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a b s t r a c t
Currently, the occurrence and fate of emerging contaminants in the environment is one of the most 
studied subject mainly due to their not fully understood ecological effect. This review concerns 
the occurrence of selected emerging contaminants in raw and treated wastewater and their fate 
in wastewater treatment plants. The following classes of emerging contaminants were included 
in these studies: antibiotics, antimicrobial agents, anticolvusnats, nonosteroidal anti-inflamma-
tory drugs, artificial sweeteners, lipid regulating drugs, steroidal hormones, X-ray contrast media, 
stimulants, insect repellents, plasticizers, and nanoparticles. It was found that the concentration 
of ECs in influent and effluent of wastewater treatment plants depends on many factors such as 
geographic location, weather, population density, water supply, treatment system, sampling, and 
analytical methods. A higher concentrations of most studied contaminants were higher in Asian 
countries than in European and North America regions. Because it is not possible to remove 
most of emerging contaminants during conventional treatment process, application of additional 
treatment method in third treatment step in wastewater treatment plants is required.
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1. Introduction

Currently, one of the most important environmental 
problems to be solved is the monitoring of emerging con-
taminants (ECs) in various environmental matrices and 
reduction their negative impact on animals and humans 
health. ECs is a group of various compounds and sub-
stances such as pharmaceuticals, artificial sweeteners (ASs) 
and other food additives, endocrine disrupting chemi-
cals (EDCs), pesticides, industrial by-products, veterinary 
products, nanoparticles that occur in the environment in 
low concentrations and can cause an undesirable ecologi-
cal effect [1]. Several routes are known through which ECs 
get into the environment such as hospitals, direct discharge 
of raw municipal wastewater or effluent from wastewater 
treatment plants (WWTPs) [2], industrial WWTPs, landfill 

leachate [3], server overflow, and surface runoff from agri-
cultural and urban areas [4] (Fig. 1).

Due to low emerging contaminants removal efficiency 
in the WWTPs they are still present in the water envi-
ronment. The concentration of ECs in treated wastewater 
ranging from ng/L to µg/L and depends on many different 
parameters such as the structure of ECs and their concen-
tration in the influent, treatment method, and geographical 
regions [5]. It is unchanging that the main source of ECs in 
the environment are human living and economic activities.

Although most of these substances occur in the aquatic 
environment in very low concentrations, they are dangerous 
because they are characterized by resistance to biodegrada-
tion or toxic effects on living organisms. For instance, it is 
well-known that pharmaceutical compounds manufactured 
in order to produce a biological response in a pathogenic 
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organism can affect the same way non-target entities [6]. 
Moreover, presence of antimicrobial agents (e.g., Triclosan 
and Triclocarban) and antibiotics may accelerate devel-
opment of antibiotic resistance genes (ARGs) and bacteria 
resistant to antibiotics (ARBs) which shade health risks to 
humans.

In recent years, more and more publications show that the 

continues discharge of ECs into the environment by waste-
water treatment plants has a negative impact on the envi-
ronment. For example, numerous scientific studies reported 
that steroidal estrogens estrone (E1), 17-estradiol (E2), (nat-
ural hormones), and 17-ethinyl estradiol (EE2) (synthetic 
hormone) with unchanged form are discharged into surface 
water together with effluent from WWTPs. Those hormones 
have very high biological activity and cause reproductive 
toxicity at the population level [7]. It was found that that EE2 
can modulate the activity of enzymes responsible for neu-
rotransmission and detoxification [8]. Due to documented 
adverse effects on sensitive aquatic species those steroidal 

estrogens were included in a European Union (EU) Water 
Framework Directive (WFD) “watch-list” [9–11]. The aim of 
the watch-list mechanism was mainly collection of high qual-
ity monitoring data of ECs concentration. Results obtained 
during monitoring period could be used for future substance 
prioritization and assessment of environmental risk of ECs 
in European countries [12]. The research also contributed to 

the development of ECs detection methods in environmental 
matrices. Many authors emphasize the need for optimization 
the chromatography methods for detection of ECs repre-
senting extremities of physicochemical composition [13,14]. 
Another concern is that ECs do not appear individual in the 
environment, so it is not possible to predict unwanted syner-
gistic effect of their mixture.

Huge variety and amount of substances called emerging 
contaminants in wastewater and their still not fully known 
toxicity requires a better understanding of their fate in waste-
water treatment systems and ecological impact. Therefore, 
the objective of this review is summarize current knowledge 
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Fig. 1. Potential routes of ECs introduction into the aquatic environment.
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about occurrence and fate of selected ECs in WWTPs. The 
occurrence of studied emerging contaminants in influ-
ents and effluents of WWTPs is categorized according to 
each geographical region, that is, Asia, Europe, and North 
America. The article presents the transformation paths of 
ECs into wastewater treatment plant and their removal effi-
ciency. Several knowledge gaps and recommendations for 
further research were also presented in this article.

