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Abstract

Wastewater (WW) treatment, recycle, and reuse have become important alternate sources of
water supply. Treating wastewater requires a comprehensive planning, design, construction, and
management of treatment facilities to ensure that the treated water is safe for recycle and reuse.
Growing population and urbanization have led to the release of many persistent emerging
contaminants (ECs) to environment, mainly detected in WW. The presence of ECs in the aquatic
environment may cause ecological risk such as interference with endocrine system of high
organisms, microbiological resistance, and accumulation in soil and plants, as these ECs are not
completely removed by conventional wastewater treatment processes. The biggest problem with
these compounds is their detection (ng or pg level) mainly in media with complex matrices, such
as WW samples. The purpose of this review is to provide information on advancement in
wastewater treatment technologies such as constructed wetland (CW) and advanced oxidation
processes (AOPs) and the fate of emerging contaminants during these treatments. Further, this
review also reports the ecological effects of these contaminants and their by-products formed
during various treatment processes of wastewater. The review also discusses the advancement in

different analytical techniques for emerging contaminants analysis in wastewater.
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1. Introduction

Effective reclamation and re-use of wastewater (WW) have received less attention in
comparison to water supply and treatment. However, in the last decade, fresh water supply
scarcity has shifted the focus of water to consider the importance of WW re-use, recycle and
reclamation through new and advanced treatment in policy making in both developed and
developing countries. As urban water scarcity is growing and water purification technology is
advancing, WW is increasingly reclaimed and recycled for both urban and industrial use around
the world (Levine and Asano, 2004). Dependence on the fresh water source and severe water
pollution is also intensified by the sudden increase in urbanization through population expansion,
fast industrialization, and climate change. One of the main sources of freshwater pollution is
attributed to the generation of the huge volume of toxic contaminants in industrial waste and
dumping of industrial effluents. There is also an increasing demand for clean water particularly
in water-stressed areas due to the rapid growth in population and economy (Xiao et al. 2015).
The development of advanced and cost-effective treatment approaches is desired for treatment of
WW and recovery of water resources.

The presence of xenobiotics, such as endocrine disruptor compounds (EDCs), pharmaceuticals
and personal care products (PPCPs), pesticides, and various industrial additives among others in
the environment has raised concerns about the impact of these emerging contaminants (ECs) on
the environment and on public health. Generally, these are referred to as ECs due to their recent
identification, the frequency of occurrence or sources may not be known and as they have been

linked to human health and/or environmental risks. These newly recognized contaminants
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represent a shift in traditional thinking as many are produced industrially yet are dispersed to the
environment from domestic, commercial, and industrial uses.

The potential deleterious effects associated with the presence of ECs in WW and further
release to surface waters have been reported to result in reduction of macroinvertebrate diversity
in rivers (Kuzmanovi¢ et al. 2016), affect fish population (Yeh et al. 2017) as well as cause
physiological stress in freshwater mussels (Oliveira et al. 2017). In addition, the current available
knowledge is insufficient to allow proposing ways to control the release of ECs into the
environment due to lack of information about the contaminant sources. Most of the ECs are
persistent and difficult to biodegrade. In order to protect the water resources from such
contaminants following options should be considered such as: (i) determination of the source of
ECs; (i1) assessing effects: studying the nature and toxicity of ECs and its by-products that
formed during different treatment of WW; (iii)) WW treatment: developing/improving treatment
technologies for WW treatment to mitigate the release and impacts of ECs; and (iv) assessing
exposure: performing environmental assessment to evaluate the discharges of ECs into the
environment and the potential for WW and WWS treatment to mitigate environmental impacts.

Since, conventional wastewater treatment plants (WWTPs) are not designed for the treatment
of ECs, their eventual discharge into fresh water results in many of these compounds occur at
different concentrations in natural water bodies. Recognizing this limitation, advancements in
WW treatment technologies have led to a suite of treatment technologies to provide advanced
wastewater treatment to enable better end-use application of the treated effluents and WWS and
comply with new stringent discharge regulations. Advancement in WW treatment technologies
includes; sand and media filtration, adsorption using granular activated carbon, zeolite or other

clay materials, membrane bioreactors, biological treatment, chlorination, hydrolysis, and an
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emerging suite of advanced oxidation processes (AOPs), which can be applied based on the
treated effluent quality requirements and matching specific end-uses (Mohapatra et al. 2014).
Different AOPs such as ultrasonication, Fenton’s oxidation, ozonation, photolysis, photo-Fenton,
photocatalysis, solar driven processes, and electro-Fenton process has been used for the removal
of ECs from WW. Furthermore, some hybrid systems have recently been applied to enhance the
removal of a wide range of ECs from WW.

However, assessing the occurrence, distribution, reactivity, effects of emerging contaminants
in the environment and effect of a range of proposed treatment methods for the removal of these
contaminants from complex matrices such as WW remains major time- and resource-intensive
challenges. Therefore, it is necessary to study the fate of ECs during or after pre-treatment of
WW and secure an innovative practice for discharge of WW to river and sludge recycling and
reuse. The purpose of this review is to provide information on advancement in wastewater
treatment technologies such as constructed wetland and advanced oxidation processes and the
fate of emerging contaminants during these treatments. Further, this review also reports the
ecological effects of these contaminants and their by-products formed during various treatment
processes of wastewater. The review also discusses the advancement in different analytical
techniques for emerging contaminants analysis in wastewater.

2. Advancement in wastewater treatment for emerging contaminants removal

Conventional municipal wastewater treatment plants are not designed for the removal of
micropollutants such EDCs, PPCPs, pesticides, detergents and various industrial additives
among others at mg/L and pg/L levels. As a consequence, these pollutants end up in the
environment and may result in a multitude of risks to all living organisms like bacterial
resistance, feminization of aquatic organisms, neurotoxicity, endocrine disruption and cancer. To

develop treatment solutions for EC’s, different constructed wetland systems such as free water
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surface, horizontal subsurface flow, and vertical subsurface flow constructed wetland have been
designed to remove ECs from WW. Constructed wetland (CW) based WW treatment is achieved
by interactions among plants, substrate and soil via synergistic processes that include hydrolysis,
volatilization, sorption, biodegradation, and photolysis (Wang et al. 2017). Matamoros et al.
(2017) studied the capacity of horizontal-flow constructed wetlands (HFCWs) used as tertiary
treatment to remove ECs from secondary treated WW. They observed 43% average removal of
ECs from WW. Further, they concluded that HFCWs are suitable for removing ECs from
WWTP effluents and, therefore, reduce the eco-toxicological effects associated with pollutant
discharges. Constructed wetland technology can be successfully applied for small communities
for the remediation of a wide range of ECs but it will be difficult to use it in large cities due to
the lack of space to perform such wastewater treatment processes.

