of nalidixic acid and its degradation products by an integrated MBR-ozonation 
system. Journal of Hazardous Materials 203–204, 46-52. 
Qin, J.-J., Kekre, K.A., Tao, G., Oo, M.H., Wai, M.N., Lee, T.C., Viswanath, B. and Seah, H. 
(2006) New option of MBR-RO process for production of NEWater from domestic sewage. 
Journal of Membrane Science 272(1–2), 70–77. 
Rasala, B.A. and Mayfield, S.P. (2015) Photosynthetic biomanufacturing in green algae; 
production of recombinant proteins for industrial, nutritional, and medical uses. Photosynth 
Res 123(3), 227-239. 
Rios, G.M., Belleville, M.P., Paolucci, D. and Sanchez, J. (2004) Progress in enzymatic 
membrane reactors – a review. Journal of Membrane Science 242(1–2), 189–196. 
Rizzo, L., Malato, S., Antakyali, D., Beretsou, V.G., Đolić, M.B., Gernjak, W., Heath, E., 
Ivancev-Tumbas, I., Karaolia, P., Lado Ribeiro, A.R., Mascolo, G., McArdell, C.S., Schaar, 
H., Silva, A.M.T. and Fatta-Kassinos, D. (2019) Consolidated vs new advanced treatment 
methods for the removal of contaminants of emerging concern from urban wastewater. Science 
of The Total Environment 655, 986-1008. 
Serrano, D., Suárez, S., Lema, J.M. and Omil, F. (2011) Removal of persistent pharmaceutical 
micropollutants from sewage by addition of PAC in a sequential membrane bioreactor. Water 
Research 45(16), 5323–5333. 

http://dx.doi.org/10.1016/j.jtice.2013.1005.1021


 

26 
 

Sharma, R.R., Agrawal, R. and Chellam, S. (2003) Temperature effects on sieving 
characteristics of thin-film composite nanofiltration membranes: pore size distributions and 
transport parameters. Journal of Membrane Science 223(1-2), 69–87. 
Singh, K.P., Mohan, D., Sinha, S., Tondon, G.S. and Gosh, D. (2003) Color Removal from 
Wastewater Using Low-Cost Activated Carbon Derived from Agricultural Waste Material. 
Industrial & Engineering Chemistry Research 42(9), 1965-1976. 
Snyder, S.A., Adham, S., Redding, A.M., Cannon, F.S., DeCarolis, J., Oppenheimer, J., Wert, 
E.C. and Yoon, Y. (2007) Role of membranes and activated carbon in the removal of endocrine 
disruptors and pharmaceuticals. Desalination 202(1–3), 156–181. 
Steinle-Darling, E., Litwiller, E. and Reinhard, M. (2010) Effects of Sorption on the Rejection 
of Trace Organic Contaminants During Nanofiltration. Environmental Science and Technology 
44, 2592–2598. 
Steinle-Darling, E. and Reinhard, M. (2008) Nanofiltration for Trace Organic Contaminant 
Removal: Structure, Solution, and Membrane Fouling Effects on the Rejection of 
Perfluorochemicals. Environmental Science & Technology 42(14), 5292–5297. 
Sutherland, D.L. and Ralph, P.J. (2019) Microalgal bioremediation of emerging contaminants 
- Opportunities and challenges. Water Research 164, 114921. 
Tadkaew, N., Hai, F.I., McDonald, J.A., Khan, S.J. and Nghiem, L.D. (2011) Removal of trace 
organics by MBR treatment: The role of molecular properties. Water Research 45(8), 2439–
2451. 
Tam, L.S., Tang, T.W., Lau, G.N., Sharma, K.R. and Chen, G.H. (2007) A pilot study for 
wastewater reclamation and reuse with MBR/RO and MF/RO systems. Desalination 202(1–3), 
106–113. 
Tanghe, T. and Verstraete, W. (2001) Adsorption of Nonylphenol onto Granular Activated 
Carbon. Water, Air, &amp; Soil Pollution 131(1), 61-72. 
Ternes, T.A., Meisenheimer, M., McDowell, D., Sacher, F., Brauch, H.-J.r., Haist-Gulde, B., 
Preuss, G., Wilme, U. and Zulei-Seibert, N. (2002) Removal of Pharmaceuticals during 
Drinking Water Treatment. Environmental Science & Technology 36(17), 3855-3863. 
Ternes, T.A., Stüber, J., Herrmann, N., McDowell, D., Ried, A., Kampmann, M. and Teiser, 
B. (2003) Ozonation: a tool for removal of pharmaceuticals, contrast media and musk 
fragrances from wastewater? Water Research 37(8), 1976–1982. 
Tran, N.H., Reinhard, M. and Gin, K.Y.-H. (2018) Occurrence and fate of emerging 
contaminants in municipal wastewater treatment plants from different geographical regions-a 
review. Water Research 133, 182-207. 
Tran, N.H., Urase, T. and Kusakabe, O. (2010) Biodegradation characteristics of 
pharmaceutical substances by whole fungal culture Trametes versicolor and its laccase. Journal 
of Water and Environment Technology 8(2), 125-140. 
Tran, N.H., Urase, T., Ngo, H.H., Hu, J. and Ong, S.L. (2013) Insight into metabolic and 
cometabolic activities of autotrophic and heterotrophic microorganisms in the biodegradation 
of emerging trace organic contaminants. Bioresource Technology 146, 721-731. 
Trinh, T., van den Akker, B., Stuetz, R.M., Coleman, H.M., Le-Clech, P. and Khan, S.J. (2012) 
Removal of trace organic chemical contaminants by a membrane bioreactor. Water Science 
and Technology 66(9), 1856-1863. 
Unuofin, J.O., Okoh, A.I. and Nwodo, U.U. (2019) Aptitude of Oxidative Enzymes for 
Treatment of Wastewater Pollutants: A Laccase Perspective. Molecules (Basel, Switzerland) 
24(11), 2064. 
Verliefde, A.R.D. (2008) Rejection of organic micropollutants by high pressure membranes 
(NF/RO), Water Management Academic Press, Delft, Netherlands. 