2. Occurrence of ECs in raw and treated wastewater

Many compounds included to emerging contaminants 
are not new, but their detection in raw and treated waste-
water was possible only in the last 20 y with the develop-
ment of analytical techniques. The environmental risk of 
many ECs is not yet know because monitoring technique are 
still in development [15]. Most of the monitoring data come 
from WWTPs in Europe, North America, and Asia, mainly 
from Japan, China, and South Korea, while very limited data 
was available for other continents [5].

2.1. Occurrence of antibiotics and antimicrobials in WWTPs

Numerous studies indicate that WWTPs are important 
reservoir of resistance genes due to the presence of bacte-
ria resistant to antibiotics, including human and animal 
pathogens, as well as antibiotics in the wastewater [16]. The 
sources of antibiotics are municipal, hospital and indus-
trial wastewater from pharmaceutical industry or from the 
slaughterhouse. The biological reactor has favorable con-
ditions for bacterial reproduction, therefore the number 
of bacteria is very large, which promotes the exchange of 
genetic material through the horizontal gene transfer (HGT) 
route [17]. Most antibiotics are not degraded in this condi-
tion and maintain their activity for a long time. Resistant 
and multi-drug resistant bacteria, as well as the antibiotics 
themselves, together with treated wastewater get into the 
river or soil, and from there they can spread further, posing 
a real threat to human and animal health [18]. It was found 
that approximately 50%–90% of antibiotics are excreted 
with urine and feces, and carried to wastewater treatment 
plants. Some of antibiotics or their metabolic forms are par-
tially degraded during treatment processes but part of them 
pass the process unchanged [5,18].

Figs. 2A and B, 3A and B show the concentration of 
selected antibiotics in influent and effluent of WWTPs located 
in different geographical regions. Those antibiotics belong 
to nine classes commonly used by humans and animals, 
and include: β-lactams, linocosamides, fluoroquinolones, 
sulfonamides, macrolides, tetracycycline group, reductase 
inhibitors, amphenicols, and glycopeptides. Interpretation 
of the data presented on figures is difficult because they are 
achieved from different treatment systems, and are based on 
different type of wastewater samples and detection meth-
ods. Nevertheless, some trends are noticeable, for example 
macrolides, trimethoprim, fluoroquinolones, and sulfon-
amides were detected in raw wastewater as well in effluent 
of WWTPs worldwide. Many authors reported that the main 
factors affecting the concentration of antibiotics in wastewa-
ter are [5]: usage patterns in each country, water consump-
tion, sewer system, and degradation efficiency in WWTPs.

For example, although β-lactam antibiotics are very 
widely used, their concentration in effluent is on a very low 
level because their degradation in wastewater treatment sys-
tem is high [19]. Taking into account geographical regions it 
could be assumed that in most Asian countries the concen-
tration of antibiotics in treated wastewater tend to be higher 
than in North America and Europe [5,20].

Antifungal and antimicrobial agents (thiabendazole, 
miconazole, triclosan, and triclocarban) have the same influ-
ence on development of ARGs in aquatic systems as antibi-
otics. Those agents are widely used in household products 
such dermal creams, shampoos, shower gels, toothpaste, 
soaps, and therapeutic products for elimination fungal 
infection. The concentration of selected antifungal and anti-
microbial agents in influent and effluent of WTTP in differ-
ent geographic regions is shown in Figs. 2B and 3B. It can 
be observed that concentration of triclosan and triclocarban 
are very often higher than considered as predicted no effect 
concentration (PNECs) for aquatic organisms and is gen-
erally higher in Asian region than in North Americans and 
European countries.

2.2. Concentration of nonsteroidal anti-inflammatory drugs 
(NSAIDs) in raw and treated wastewater

NSAIDs are one of the most investigated class of emerg-
ing contaminant, including among others diclofenac, 
codeine, fenoprofen, naproxen, acetaminophen, ibuprofen, 
ketoprofen, salicylic acid, and indomethacin. They are very 
commonly used pharmaceuticals as painkillers and anti- 
inflammatory drugs and their concentration in raw waste-
water can reach several 100 µg/L [21,22]. Figs. 2C and 3C 
show significant fluctuations in concentration of NSAIDs 
in influent and effluent of WWTPs depending on the geo-
graphical region. It can be associated with difference in use 
patterns in individual countries, size of population, climate 
condition, and sampling procedure. It was found that con-
centration of NSAIDs in raw wastewater is high mostly in 
a highly urbanized region [23]. Analyzing the data in the 
figures, it can be seen that the concentration of some ECs 
in raw and treated wastewater was higher than PNECs for 
aquatic systems, therefore potential long-term risk on this 
environment can be expected.