Emerging contaminants removal by using a full-scale hybrid constructed wetland system for
WW reuse was studied by Avila et al. (2015). They reported a higher rate of removal (>80%) of
ECs such as EDCs and PPCPs from WW due to the combination of physico-chemical methods
leading to abiotic/biotic removal mechanisms to occur such as photodegradation, biodegradation,
sorption, volatilization, and hydrolysis. Impact of hydraulic and carbon loading rates of
constructed wetland on removal of ECs from WW was studied by Sharif et al. (2014). They
suggested that without increasing the cumulative hydraulic loading rates, operating two wetlands
in series with varying carbon loading rates could be a way to improve ECs removal from WW.
Further, a study by Matamoros et al. (2008) on removal of PPCPs from secondary effluent by
using a full-scale surface flow constructed wetland showed 90% removal efficiencies and they
concluded that the higher removal efficiency was due to the high hydraulic retention time (HRT).

Park et al. (2009) studied the effective control of ECs by using an engineered constructed
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wetland connected to both a WWTP and a river. They observed higher removal trends for
atenolol, naproxen and triclosan and medium-range and low removal behaviors for
sulfamethoxazole, dilantine, carbamazepine, diazepam and triclosan. Further, Avila et al. (2015)
studied the removal of ECs from WW by using a hybrid constructed wetland system (two
vertical flow, one horizontal flow and one surface flow CW in series) under different hydraulic
loading rates. They reported that the use of hybrid CW systems is a suitable wastewater
treatment technology for removing ECs and reducing the toxicological effects even at high
hydraulic loading rates. A review on efficiency of CWs (by considering configuration design,
hydraulic mode, temperature and seasonality, pH, oxygen and redox potential parameters) for
removing pharmaceuticals from WW was reported by Li et al. (2014). They reported most
studies on CW were undertaken at a microcosm-scale or mesocosm-scale and further suggested
more research work on novel constructed wetlands such as the tidal flow constructed wetlands,
anti-sized constructed wetlands, and the dewatered alum sludge based constructed wetlands.
Further, AOPs have emerged as an important class of technologies for the oxidation and
destruction of wide range of organic pollutants from WW and WWS. AOPs involve in situ
generation of highly reactive species, such as the hydroxyl radical (OH®), which is non-selective
in nature and thus readily attacks a large group of organic chemicals to either totally mineralize
them or convert them to less complex products. Over the past 30 years, research and
development concerning AOPs has been immense particularly for two reasons, such as the
diversity of the technologies involved and the areas of potential application. Different AOP
methods include heterogeneous and homogenous photocatalysis based on near ultraviolet (UV)
or solar visible irradiation, electrolysis, ozonation, ultrasonication (US), Fenton's reagent, and

wet air oxidation (WAQ), while less conventional but evolving processes include ionizing
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radiation, microwaves, pulsed plasma and the ferrate reagent. Different essential parameters that
should be taken consideration during AOPs are solution temperature, concentrations of initial
pollutant and catalyst, initial pH, dosages of Fenton’s reagent and hydrogen peroxide (H,O,),
ultrasonic power density, gas sparging, addition of radical scavenger, addition of carbon
tetrachloride and methanol among others.

Sonochemistry refers to the chemical effects generated by ultrasound and the resulting
phenomenon in aqueous media is acoustic cavitation. Acoustic cavitation has been widely used
for the treatment of wastewater to enhance chemical reaction rate and facilitate the removal of
several pollutants. Ultrasonication processes induces acoustic cavitation into liquid media,
involving the generation, expansion, oscillations, splitting and implosions of numerous tiny gas
bubbles called cavitation bubbles. As a result of implosion of cavitation bubbles, extreme
temperature and pressure is generated in the centre of the collapsed bubble leading to solute
thermolysis as well as the formation of hydroxyl radical and hydrogen peroxide. The pyrolysis in
the cavitation bubbles and the generated oxidizing free radicals are responsible for the
degradation of polar organic compounds. Further, among the many AOPs, the Fenton process
has been proven to be effective for treating recalcitrant organic compounds by using Fe** and
H,0, to produce the OH radicals. Further, recent innovation in Fenton process application have
led to the engineering of Fluidized-bed Fenton (FBF) process for wastewater treatment with the
advantage of carriers that reduce the production of sludge by crystallizing the target pollutant
onto the carrier surface. Further, ozonation is one of the most widely investigated techniques of
AOPs due to its commonly used in large number of water and WW treatment plants as a
clarifying and disinfecting agent. Ozonation process involves direct reaction of ECs with ozone

molecules through the action of secondary oxidants such as hydroxyl radicals produced from
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ozone in aqueous solution. The degradation of ECs during different catalytic oxidation processes
followed different stages such as: (i) ECs adsorbed onto the surface of the catalyst and react with
hydroxyl radicals; (i1) ECs adsorbed onto the surface of catalyst and/or react with surface-bonded
radicals on catalyst; and (ii1) hydrogen peroxide degradation process.