 

27 
 

Verliefde, A.R.D., Heijman, S.G.J., Cornelissen, E.R., Amy, G.L., Van der Bruggen, B. and 
van Dijk, J.C. (2008) Rejection of trace organic pollutants with high pressure membranes 
(NF/RO). Environmental Progress 27(2), 180–188. 
Vogel, D., Simon, A., Alturki, A.A., Bilitewski, B., Price, W.E. and Nghiem, L.D. (2010) 
Effects of fouling and scaling on the retention of trace organic contaminants by a nanofiltration 
membrane: The role of cake-enhanced concentration polarisation. Separation and Purification 
Technology 73(2), 256–263. 
Wei, C.-H., Zhang, X.-X., Ren, Y. and Yu, X.-B. (2011) Biomimetic Based Applications. 
George, A. (ed), pp. 285–310, InTech, Croatia. 
Wei, Y., Liao, S.-A. and Wang, A.-l. (2016) The effect of different carbon sources on the 
nutritional composition, microbial community and structure of bioflocs. Aquaculture 465, 88-
93. 
Wert, E.C., Rosario-Ortiz, F.L. and Snyder, S.A. (2009) Effect of ozone exposure on the 
oxidation of trace organic contaminants in wastewater. Water Research 43(4), 1005-1014. 
Xiong, J.Q., Kurade, M.B. and Jeon, B.H. (2018) Can Microalgae Remove Pharmaceutical 
Contaminants from Water? Trends Biotechnol 36(1), 30-44. 
Xu, P., Drewes, J.E., Bellona, C., Amy, G., Kim, T.-U., Adam, M. and Heberer, T. (2005) 
Rejection of Emerging Organic Micropollutants in Nanofiltration-Reverse Osmosis Membrane 
Applications. Water Environment Research 77( 1), 40–48. 
Xu, P., Drewes, J.E., Kim, T.-U., Bellona, C. and Amy, G. (2006) Effect of membrane fouling 
on transport of organic contaminants in NF/RO membrane applications. Journal of Membrane 
Science 279(1-2), 165–175. 
Yang, S., Hai, F.I., Nghiem, L.D., Price, W.E., Roddick, F., Moreira, M.T. and Magram, S.F. 
(2013) Understanding the factors controlling the removal of trace organic contaminants by 
white-rot fungi and their lignin modifying enzymes: a critical review. Bioresource Technology 
141, 97–108. 
Yang, W., Paetkau, M. and Cicek, N. (2010) Improving the performance of membrane 
bioreactors by powdered activated carbon dosing with cost considerations. Water Science and 
Technology 62(1), 172–179. 
Yeh, R.Y.-L. and Thomas, A. (1995) Color removal from dye wastewaters by adsorption using 
powdered activated carbon: Mass transfer studies. Journal of Chemical Technology & 
Biotechnology 63(1), 48-54. 
Yuan, F., Hu, C., Hu, X., Qu, J. and Yang, M. (2009) Degradation of selected pharmaceuticals 
in aqueous solution with UV and UV/H2O2. Water Research 43(6), 1766–1774. 
Zhang, H., Yamada, H. and Tsuno, H. (2008) Removal of Endocrine-Disrupting Chemicals 
during Ozonation of Municipal Sewage with Brominated Byproducts Control. Environmental 
Science & Technology 42(9), 3375-3380. 
Zhang, J., Ma, F., Zhang, X. and Geng, A. (2018) Directed Evolution of a Homodimeric 
Laccase from Cerrena unicolor BBP6 by Random Mutagenesis and In Vivo Assembly. Int J 
Mol Sci 19(10). 
Zhang, K.-j., Gao, N.-y., Deng, Y., Shui, M.-h. and Tang, Y.-l. (2011) Granular activated 
carbon (GAC) adsorption of two algal odorants, dimethyl trisulfide and [beta]-cyclocitral. 
Desalination 266(1-3), 231-237. 
 


	SPRINGER - Book CHAPTER copyright statement
	AA76251C-717B-4C88-9842-C199D7E2A92A    am.pdf
	Abstract
	1. Introduction
	2. Contemporary methods for non-steroidal anti-inflammatory drugs removal
	2.1 Biological methods
	2.1.1 Bacterial based process
	2.1.2 Enzyme based process
	2.1.3 Algae based process
	2.1.4 Fungi based process

	2.2. Advanced oxidation process
	2.2.1. Ozonation
	2.2.2. UV oxidation

	2.3 Membrane separation process
	2.4 Integrated process
	2.4.1 Biological treatment coupled membrane filtration
	2.4.2 Biological treatment coupled activated carbon adsorption
	2.4.3 Biological treatment coupled with advanced oxidation process


	3. Conclusions and outlooks
	4. References