2.3. Occurrence of anticonvulsants/antipsychotic drugs and 
artificial sweeteners in WWTPs

In the years 2005–2008 antidepressant drugs were the 
most frequently drugs used by person age 18–44 y, and third 
most popular drug taken by American of all ages [24]. Drugs 
from this group such as gapapentin, sulpride, and carba-
mazepine are most often detected in WWTPs [25–28]. The 
concentration of those ECs varied from below detection limit 
to 1,000’s of ng/L (Figs. 2D and 3D). Very often their concen-
trations detected in effluent were upper PNECs to aquatic 
organisms.

Wastewater treatment plants are also the main recourses 
of artificial sweeteners used in food additives and personal 
care products [29,30]. As shown in Figs. 2D and 3D the 
concentration of artificial sweeteners varied from several 
to several thousand ng/L. Due to a good biodegradation, 
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cyclamate, and saccharine are practically no detected in efflu-
ent, while acesulfame and sucralose are presence in treated 
wastewater because those compound are resistant to degra-
dation in the wastewater treatment system.

2.4. Occurrence of selected hormones, X-ray contrast media, UV 
filters, stimulant, anti-iching, insect repellent, and plasticizer in 
WWTPs

Figs. 2E and 3E show concentration of selected ECs in 
raw and treated wastewater taking into account geograph-
ical regions. One of the most frequently detected ECs in 
raw wastewater are X-ray contrast media (ICM), which are 
excreted by human mainly in unchanged forms [31–33]. 
Large fluctuations in concentrations of ICM in WWTPs 

are observed, depending on different factors such as land 
use patterns, sampling procedure, size of population etc. 
Generally, those factors have influence on the concentration 
of all ECs in wastewater. Because most of ICM are bio-trans-
formed with high efficiency their concentration in effluent 
is rather low.

In addition, seasons are an additional factor influencing 
the presence of UV filters in wastewater. For example, it was 
found that concentration of octocrylene and oxybenzone in 
WWTPs is higher in hot weather, which is logical because 
they are more widely used then in cold weather. Other 
classes of ECs shown in the above figures, such as bisfenol A, 
caffeine, and DEET are occurrence both in raw and treated 
wastewater, and very often the concentration were higher 
than their PNECs to aquatic organisms [34–36].

 

Fig. 2. Concentration range of selected ECs in WWTP influent in Europe, North America, and Asia: (A) Antibiotics, (B) Antibiotics and 
Antimicrobials, (C) NSAIDs, (D) Anticolvulsants, artificial sweeteners and lipid regulators, and (E) X-ray contrast media, UV-filters, 
hormones, and other pharmaceuticals and personal care products (adopted from Tran et al. [5]).
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2.5. Occurrence of nanoparticles in WWTPs

Nanomaterials are specific compounds which are char-
acterized by their regular structure at a molecular level. 
It is well-known that these are materials which in at least 
one external dimension are expressed in nanometer, that 
is, not more than 100 nm, but this varies depending on 
the material characterization and exhibit some special fea-
tures often unavailable to traditional materials. Therefore, 
nanomaterials have been used in many fields of science 

and industry, and their spectrum usage are very wide and 
diverse. Particles in the nano-sized range have been pres-
ent on earth for millions of years. However, recent decades 
have seen the emergence of manufactured nanoparticles, 
and the substantial advantages of NPs are now widely rec-
ognized. Nanoparticles are used in various fields such as 
medicine, computers, electronics, the automotive industry, 
pharmacy, cosmetics, chemical industry, and more than 
1,800 consumers products [37]. Commercially important 
nanoparticles include mainly metal oxide nanopowders 

 
Fig. 3. Concentration range of selected ECs in WWTP effluent in Europe, North America, and Asia: (A) Antibiotics, (B) antibiotics and 
antimicrobials, (C) NSAIDs, (D) anticonvulsants, artificial sweeteners, and lipid regulators, and (E) X-ray contrast media, UV-filters, 
hormones, and other pharmaceuticals and personal care products (adopted from Tran et al. [5]).
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or iron oxides. Nanosilver materials are the most widely 
used NPs while copper NPs seems to be most promising 
during their low price. With increasing production and 
application of NPs, their concentration increase in influent 
and effluent of WWTPs is observed. WWTPs are import-
ant for preventing NPs from entering the natural environ-
ment. Wastewater treatment process have been observed to 
remove the majority of NPs in aqueous effluents [38–40]. 
There is not much information on the concentration of 
NPs in wastewater treatment plants. For example, it was 
found that the concentration of TiO2-NPs in effluents of 10 
municipal WWTPs in the USA varied from 52 to 20 mg/L 
[41]. Other studies have found that in USA and Europe the 
concentrations of nano-TiO2, nano-ZnO, nano-Ag in treated 
wastewater were 1.75–4.28, 0.3–0.441, and 21.0–42.5 ng/L, 
respectively [42].