Ultrasonic process:

H,0 - H + H"O (D
H+ 0, - H"O0, (2)
0+ H,0 — 20H" (3)
H+ 0, - 0+ OH" (4)
Fenton process:
Fe3* + e~ - Fe?* (5)
H,0, + Fe?* — Fe3* + OH™ + H"O (6)
Ozonation process:
O3 + OH™ - 0, + OH, (7)
HO; — 0, + OH" 8
Photocatalysis process:
TiO, + hv - e~ + h 9
OH™ + h* - OH"™ (10)

Mohapatra et al. (2011) compared ultrasonication, Fenton oxidation and combined ferro-
sonication processes for degradation of bisphenol A (BPA), an endocrine disruptor from sewage
water. They reported higher suspended solids (SS), volatile suspended solids (VSS), chemical
oxygen demand (COD) and soluble organic carbon (SOC) solubilization (39.7%, 51.2%, 64.5%
and 17.6%, respectively) during combined ferro-sonication pre-treatment process carried out for

180 min, resulting in higher degradation of BPA (82.7%). Pulicharla et al. (2017) compared three
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different AOPs such as ultrasonication, Fenton’s oxidation and combined, ferro-sonication
processes for degradation of chlortetracycline (CTC), an antibiotic of tetracyclines (TCs) family
and most commonly used in veterinary infections, from WWS. They reported higher degradation
efficiency (>82%) during combined ultrasonication and Fenton oxidation treatment due to higher
generation of OH radicals in medium, and further utilization of iron to generate more OH
radicals in sludge. Further, a comparative study of ultrasonication, Fenton's oxidation and ferro-
sonication (combination of ultrasonication and Fenton's oxidation) process for degradation of
carbamazepine (CBZ) from WW was studied by Mohapatra et al. (2013). They reported higher
soluble chemical oxygen demand (SCOD) and soluble organic carbon (SOC) increment (63 to
86% and 21 to 34%, respectively) was observed during Fenton oxidation pre-treatment process,
resulting in higher removal of CBZ (84 to 100%) from WW. Wang and Bai (2017) reviewed
heterogeneous catalytic ozonation of ECs (pharmaceuticals, phthalic acid esters, pesticides and
herbicides, dyes, nitrobenzenes, and phenols) in WW by utilizing Fe-based catalysts (Fe’-
derived, FeOOH-derived, Fe,Os-derived, Fe;Os-derived and iron oxides composite). They
reported higher efficiency of these Fe-based catalysts for ECs removal from WW, however
suggested the combination of these catalytic processes with other processes such as ultraviolet,
ultrasound, biological aerated filter among others to enhance the mineralization of organic
contaminants. Further, Sun et al. (2017) compared five different advanced treatment processes
such as coagulation sedimentation, nan da magnetic polyacrylic (NDAP) anion exchange resin
adsorption, activated carbon adsorption, ozonation and electro-adsorption in removing endocrine
disruption effects from municipal wastewater secondary effluent. They reported that all the
advanced oxidation treatment options tried are efficient for the removal of endocrine disruption

effects from WW. Removal of ECs from WW by application of ozone at a pilot-plant scale was
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investigated by Ibanez et al. 2013. They reported that ozone treatment as a highly efficient
process for significantly decreasing the concentrations of most of the ECs present in WW.
Degradation of BPA during sewage solubilisation by ozonation treatment was studied by
Mohapatra et al. (2012a). They reported that among all the treatment parameters studied, ozone
dose had more significantly (probability (p)<0.001) affected the efficiency of the ozonation
treatment by increasing sludge solids (suspended solids (SS) and volatile solids) solubilization
and organic matter (soluble chemical oxygen demand and soluble organic carbon) increment and
BPA degradation from sewage water.

Further, a developing approach has been considered by use of electrochemical oxidation
process using boron-doped diamond anodes as an AOP process for the formation of physically
adsorbed hydroxyl radicals for complete and non-selective degradation of ECs from WW.
Comparison of Fenton oxidation and conductive-diamond electro-oxidation for treatment of real
effluents from the pharmaceutical industry was carried out by Perez et al. (2017). They
concluded that conductive-diamond electro-oxidation process as more efficient (higher removal
of pharmaceutical compounds in 80% of samples) as compared to Fenton process and further
reported that the mean oxidation state of carbon can serve as a benchmarking parameter to
understand the behavior of different oxidation technologies. Zheng et al. (2016) used three-
dimensional electrochemical oxidation process for the advanced treatment of wet-spun acrylic
fiber manufacturing WW. They reported that the three-dimensional electrochemical oxidation
process remarkably improved the treatment efficiencies for chemical oxygen demand (COD),
NH;-N, total organic carbon (TOC), and ultraviolet absorption at 254 nm (UVjs4) by 44.5%,
38.8%, 27.2%, and 10.9%, respectively. Comparison of different electrochemical advanced

oxidation processes such as anodic oxidation (AO), anodic oxidation with electrogenerated H,O,
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(AO-H;0,), electro-Fenton (EF), photoelectro-Fenton (PEF) and solar photoelectro-Fenton
(SPEF), alone and in combination with other methods like biological treatment,
electrocoagulation, coagulation and membrane filtration processes was reported by Moreira et al.
(2017). They reported the ability of different treatment methods to oxidize the various types of
wastewaters can be arranged in the order: SPEF > PEF > EF > AO-H,0, = AO. Further,
photoelectrocatalytic oxidation processes combining both photocatalytic and electrolytic
processes have been evolved as an efficient technique for the removal of ECs from WW.
Removal of CTC from spiked municipal WW using a photoelectrocatalytic process operated
under sunlight irradiations was studied by Daghrir et al. (2014). They reported degradation of
99% of CTC during photoelectrocatalytic process operated at 0.6 A of current intensity with 180
min of treatment time. Carbamazepine degradation in WW by using photocatalytic
nanocrystalline TiO, and ZnO was reported by Mohapatra et al. (2014). Higher photocatalytic
degradation of carbamazepine was observed (100%) by using whey stabilized TiO, nanoparticles
with 55 min irradiation time as compared to ZnO nanoparticles (92%). Further, they concluded
that the higher degradation of CBZ in WW by using TiO; nanoparticles as compared to ZnO
nanoparticles was due to formation of higher photo-generated holes with high oxidizing power of
TiO,. Further, Guedes et al. (2015) studied the feasibility of electrodialytic process for removal
of six ECs (bisphenol A, ibuprofen, 17B-oestradiol, 17a-ethinyloestradiol, caffeine, and
oxybenzone) from WWS. They reported that electro degradation of ECs in WWS medium
enhanced changes in the microbial community, leading to higher remediation potential of the
medium.

Klancar et al. (2016) studied the application of various electrode materials, including mixed

metal oxide, platinum electrode, boron-doped diamond, and high voltage sparks for WW
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treatment to reduce the ecological burden from pharmacotherapy ((bisoprolol, carbamazepine,
ciprofloxacin, clofibric acid, diclofenac, fluoxetine, imatinib and metoprolol)) and the
agricultural use of pesticides (atrazine, simazine). They reported higher degradation efficiency of
>85% showed by boron-doped diamond and mixed metal oxide electrodes in 60 min of treatment
for the majority of the compounds as compared to platinum and high voltage sparks electrode.
They also referred this technology as a viable and feasible option to upgrade existing WWTPs in
order to achieve a significantly greater removal of these target pollutants, and to lessen the
ecological burden.