3. Fate of ECs in WWTPs

During wastewater treatment process a different effi-
ciency of ECs removal in aqueous effluents have been 
observed. The fate of a large part of emerging contaminants 
in WWTPs is still unknown and has been identified as one of 
the major knowledge gaps for accurate environmental risk 
assessment. Although ECs may undergo transformation, 
the primary process of ECs removal from wastewater will 
be associated with biosolids (biosorption), and the removal 
by sedimentation and/or filtration [5,43]. Thus, the released 
part of ECs mainly ended in sewage sludge, which might 
affect anaerobic digestion of sludge, and then its disposal 
and reuse. An examples of the fate of NPs in a wastewater 
treatment plant are shown in Fig. 4. However, reports on the 
fate of NPs during wastewater treatment process has been 
scarce in the literature. Most of the studies have focused on 
the effect of NPs on the microbial growth activity, change 
in the bacterial community structure, and decrease in the 

chemical oxygen demand and nitrogen removal. For exam-
ple, as NPs enter wastewater streams and end up at the 
treatment plants, they inhibit some bacterial species in the 
activated sludge and result in a reduction in the efficiency 
in biological wastewater treatment [44]. During wastewater 
treatment process and anaerobic digestion of sewage sludge 
NPs are transformed. The way of transformation depends 
on NPs properties and place of conversion [45]. For exam-
ple, AgNPs can be transformed into Ag ion, Ag2O, or Ag2S. 
Several author showed that nanoparticles associate quickly 
with the particles present in wastewater and then trans-
formed, in the case of AgO, via oxidation and sulfidation. 
As shown in Fig. 4 more than 80% of NPs are associated 
with the solid phase of sewage sludge.

It should be emphasized that wastewater treatment 
plants have been designed primarily to remove organic pol-
lutants and nutrients and not to eliminate ECs. Generally, 
most of the NCs pass through primary step of treatment 
process (primary treatment on Fig. 4) without effective 
elimination from wastewater. Only hydrophobic ECs can 
be adsorbed onto primary sludge and partially eliminated 
from wastewater [46–48]. During the secondary treatment 
ECs are biology degraded (i.e., aerobic or anaerobic) with 
different efficiency. This degradation can provide to min-
eralization or incomplete degradation to transformation 
products via metabolisms and co-metabolism mechanisms. 
Many studies indicate co-metabolism as the main path for 
biodegradation of ECs and their resistant or toxic impact 
on microorganisms [49–53]. It means that energy obtained 
during biodegradation of most of ECs is not sufficient for 
microbial growth and generation of enzymes involved 
in biodegradation processes. Moreover, degradation effi-
ciency is correlated with process parameters like carbon 
and nutrient sources as well as presence of microorganism 
which provide co-metabolic degradation. Some of the ECs 
can be removed from wastewater also via volatilization 

Fig. 4. Fate of selected NPs in WWTP.
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where volatile emerging contaminants are transferred to 
gaseous phase [54].

4. ECs removal efficiency

As can be seen in Fig. 5 as well as in Table 1, a removal 
efficiency of selected ECs varied significantly, from 0% to 
100% in full-scale WWTPs and depending mainly on the 
type of contaminant and treatment system. In the case 
of such tested emerging contaminants as meropenem, 
chloretetracycline, amoxicillin, ciprofloxacin, minocycleine, 
oxytetracycline, tertracycline, ibuprofen, naproxen, salicylic 
acid, estrone, estrriol, DEET, caffeine, saccharin, and bisfe-
nol, a median removal was over 80% [5]. At the same time, in 

the case of many ECs, the median removal does not exceed 
40% and, as in the case of some antibiotics, NSAIDs, lipid 
regulators, beta-blokers a negative median can be observed. 
As many authors emphasize, the effectiveness of these 
processes depends on many factors, including the types of 
bioreactors used and process parameters. Membrane biore-
actors (MBRs) are recognized as a treatment systems that 
can remove ECs to a high degree, which is due to better 
biomass retention efficiency than a conventional activated 
sludge (CAS) system, retention of contaminants on the 
membrane alone and longer sludge age (significant effect 
of nitrifying bacteria) [55,56]. The main process parameters 
which have influence on ECs removal efficiency in acti-
vated sludge process are: age sludge, HRT, share of anoxic, 

Fig. 5. Removal of selected (a) antibiotics and (b) emerging contaminants in full-scale WWTPs (adopted from Tran et al. [5]).
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and oxygen zones, and additional chemical reagents used 
during mechanical treatment processes [57].

Since most xenobiotics are not completely degraded 
during biological treatment processes, it is often suggested 
to use other methods to remove these substances from 
aquatic environment, in particular those based on physi-
co-chemical processes. This group includes coagulation, 
adsorption on activated carbon photolysis, ozonolysis and 
advanced oxidation processes (AOPs) [58–60]. Many authors 
report high efficiency of ECs removal from wastewater using 

AOP. For example, a highly removal (up to 97%) of endo-
crine disrupting compounds from WWTP effluent with UV/
chlorine AOP system wastewater was observed [61].

However, many factors such as the social and eco-
nomic parameters, engineering, and environmental impact 
should be taken into account when assessing the potential 
for using AOP to remove ECs from wastewater. In studies 
that took into account all mentioned factors, it was shown 
that in the case of the studied AOPs, preozonation (H2O2/
O3) presented the highest average ranking as compared to 

Table 1
Removal of selected engineering nanomaterials in WWTP (based on [63])

NPs Characteristic of NMs Removal (%) Removal process

Ag S: 68 nm, 34 nm, 41 nm; C:Y 90 Mixed liquor (batch)
Ag S: 13 nm; C:N 97 Activated sludge (batch)
Ag S: 3 nm; C:Y 39 Activated sludge (batch)
Ag S: 5 nm/30 nm; C:Y 88 Sequencing batch reactors
Ag S: NA; C:Y 99 Sequencing batch reactors
Ag S: 21 nm; 29 nm; C:Y 60–90 Mixed liquor (batch)
Au S: 7 nm (TA), 11 nm (PVP); C:Y 90 (TA); 55 (PVP) Activated sludge (fresh) (batch)
C60 S: 88 nm; C:NA 88 Activated sludge (batch)
C60 S: 40/90 nm; C:NA 95 Sequencing batch reactors
C60 S: 35; C:NA 90 Activated sludge (fresh) (batch)
CeO2 S: 50 nm; C:NA 97 Activated sludge (batch)
SiO2 S: 56 ± 12 nm; 110 ± 17 nm; 65 nm; C:Y 71 Simulated primary (settling) wastewater treatment
SiO2 S: 56 ± 12 nm; 110 ± 17 nm; 65 nm; C: N 0 Simulated primary (settling) wastewater treatment
SiO2 S: 50 nm; C:NA 23 Activated sludge (batch)
TiO2 S: 40 nm; C:Y 91 WWTP
TiO2 S: 20/1,700 nm; C: NA 91 Sequencing batch reactors

S – size; C – coating; Y – coated; N – uncoated; NA – not available (lack of information); TA – tannic acid; PVP – polyvinylpyrrolidone.

Fig. 6. Recommendation for development of ECs detection method, research areas and priorities.
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other analyzed processes (among others UV irradiation, 
ozonation, photocatalysis, Fenton reaction, and hybrid pro-
cesses) [62].

5. Research recommendation

Although there are more and more publications con-
sidering the fate of EC in wastewater treatment systems, 
knowledge on this subject is still limited. Improvement 
understanding of ECs fate in WWTPs is mainly limited 
by detection method, lack of knowledge about interaction 
of ECs with other contaminants in wastewater, and their 
impact on microbial community at bioreactors. Fig. 6 shows 
the directions of further research development in this area.

The following actions are recommended to better under-
stand the impact of ECs on wastewater treatment systems 
and the environment:

• Identification and validation appropriate detection meth-
ods for ECs for complex matrices, such wastewater and 
sewage sludge

• Identification of potential sources of environmental 
release of ECs

• Better understanding of ECs transformation in wastewa-
ter treatment systems including the sewer pre-WWTP 
and different staged of WWTP.

• Assessment the interaction between ECs and others inor-
ganic and organic contaminants in wastewater

• Assessment of ECs toxicity including the toxicokinetics 
and toxicodynamics

Increasing knowledge in the above-mentioned areas will 
allow to develop the technologies for removing ECs from 
wastewater. Moreover, it may helps to reduce their negative 
impact on the environment.

6. Conclusion

This review concerns the occurrence of selected emerging 
contaminants in raw and treated wastewater and their fate 
in wastewater treatment systems. The concentration of ECs 
in influent and effluent of WWTPs depends on many factors 
such as geographic location, weather, population density, 
water supply, treatment system, sapling, and analytical meth-
ods. The removal efficiency of selected ECs can vary consid-
erably, from 0% to 100% in full-scale WWTPs and depends 
mainly on the type of contaminant and treatment system. For 
example, for such emerging contaminants as meropenem, 
chloretetracycline, amoxicillin, ciprofloxacin, minocycleine, 
oxytetracycline, tertracycline, ibuprofen, naproxen, salicylic 
acid, estrone, estrriol, DEET, caffeine, saccharin, and bisfenol, 
a median removal could achieve value over 80%. At the same 
time, many ECs such as some antibiotics, NSAIDs, lipid reg-
ulators, and beta-blokers are slightly biodegradable.

The most important factors affecting the ECs removal 
efficiency in activated sludge process are reactor type, age 
sludge, HRT, share of anoxic and oxygen zones, and addi-
tional chemical reagents used during mechanical treatment 
processes. The best results were observed for membrane bio-
reactors mainly due to very high biomass retention efficiency 
and long sludge age.

Because municipal wastewater treatment plants are 
primary designed to remove organic carbonaceous and 
nutrients it is obvious that we will not remove all emerg-
ing contaminants from wastewater during primary and sec-
ondary treatment. To achieve this purpose, it is necessary 
to introduce a third step of wastewater treatment and use 
more sophisticated methods, for example, AOPs. For this 
purpose, such methods are most often used as (H2O2/O3), 
UV irradiation, ozonation, photocatalysis, Fenton reaction, 
and hybrid processes (e.g., UV/chlorine).