The hydrogen production from WW is a promising way of treating WW and producing
renewable energy. The hydrogen productions from biological processes such as direct and
indirect photolysis, photo and dark fermentation and microbial electrolysis cell (MEC) using
renewable resources are gaining significant attention due to reduced catalytic cost and process
energy demands. Khan et al. (2017) reviewed the status of MEC as a mean for hydrogen
production and urban wastewater treatment method. They reported that an estimated total
electricity of 612 and 767 MW can be produced for the years 2025 and 2035 from the domestic
and industrial wastewater by using MEC technology. Nanotechnology applications can be used
for filtering low quality waters, allowing under given conditions, the removal of salts and other
micropollutants from these waters. Bethi et al. (2016) reviewed nanomaterials-based individual
and hybrid advanced oxidation processes for treatment of wastewater. Nanomaterials assisted
oxidation processes may become applicable on an industrial scale when every effectiveness
factor is optimized and different processes are combined (hybrid system) to eliminate some of
the drawbacks associated with the individual techniques to achieve maximum efficiency with

minimum energy input. Photocatalytic degradation of ECs (caffeine and salicylic acid) by using
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titania nanotubes was studied by Arfanis et al. (2017). They reported that titanium dioxide
nanotubular films after calcination at 450 °C formed anatase crystal structure, showed significant
photocatalytic activity with high degradation rates for both examined ECs. The characteristics of
the investigated WW itself exerted magnitudinal effect on the final efficiency of AOPs, therefore
sometimes it is difficult to compare the results reported by different researchers to make a
comparison of AOPs. However, further studies need to be performed in order to evaluate the best
effective treatment process with more cost-benefit, and to investigate the influence of operating
conditions and the toxicity of effluents after treatment as well.

3. Mass balance and elimination efficiency of treatment plant for emerging contaminants

Accurate determination of the fate of contaminants during wastewater treatment is required in
order to facilitate risk assessments and to identify strategies to improve their removal. The
elimination efficiency of particular contaminants in each specific unit of treatment plant can be
calculated based on the difference between total mass flux entering (Mj,) and leaving (Meg) in

each unit as shown in Eq.11:

(M, — Mcjf) y
Min
In order to investigate how various treatments affect the contaminant removal and the probability

Elimination Ef ficiency (%) = 100 (11)

of formation of any treatment related products, mass balance of the target compounds should
performed throughout the entire process of WW treatment. Heidler and Halden (2007) studied
the mass balance of triclosan during a conventional sewage treatment. They reported that among
the total mass of triclosan (3240 + 1860 g/d) that entered to the treatment plant, only 50 = 19%
(1640 = 610 g/d) remained detectable in WWS and less than half of the total mass (48 + 19%)
was bio-transformed or lost to other mechanisms. Further, mass balance of six glucocorticoids

(prednisone, prednisolone, cortisone, cortisol, dexamethasone, and 6R-methylprednisolone) in
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WWTP was carried out by Chang et al. 2007. They reported a higher removal (92 to 100%) of
most of the glucocorticoids except prednisolone (66 to 90%) in WWTPs and mention that
biodegradation and sorption to sludge as the key factor for the removal of glucocorticoids from
WWTPs. A study by Yan et al. (2014) on mass balance of pharmaceutically active compounds in
the largest municipal WWTP in Southwest China concluded that biodegradation as the main
predominant removal mechanism followed by sorption onto sludge as a relevant removal
pathway for most of the target compounds. To determine fate of pharmaceuticals and triclosan in
WWTPs, Petrie et al. (2014) carried out a mass balance study by analyzing the target compounds
in both aqueous and particulate phases. To establish the fate of contaminants in WWTPs through
mass balance, they considered three pathways such as (i) biological degradation, (ii) sorption
onto activated sludge, and (iii) resistance to removal from the aqueous phase. They
recommended to incorporate more particulate phase analysis into routine pharmaceutical analysis
to accurately report their concentration and to better understand their fate.

Further, Blair et al. (2015) evaluate the sorption and negative mass balances of
pharmaceuticals and personal care products during WW treatment. In this study they showed
negative mass balances (the sum of the soluble and sorbed concentrations increased over time) of
pharmaceuticals and personal care products within an aerobic batch reactor. They also reported
that a subset of highly degradable pharmaceuticals and personal care products, such as
acetaminophen, caffeine, and metformin, stopped being degraded at notable levels within an
activated sludge WW treatment process. Mass balance of BPA during different WW treatment
processes was carried out by Guerra et al. (2015). They reported median removal efficiencies of
treatment processes up to 77% and mention the operational conditions that most influenced BPA

removal are solids retention time (SRT), hydraulic retention time (HRT), and mixed liquor
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suspended solids (MLSS).They also reported that BPA's sorption tendency to WWS was strongly
influenced by HRT and degree of nitrification. Mass balance and comparison of WW effluent
and upstream sources on fate of ECs in a mixed-use watershed was studied by Fairbairn et al.
(2016). They reported that mass balances established that effluent transport dominated ECs
loading to the watershed and further suggested that upstream dominated ECs should be
monitored during high-flow events and seasons because the increased concentrations that occur
at these times will also represent the greatest loadings. Further, Thiebault et al. (2017)
determined the removal efficiency of pharmaceutically active compounds in an urban WWTP by
considering fate and mass balance assessment. They reported the mean mass balance of the
various pharmaceutically active compounds was 448.5 g/d and 26.3 g/d in influents and
effluents, respectively. Further, they also proposed that the removal efficiency of various
pharmaceutically active compounds can be assessed by regulating the removal of nitrogen and/or
BOD, as their removal is statistically correlated with the removal efficiency of these target
compounds.

Further to evaluate the elimination efficiency of the treatment plant, the fractionated approach
has to be considered to identify and quantify the mechanisms of contaminant removal at each
stage of treatment. The solid—water distribution coefficient (K4) can be estimated by using Eq.
(12) where Cs and C; are the concentrations of target compound in the solid phase (ng/kg) and

the dissolved phase (ng/l), respectively.