It is also very important to monitor concentration of ECs 
in biosolids, due to a large group of this micropollutants are 
absorbed into sludge during treatment process. Therefore, 
there is a risk of negative impact of biosolids on animal and 
human health after their land application.

Research priorities and knowledge gaps outlined in this 
article may help to steer future research on improvement ECs 
treatment efficiency and reduction their negative impact on 
environment.

Acknowledgments

The study was supported by the Polish Ministry of 
Science and Higher Education- Czestochowa University of 
Technology subvention grant, and the EnviSafeBioC project – 
contract No. PPI/APM/2018/1/00029/U/001, project is financed 
by the Polish National Agency for Academic Exchange.

References
[1] P. Verlicchi, E. Zambello, Pharmaceuticals and personal care 

products in untreated and treated sewage sludge: occurrence 
and environmental risk in the case of application on 
soil—a critical review, Sci. Total Environ., 538 (2015) 750–767.

[2] M. Al Aukidy, P. Verlicchi, A. Jelic, M. Petrovic, D. Barcelò, 
Monitoring release of pharmaceutical compounds: occurrence 
and environmental risk assessment of two WWTP effluents and 
their receiving bodies in the Po Valley, Italy, Sci. Total Environ., 
438 (2012) 15–25.

[3] X. Yi, N.H. Tran, T. Yin, Y. He, K.Y.-H. Gin, Removal of selected 
PPCPs, EDCs, and antibiotic resistance genes in landfill 
leachate by a full-scale constructed wetlands system, Water 
Res., 121 (2017) 46–60.

[4] O.M. Rodriguez-Narvaez, J.M. Peralta-Hernandez, A. Goone-
tilleke, E.R. Bandala, Treatment technologies for emerging 
contaminants in water: a review, Chem. Eng. Sci., 323 (2017) 
361–380.

[5] N.H. Tran, M. Reinhard, K.Y.-H. Gin, Occurrence and fate of 
emerging contaminants in municipal wastewater treatment 
plants from different geographical regions-a review, Water Res., 
133 (2018) 182–207.

[6] J.L. Wilkinson, P.S. Hooda, J. Barker, S. Barton, J. Swinden, 
Ecotoxic pharmaceuticals, personal care products, and other 
emerging contaminants: a review of environmental, receptor-
mediated, developmental, and epigenetic toxicity with 
discussion of proposed toxicity to humans, Crit. Rev. Environ. 
Sci. Technol., 46 (2016) 336–381.

[7] F.D.L. Leusch, C. De Jager, Y. Levi, R. Lim, L. Puijker, F. Sacher, 
L.A. Tremblay, V.S. Wilson, H.F. Chapman, Comparison of five in 
vitro bioassays to measure estrogenic activity in environmental 
waters, Environ. Sci. Technol., 44 (2010) 3853–3860.

[8] M.S. Souza, P. Hallgren, E. Balseiro, L.-A. Hansson, Low 
concentrations, potential ecological consequences: synthetic 
estrogens alter life-history and demographic structures of 
aquatic invertebrates, Environ. Pollut., 178 (2013) 237–243.

[9] E.E. Commission, Directive 2013/39/EU of the European 
Parliament and of the Council of 12 August 2013 Amending 



E. Neczaj / Desalination and Water Treatment 199 (2020) 451–463462

Directives 2000/60/EC and 2008/105/EC as Regards Priority 
Substances in the Field of Water Policy, Off. J. Eur. Union, 
226 (2013) 1–7.

[10] E.U. Decision, 495/2015, Commission Implementing Decision 
(EU) 2015/495 of 20 March 2015 Establishing a Watch List of 
Substances for Union-Wide Monitoring in the Field of Water 
Policy Pursuant to Directive 2008/105/EC of the European 
Parliament and of the Council, Off. J. Eur. Union, 78 (2015) 40–42.

[11] W.F. Directive, Directive 2000/60/EC of the European Parliament 
and of the Council of 23 October 2000 Establishing a Framework 
for Community Action in the Field of Water Policy, Off. J. Eur. 
Commun., 22 (2000) 2000.

[12] S. Könemann, R. Kase, E. Simon, K. Swart, S. Buchinger, 
M. Schlüsener, H. Hollert, B.I. Escher, I. Werner, S. Ait-Aissa, 
Effect-based and chemical analytical methods to monitor 
estrogens under the European Water Framework Directive, 
TrAC, Trends Anal. Chem. 102 (2018) 225–235.

[13] B. Petrie, R. Barden, B. Kasprzyk-Hordern, A review on 
emerging contaminants in wastewaters and the environment: 
current knowledge, understudied areas and recommendations 
for future monitoring, Water Res., 72 (2015) 3–27.

[14] B. Kasprzyk-Hordern, Pharmacologically active compounds in 
the environment and their chirality, Chem. Soc. Rev., 39 (2010) 
4466–4503.