Cs
Ky= =
a Cl

An aqueous phase removal percentage, which is based on the concentrations of contaminants in

(12)

the influent and the effluent of treatment plants, is often used for calculating the removal

efficiency in treatment plants. The sorption onto solids in the treatment plant is a relevant
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removal pathway for certain contaminants. Thus, an aqueous phase removal percentage cannot
comprehensively assess the removal of contaminants in treatment plants accurately. Mass
balance analysis approach would be an effective way to understand the fate of contaminants in
treatment plant and their mass loading to the receiving environments.

Mohapatra et al. (2011b) studied the distribution of BPA in WW and WWS to assess the
endocrine activity of treated effluent discharged into the environment. They reported higher BPA
concentration in primary and secondary sludge solids (0.36 and 0.24 pg/g, respectively) as
compared to their liquid counterpart (0.27 and 0.15 pg/L, respectively) separated by
centrifugation. Further, they concluded that BPA was present in significant concentrations in the
WWTP and mostly partitioned in the solid fraction of sludge (K4 value for primary, secondary
and mixed sludge was 0.013, 0.015 and 0.012, respectively). Further, Sun et al. (2017) studied
fate and mass balance of bisphenol analogues in WWTPs in Xiamen City, China. They reported
the concentrations of bisphenol analogues as BPA >> BPS = BPF > BPE > BPAF in the influent,
BPA >> BPE > BPF = BPAF > BPS in the effluent, and BPA >> BPF > BPAF > BPS > BPE in
the sludge. Further, mass balance of bisphenol analogues, benzotriazoles, benzothiazoles, and
benzophenones in Indian sewage treatment plants was reported by Karthikraj and Kannan
(2017). They reported the mean removal efficiency of the treatment plant for bisphenol
analogues, benzotriazoles, benzothiazoles, and benzophenones was 92.2%, 71.9%, 67.4% and
75.3%, respectively. They also reported the mass flow of target chemicals through sludge were
0.001 g/d (bisphenol analogues), 0.02 g/d (benzotriazoles), 7.8 g/d (benzothiazoles), and 0.007
g/d (benzophenones), which were less significant in comparison to emissions through effluents.

Partitioning of a persistent antibiotic, chlortetracycline (CTC) and its co-relation with metals

during mass balance in a WWTP was reported by Puicharla et al. (2014). They reported higher
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partitioning of CTC in WWS as compared to WW and described that chelation behavior of CTC
with metal ions and sorption of these CTC—metal complexes to organic matter resulted in
accumulation of CTC in sludge phase. Tohidi and Cai (2017) studied the fate and mass balance
of triclosan by comparing three different types of WW treatments and aerobic/anaerobic WWS
digestion processes. By considering mass balance, they reported that 13.1-30.3% of triclosan
was adsorbed to WWS while 60-76% of triclosan underwent biodegradation in secondary
treatment. They also reported that the partition behavior of triclosan was correlated to the total
organic carbon values of the WWS and further WWS with higher total organic carbon leading to
higher partition of compound to the WWS.

Baalbaki et al. (2016) studied the fate and mass balance of ECs using fractionated approach
that accounts for the residence time distribution in WWTPs that includes primary, secondary and
tertiary treatment steps. By considering mass balance calculations they reported 50% of the
removal in the primary clarifier and most substantial aqueous removal occurred during activated
sludge treatment (up to 99%). They also reported that the estimated log K4 values (1.40 to 3.68 in
primary sludge and 1.36 to 4.49 in activated sludge) showed that most ECs are not significantly
removed by partitioning onto sludge, with the exception of triclosan. During the mass balance
processes, contribution of adsorption and bio-degradation to the overall removal was estimated
to be the main reason for ECs elimination from WWTPs. Evaluation of effect of biological
degradation, sorption and mass balance for removal of ECs in a conventional activate sludge
WWTP was carried out by Martinez-Alcala et al. (2017). They reported a higher value of
sorption coefficient onto sludge for carbamazepine, diclofenac and naproxen indicating that these
compounds are greatly absorbed onto sludge leading to higher elimination from WWTPS.

Further, monitoring of ECs in the aquatic environment is progressively becoming a priority for
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the government agencies and regulatory agencies as well as the general public due to its toxic
effects to flora and fauna.

4. Toxicity of emerging contaminants during wastewater treatment

The presence of ECs in WW has raised concerns about the impact of these contaminants on the
environment and on public health. To evaluate the potential threat of ECs in WW to environment
and human health, different factors should be consider such as: (1) characterization of the point
as well as non-point sources of ECs that determine contaminant release to the environment, (2)
development of advanced analytical methods to quantify ECs and their intermediate products in
a variety of matrices mainly in complex matrices such as WW and WWS in trace levels, (3)
determination of the environmental fate and occurrence of these potential contaminants, (4)
define and quantify processes that determine their transport and fate through the environment,
and (5) identification of potential ecologic effects from exposure to ECs.

The identification and quantification of ECs in WW is of major interest to assess the toxicity of
treated effluent discharged into the environment. Eljarrat and Barcelo (2003) established priority
list of ECs such as polycyclic aromatic hydrocarbons (PAHs), polychlorinated dibenzo-p-dioxins
(PCDDs), polychlorinated naphthalenes (PCNs), polychlorinated biphenyls (PCBs),
polychlorinated dibenzofurans (PCDFs), and polybrominated diphenyl ethers (PBDEs) based on
their relative toxic potency in environmental samples. They reported most important contributory
pollutants (total dioxin-like activity) in WW and WWS samples are contributed as
PAHs>PCNs>PCDDs/PCDFs>PCBs>PBDEs. Mohapatra et al. (2013) carried out toxicity test
by using yeast estrogen screen (YES) assay to compared toxicity of WW treated by AOPs such
as ultrasonication, Fenton's oxidation and ferro-sonication contaminated with carbamazepine.
Based on YES assay results, they reported that ultrasonication, Fenton's oxidation and ferro-