[15] J.A. Becker, A.I. Stefanakis, Pharmaceuticals and Personal 
Care Products as Emerging Water Contaminants, Information 
Reso Management Association, Ed., Pharmaceutical Sciences: 
Breakthroughs in Research and Practice, IGI Global, 2017, 
pp. 1457–1475.

[16] J.H. Miller, J.T. Novak, W.R. Knocke, A. Pruden, Survival of 
antibiotic resistant bacteria and horizontal gene transfer control 
antibiotic resistance gene content in anaerobic digesters, Front. 
Microbiol., 7 (2016) 263.

[17] T. Zhang, X.-X. Zhang, L. Ye, Plasmid metagenome reveals high 
levels of antibiotic resistance genes and mobile genetic elements 
in activated sludge, PLoS One., 6 (2011) 1–7, doi: 10.1371/
journal.pone.0026041.

[18] K. Kümmerer, Antibiotics in the aquatic environment–a review–
part I, Chemosphere, 75 (2009) 417–434.

[19] A.J. Watkinson, E.J. Murby, S.D. Costanzo, Removal of 
antibiotics in conventional and advanced wastewater treatment: 
implications for environmental discharge and wastewater 
recycling, Water Res., 41 (2007) 4164–4176.

[20] Y. Yang, W. Song, H. Lin, W. Wang, L. Du, W. Xing, Antibiotics 
and antibiotic resistance genes in global lakes: a review and 
meta-analysis, Environ. Int., 116 (2018) 60–73.

[21] C. Miege, J.M. Choubert, L. Ribeiro, M. Eusèbe, M. Coquery, Fate 
of pharmaceuticals and personal care products in wastewater 
treatment plants–conception of a database and first results, 
Environ. Pollut., 157 (2009) 1721–1726.

[22] I.T. Carvalho, L. Santos, Antibiotics in the aquatic environments: 
a review of the European scenario, Environ. Int., 94 (2016) 
736–757.

[23] N.H. Tran, H. Chen, M. Reinhard, F. Mao, K.Y.-H. Gin, 
Occurrence and removal of multiple classes of antibiotics 
and antimicrobial agents in biological wastewater treatment 
processes, Water Res., 104 (2016) 461–472.

[24] L.A. Pratt, D.J. Brody, Q. Gu, Antidepressant use in persons 
aged 12 and over: United States, 2005–2008, NCHS Data Brief, 7 
(2011) 1–8.

[25] O. Golovko, V. Kumar, G. Fedorova, T. Randak, R. Grabic, 
Seasonal changes in antibiotics, antidepressants/psychiatric 
drugs, antihistamines and lipid regulators in a wastewater 
treatment plant, Chemosphere, 111 (2014) 418–426.

[26] K. Grabicova, R.H. Lindberg, M. Östman, R. Grabic, T. Randak, 
D.G.J. Larsson, J. Fick, Tissue-specific bioconcentration of 
antidepressants in fish exposed to effluent from a municipal 
sewage treatment plant, Sci. Total Environ., 488 (2014) 46–50.

[27] Y. Zhao, G. Yu, S. Chen, S. Zhang, B. Wang, J. Huang, S. Deng, 
Y. Wang, Ozonation of antidepressant fluoxetine and its 
metabolite product norfluoxetine: kinetics, intermediates and 
toxicity, Chem. Eng. Sci., 316 (2017) 951–963.

[28] L.J.G. Silva, A.M.P.T. Pereira, L.M. Meisel, C.M. Lino, A. Pena, 
Reviewing the serotonin reuptake inhibitors (SSRIs) footprint in 
the aquatic biota: uptake, bioaccumulation and ecotoxicology, 
Environ. Pollut., 197 (2015) 127–143.

[29] B. Subedi, K. Balakrishna, R.K. Sinha, N. Yamashita, 
V.G. Balasubramanian, K. Kannan, Mass loading and removal 
of pharmaceuticals and personal care products, including 
psychoactive and illicit drugs and artificial sweeteners, in 
five sewage treatment plants in India, J. Environ. Chem. Eng., 
3 (2015) 2882–2891.

[30] N.H. Tran, J. Gan, V.T. Nguyen, H. Chen, L. You, A. Duarah, 
L. Zhang, K.Y.-H. Gin, Sorption and biodegradation of artificial 
sweeteners in activated sludge processes, Bioresour. Technol., 
197 (2015) 329–338.

[31] Y. Watanabe, L.T. Bach, P. Van Dinh, M. Prudente, S. Aguja, 
N. Phay, H. Nakata, Ubiquitous detection of artificial sweeteners 
and iodinated X-ray contrast media in aquatic environmental 
and wastewater treatment plant samples from Vietnam, the 
Philippines, and Myanmar, Arch. Environ. Contam. Toxicol., 
70 (2016) 671–681.