sonication pre-treated WW with carbamazepine is not estrogenic in nature. Chlortetracycline and
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its metal complexes toxicity to Gram positive Bacillus thuringiensis (Bt) and Gram negative
Enterobacter aerogenes (Ea) bacteria in WWS was studied by Pulicharla et al. (2015). They
reported that CTC—metal complexes were more toxic than the CTC itself for Bt whereas for Ea,
CTC and its metal complexes showed similar toxicity and also concluded that CTC and its metal
complexes are toxic to bacteria when they are biologically available. Gaw and Glover (2016)
reported the contagious toxicity of isoprostanes present in WW to fish and aquatic invertebrates
through different activities such as reproductive impairment, oxidative stress and cardiovascular
disturbance. Isoprostanes are produced by free radical catalyzed peroxidation of essential
polyunsaturated fatty acids such as docosahexaenoic acid, arachidonic acid, and
eicosapentaenoic acid. They reported that isoprostanes as products and effectors of oxidative
stress and exposure to it in WW may produce oxidative stress toxicity cascade like a contagious
disease throughout the receiving environment. Marshall et al. (2017) used LuminoTox as a tool
to monitor toxicity of treated effluent contaminated by ECs. They reported that LuminoTox was
able to detect the ECs mix with WW when it was present at a concentration range between 6
pg/L to 50 pg/L and also suggested that this technology can be used as an effective tool for WW
monitoring with the intent of detecting residual ECs. Further, estrogenic burden of five parabens
in WWS collected across the United States was reported by Chen et al. (2017). They reported
insignificant estrogenicity of parabens in sewage water as compared to the value calculated for
natural estrogens reported in the literature to occur in sewage water.

Typically toxicity of ECs can be evaluated by bioassay method by exposing test organisms to
specific concentrations of this compound. These bioassays are then used to calculate the
predicted no-effect concentrations (PNEC) and the results are then compared to the measured

environmental concentrations (MEC). Further, risk characterization which is an estimation of the
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incidence of the adverse effect generally involves a risk quotient calculated between the highest
MEC and the PNEC. Munoz et al. (2008) used life cycle impact assessment model to quantify
the potential environmental impacts on ecotoxicity and human toxicity of ECs present in WW.
They reported that according to the model, toxicity of both influent and effluent is mainly caused
by the presence of PPCPs and there is substantial impact in reduction in ecotoxicity and human
toxicity (between 42% and 85%) after treatment of WW. Further, Naidu et al. (2016) presented a
risk based methodology for better management of ECs in surface water and WW. They
recommended trade-off between risk-reduction and cost-effectiveness as an alternative remedial
solution for managing ECs in environment. Further, they suggested that various strategies such
as waste minimisation, appropriate waste disposal, improved management and usage of
chemicals, limitation in discharge of chemicals and improved WW treatment systems must be
implemented for better management of risk of ECs to environment.

Further, toxicity can also occur due to the transform of ECs due to different WW treatment
processes such as AOPs, hydrolysis processes, and microbial degradation processes. During the
process of treatment, there may be formation of more toxic by-products than the parent
compound, which make it more important to track and characterize the transformation products
during different treatment processes. Advanced oxidation processes are often complex and lead
to multiple reaction products in the medium during the treatment process as demonstrated by
some dehydrated products of tetracyclines and photodegradation products of the fluoroquinolone
antibiotic ofloxacin (Halling-Sorensen et al. 2002). Farre et al. (2008) reported a review on
toxicity of ECs and its transformation products in the aquatic environment. They suggested that
the formation of aggregates in water offers the opportunity for ECs to become associated with

the aggregates, leading to change in bioavailability of these contaminants and create more
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toxicological concerns. Sang et al. (2014) evaluated the toxicity of artificial sweeteners
acesulfame and sucralose and their by-products during photolysis of WW and reported that acute
toxicity for the by-products of both sweeteners revealed that the phototoxicity of acesulfame
degradation products may impact aquatic ecosystems. The persistent antiepileptic drug
carbamazepine, prevalent anti-inflammatory drug diclofenac and clofibric acid, a metabolite of
lipid-lowering agents clofibrate, etofibrate and etofyllin clofibrate, were well detected in WW.
The frequent occurrence and potential toxicity of diclofenac towards several organisms such as
fish and mussels by chronic exposure lead to severe toxic effects. Further, Fatta-Kassinos et al.
(2011) reported that diclofenac is not completely removed from WWTP due to its poor
degradation and higher consumption rates. Toxicity of diclofenac and its transformation products
in aquatic as well as terrestrial environment was reviewed by Lonappan et al. (2016). They
reported that the available ecotoxicology data of diclofenac showed acute toxic effects to many
organisms, such as mussels. Further, they recommended more studies to assess the fate and
toxicological effects of diclofenac and its metabolites by considering the possible interaction of
diclofenac with other contaminants. Further, toxicity can also occur when ECs and their
transformation products react with disinfectants in WWTPs. Shen and Andrews (2011) reported
that ECs containing amine groups can serve as nitrosamine precursors during chloramine
disinfection. Further, they reported that among all the ECs, ranitidine showed strong potential to
form nitrosodimethylamine (NDMA), even at environmentally relevant concentrations.

Further, recently engineered nanoparticles (ENPs) considered as ECs has also triggered
concerns relating to their potential environmental health implications with respect to aquatic
organisms, including bacteria, invertebrates and fish (Kaya et al. 2015). The ENPs produced

from nanomaterials that used in our household and industrial commodities in day today life find
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their way through waste disposal routes into the WWTPs and end up to aquatic environment. The
impact of ENPs in WW microorganisms was reviewed by Brar et al. (2010). They concluded that
the release of ENPs to WWTPs can impact the system in two ways such as: (i) when present in
trace levels (ng/l and/or ng/l), prior to WW recharge/reuse applications, ENPs can be removed
based on toxicity study data, and (ii) when present in higher concentration (mg/l), presence of
ENPs can affect the treatment plant by various mechanisms, including inhibition of
microorganisms in secondary treatment process, increasing the turbidity, fouling of membranes
or affecting the efficiency of disinfection processes. Toxic effect of ENPs on WW
microorganisms was reported by Eduok et al. 2013. They reported that ENPs and their
transformation products interact with naturally occurring substances in WW which further hinder
microbial degradation processes with increased potential for accumulation and toxicity. Toxicity,
risks and regulations of ENPs to environmental microorganisms was reported by Hegde et al.
2016). They reported that interactions of ecological microorganisms at molecular level to ENPs
are limited by the cost-effective analytical methods and further suggested for a multidisciplinary
approach combining experimental, computational and theoretical approaches to understand and
tackle the ecotoxicological problems associated with these ECs. Goswami et al. (2017) reviewed
the nature, behavior and eco-toxicity of ENPs to environment. They reported that ENPs and their
transformed products can reduce cell viability, growth and morphology of living organisms
leading to enhanced oxidative stress, and DNA damage. The effect of TiO, nanoparticles on the
oxygen uptake rate in three different types of WW such as synthetic, raw, and filtered was
evaluated by Cervantes-Aviles et al. (2017). They observed an overarching pattern of cell
membrane disruption for all type of WW during the interaction between TiO, nanoparticles and

microorganisms. Further, persistent occurrence and fate of ECs in WW leads to development of
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advanced analytical methods to determine the concentration of ECs prior to selection of the pre-
treatment or treatment method to eliminate the same.

5. Advancement in analytical techniques for emerging contaminants analysis in wastewater

One of the major limitations in the analysis of ECs in complex matrices such as WW remains
the lack of methods for quantification at low concentrations. The prerequisite for proper risk
assessment and monitoring of ECs in WW is the availability of multiresidual methods that permit
measurement at the low ng/L level (or even much lower concentrations). In the WWTPs, influent
and effluent are the matrices most often used for development of a reliable, fast and efficient
procedure for performing quantitative target analysis of ECs. Sample pre-treatments, such as
isolation of analytes, purification of extracts and pre-concentration, are required to avoid matrix
effects that exert a detrimental impact on important quantification parameters including limit of
detection (LOD), limit of quantification (LOQ), linearity, accuracy, and precision.

Occurrence of ECs in WW has been analyzed mainly by chromatographic methods. For
quantification of ECs in WW, Bizkarguenaga et al. (2012) used solid phase extraction (SPE)
combined with large volume injection-programmable temperature vaporization—gas
chromatography—mass spectrometry (LVI-PTV-GC-MS). For simultaneous extraction and the
multiresidue determination of ECs in WW samples, they optimized SPE variables such as the
nature of the solid phase (C18, Oasis-HLB, and Lichrolut), sample volume, addition of NaCl and
MeOH, pH of the water phase and the volume of the eluent solvent. They reported that the LODs
obtained for all the target compounds were at low ng/L level and the best results were obtained
after the clean-up of the sample using Florisil cartridges. Determination of nitrosamines and
caffeine metabolites in WW using GC-MS and suitability of ionic liquid (IL) such as SLB-IL59,
SLB-IL61, SLB-IL82 and SLB-IL111 as stationary phases for GC-MS was reported by Reyes-

Contreras et al. (2012). They reported that the SLB-IL111 column enabled the baseline
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separation and quantification of 7 nitrosamines in a shorter analysis time compared with
cyanopropylphenyl polysiloxane commonly used and further, SLB-IL59 column provided the
best results for caffeine metabolites. Prebihalo et al. (2015) used two-dimensional gas-
chromatography coupled with time-of-flight mass spectrometry (GC x GC-TOFMS) for
analyzing ECs in WW. They reported that the analytical technique permitted the identification of
halogenated benzotriazoles in WW and further, the use of GC x GC-TOFMS technique proved
to be a valuable tool in resolving complex matrices, as it allows the analyst to separate target
compounds.

Sample pre-treatment by SPE and the subsequent determination by liquid chromatography-
tandem mass spectrometry (LC—MS/MS) is the preferred technique for the analysis of ECs in
WW. Nurmi and Pellinen (2011) used ultra performance liquid chromatograph—time-of-flight
mass spectrometer (UPLC-TOFMS) for analysis of ECs in WW. They reported that the use of
two SPE sorbent materials as the sample pre-treatment technique strengthens the extraction of
diverse compounds and further multi-residue screening method can be used to analyse a variety
of ECs in WW from ng/L to pg/L level. Further, Robles-Molina et al. (2014) used multi-residue
method for the determination of over 400 ECs in WW by solid-phase extraction and liquid
chromatography-time-of-flight mass spectrometry. They reported that the use of SPE with Oasis
HLB permitted reasonable recovery rates and the overall performance of LC-TOF-MS for
quantification was satisfactory for most of the target compounds. Further, multi-residue analysis
of 90 ECs in WW by ultra-high-performance liquid chromatography tandem mass spectrometry
with application of a novel buffer, ammonium fluoride improved signal response in negative
ionisation mode was carried out by Petrie et al. (2016). They reported that by using this

analytical methodology, sensitivity of steroid estrogens was improved by 4-5 times in
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environmental extracts and further application of the method revealed several metabolites
increased in concentration during WW treatment demonstrating the possible higher toxicity of
by-products as compared to parent compound. Determination of macrolide antibiotics, their
synthesis intermediates and transformation products in WW by using LC-MS/MS was reported
by Senta et al. (2017). They reported that by using an additional extract clean-up on strong
anion-exchange cartridges (SAX) resulted in high recoveries and accuracies, low matrix effects
and improved chromatographic separation of the target macrolide antibiotics, their synthesis
intermediates and transformation products in WW.

For fast determination of ECs in WW, Campos-Mafias et al. (2017) used direct injection
coupled to ultra-high-performance liquid chromatography quadrupole-linear ion trap analyser -
tandem mass spectrometry (LC—QqLIT-MS/MS). They reported that use of direct injection
reduced sample handling and solvent consumption and further the developed optimised method
showed low LODs (1 to 357 ng/L), leading to identification of up to 67 ECs in real WW samples
at concentrations ranging from 10 ng/L to 26.7 mg/L. Further, Comtois-Marotte et al. (2017)
used high resolution mass spectrometry with a Q Exactive orbital ion trap for the detection and
quantification of 31 ECs in solid and water samples including WW. They reported that the use of
a SPE sorbent with different retention processes and multiple elution steps allowed to extract
large set of ECs presenting a wide range of physico-chemical properties. Further, they reported
higher recoveries of target compounds from WW by using the Q Exactive mass spectrometer in
both full scan and MS/MS modes and also the developed analytical method showed good
linearity, precision, and accuracy for many of the target ECs.

Ultrafast quantification of carbamazepine in WW by LDTD-APCI-MS/MS approach was

carried out by Mohapatra et al. (2012b). They reported that LDTD-APCI-MS/MS method is
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suitable for the rapid detection and quantification of carbamazepine in WW and help to
overcome the traditional use of liquid chromatography which composes use of expensive organic
solvents, cost of maintenance of chromatography pumps and replacing chromatography columns.
Boisvert et al. (2012) developed a new LDTD-APCI-MS/MS based approach for detection and
quantification of pesticides and pharmaceuticals in WW samples. Further, to optimize recovery
efficiencies, they evaluated different SPE parameters such as loading flow rate, extraction pH,
volume of sample, nature of the stationary phase, and composition of the washing solution for
extracting target analytes from WW. They reported 78% to 106% recoveries of target compound,
30 to 122 ng/L limit of detection, 90 to 370 ng/L limit of quantification and intraday and interday
coefficient of variation below 15%, showing a good precision of the developed method. Further,
the chelation activity of chlortetracycline with metal ions and formation of different intermediate
products and their quantification in WW by using LDTD-MS/MS approach was studied by
Puicharla et al. (2014). They reported the development of a new rapid and sensitive method for
quantification of chlortetracycline in WW and validated the method by studying linearity,
recovery, precision and the method detection limit. Further, this study demonstrated that
chlortetracycline was present in WW samples in varying concentrations ranging from 8 to 61
pg/L. Lonappan et al. (2016) compared LDTD-APCI-MS/MS approach with an established LC—
ESI-MS/MS method for quantification of diclofenac in WW. They reported that the newly
developed LDTD-APCI-MS/MS method reduced the analysis time to 12 s compared to 12 min
for LC—ESI-MS/MS method and further suggested that LDTD-APCI-MS/MS method can be
effectively used for the detection and quantification of diclofenac in WW samples instead of
traditional slow, matrix sensitive LC-ESI-MS/MS method.

6. Conclusions and future challenges
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Treating and reusing wastewater is one of many means to improve water supply capacity,
especially within developing countries. The presence of a class of persistent emerging
contaminants including; endocrine disruptor compounds and pharmaceutical and personnel care
products, raise questions about the re-use and recycle of the wastewater. Advancement in
wastewater treatment processes such as advanced oxidation processes including ozonation,
ultrasonication, catalysis processes, photooxidation and Fenton’s oxidation, which generate
hydroxyl radicals in medium, are promising methods for removal of ECs from wastewater.
However, more investigation is required particularly on the combined application of these
treatment methods with biological treatment to make advantage of synergistic effects, and further
more attention towards identification of reaction intermediates, development of rate expressions
based on established reaction mechanisms, identification of scale-up parameters and criteria for
cost effectiveness with simultaneous higher degradation of the target compound. Further, in-
depth studies and concurrent engineering that applies the multi-disciplinary knowledge
developed from such studies are required to advance and apply new and emerging removal
pathways of emerging contaminants at different wastewater treatment steps, for which limited
data is available in the literature.

To obtain better precision and sensitivity and to quantify emerging contaminants in trace
concentrations in complex matrices such as wastewater, several advanced analytical methods
such as LVI-PTV-GC-MS, GC x GC-TOFMS, LC-ESI-MS/MS, LC-QqLIT-MS/MS and
LDTD-APCI-MS/MS have been developed and optimized. Furthermore, new ultrafast methods
have been developed in order to minimize the sample preparation time, analysis time, sample
pre-treatment and cost by eliminating column use and reducing solvent consumption. Further,

development of advanced analytical techniques for quantification of emerging contaminants in
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wastewater must follow the toxicology studies with a variety of endpoints such as cytotoxicity,
endocrine disruption, antibiotic resistance, and genotoxicity that are relevant to potential human
health or ecological health effects.
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Fig.1. Schematic presentation of distribution of ECs based on solid—water distribution coefficient
(Kg) value in different compartments of wastewater treatment plant. Quantities of ECs are
expressed relative to value observed in the influent (%). (data from Sun et al. 2017; Karthikraj
and Kannan 2017; Tohidi and Cai 2017; Martinez-Alcala et al. 2017; Baalbaki et al. 2016;
Fairbairn et al. 2016; Puicharla et al. 2014; Mohapatra et al. 2011).
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Fig.2. Average removal efficiency of emerging contaminants from wastewater during different
advanced treatment processes. (data from: Matamoros et al. 2017; Pulicharla et al. 2017; Sun et
al. 2017; Wang and Bai et al. 2017; Perez et al. 2017; Moreira et al. 2017; Zheng et al. 2016;
Klancar et al. 2016; Avila et al. 2015; Guedes et al. 2015; Sharif et al. 2014; Daghrir et al. 2014;
Mohapatra et al. 2014; Li et al. 2014; Mohapatra et al. 2013; Ibanez et al. 2013; Mohapatra et al.
2012; Mohapatra et al. 2011).
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Fig.4. Country-wise average risk quotient (RQ) of emerging contaminants. RQ > 1 indicates an
ecotoxicological risk for the aquatic environment due to the effluent load. RQ < 1 indicates no
ecotoxicological risk for the aquatic environment due to the effluent load. Average value data
from: USA (Hull et al. 2015, Blair et al. 2013, Kumar and Xagoraraki 2010); Canada (Hull et al.
2015, Carlson et al. 2013, Dussault et al. 2008); France (Minguez et al. 2016, Bouissou-Schurtz
et al. 2014, Ferrari et al. 2003); Spain (Diaz-Gardufo et al. 2017, Gonzalez-Alonso et al. 2017,
Afonso-Olivares et al. 2017, Molins-Delgado et al. 2016, Serra-Roig et al. 2016, Matamoros et
al. 2015, Cristale et al. 2013); Sweden (Carlsson et al. 2006, Ferrari et al. 2003); China (Pintado-
Herrera et al. 2017, Peng et al. 2017, Ding et al. 2017, Zhang et al. 2017, Wu et al. 2017, Liu et
al. 2015, Yan et al. 2014, Wu et al. 2014); Greece (Thomaidi et al. 2017, Papageorgiou et al.
2016, Thomaidi et al. 2016, Thomaidi et al. 2015, Kosma et al. 2014, Stasinakis et al. 2012);
Taiwan (Lin et al. 2015, Jiang et al. 2014); Belgium (Claessens et al. 2013); Japan (Guo and
Iwata 2017); South Africa (Archer et al. 2017, Manickum and John 2014); Portugal (Pereira et
al. 2017, Santos et al. 2017, Silva et al. 2014); India (Selvaraj et al. 2014, Singh et al 2014,
Malarvizhi et al. 2012, Ramaswamy et al. 2011); Pakistan (Ashfaq et al. 2017); Australia (Cao et
al. 2010); South Korea (Kim et al. 2007).
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