[32] D. Fabbri, P. Calza, D. Dalmasso, P. Chiarelli, V. Santoro, 
C. Medana, Iodinated X-ray contrast agents: photoinduced 
transformation and monitoring in surface water, Sci. Total 
Environ., 572 (2016) 340–351.

[33] M. Redeker, A. Wick, B. Meermann, T.A. Ternes, Anaerobic 
transformation of the iodinated X-ray contrast medium 
iopromide, its aerobic transformation products, and transfer to 
further iodinated X-ray contrast media, Environ. Sci. Technol., 
52 (2018) 8309–8320.

[34] F.F. Sodré, J.S. Santana, T.R. Sampaio, C. Brandão, Seasonal and 
spatial distribution of caffeine, atrazine, atenolol and DEET in 
surface and drinking waters from the Brazilian Federal District, 
J. Braz. Chem. Soc., 29 (2018) 1854–1865.

[35] Z. Visanji, S.M.K. Sadr, M.B. Johns, D. Savic, F.A. Memon, 
Optimising wastewater treatment solutions for the removal 
of contaminants of emerging concern (CECs): a case study for 
application in India, J. Hydroinform., 22 (2020) 93–110.

[36] R. Kumar, A.K. Sarmah, L.P. Padhye, Fate of pharmaceuticals 
and personal care products in a wastewater treatment plant 
with parallel secondary wastewater treatment train, J. Environ. 
Manage., 233 (2019) 649–659.

[37] J. Drelich, E. Chibowski, D.D. Meng, K. Terpilowski, 
Hydrophilic and superhydrophilic surfaces and materials, Soft 
Matter, 7 (2011) 9804–9828.

[38] L. Li, M. Stoiber, A. Wimmer, Z. Xu, C. Lindenblatt, 
B. Helmreich, M. Schuster, To what extent can full-scale 
wastewater treatment plant effluent influence the occurrence 
of silver-based nanoparticles in surface waters?, Environ. Sci. 
Technol., 50 (2016) 6327–6333.

[39] N.-Q. Puay, G. Qiu, Y.-P. Ting, Effect of zinc oxide nanoparticles 
on biological wastewater treatment in a sequencing batch 
reactor, J. Cleaner Prod., 88 (2015) 139–145.

[40] X. Shi, Z. Li, W. Chen, L. Qiang, J. Xia, M. Chen, L. Zhu, 
P.J.J. Alvarez, Fate of TiO2 nanoparticles entering sewage 
treatment plants and bioaccumulation in fish in the receiving 
streams, NanoImpact, 3 (2016) 96–103.

[41] P. Westerhoff, G. Song, K. Hristovski, M.A. Kiser, Occurrence 
and removal of titanium at full scale wastewater treatment 
plants: implications for TiO2 nanomaterials, J. Environ. Monit., 
13 (2011) 1195–1203.

[42] F. Gottschalk, T. Sonderer, R.W. Scholz, B. Nowack, Modeled 
environmental concentrations of engineered nanomaterials 
(TiO2, ZnO, Ag, CNT, fullerenes) for different regions, Environ. 
Sci. Technol., 43 (2009) 9216–9222.

[43] Y. Xing, Y. Yu, Y. Men, Emerging investigators series: occurrence 
and fate of emerging organic contaminants in wastewater 
treatment plants with an enhanced nitrification step, Environ. 
Sci. Water Res. Technol., 4 (2018) 1412–1426.

[44] Y. Wang, P. Westerhoff, K.D. Hristovski, Fate and biological 
effects of silver, titanium dioxide, and C60 (fullerene) 
nanomaterials during simulated wastewater treatment 
processes, J. Hazard. Mater., 201 (2012) 16–22.



463E. Neczaj / Desalination and Water Treatment 199 (2020) 451–463

[45] S.K. Selahle, P.N. Nomngongo, Quantification of TiO2 and ZnO 
nanoparticles in wastewater using inductively coupled plasma 
optical emission spectrometry, Toxicol. Environ. Chem., 101 
(2019) 204–214.

[46] H.W. Leung, T.B. Minh, M.B. Murphy, J.C.W. Lam, M.K. So, 
M. Martin, P.K.S. Lam, B.J. Richardson, Distribution, fate and 
risk assessment of antibiotics in sewage treatment plants in 
Hong Kong, South China, Environ. Int., 42 (2012) 1–9.

[47] E. Archer, B. Petrie, B. Kasprzyk-Hordern, G.M. Wolfaardt, 
The fate of pharmaceuticals and personal care products 
(PPCPs), endocrine disrupting contaminants (EDCs), meta-
bolites and illicit drugs in a WWTW and environmental waters, 
Chemosphere, 174 (2017) 437–446.

[48] F.S. Freyria, F. Geobaldo, B. Bonelli, Nanomaterials for the 
abatement of pharmaceuticals and personal care products from 
wastewater, Appl. Sci., 8 (2018) 1–16, doi: 10.3390/app8020170.

[49] I.A. Vasiliadou, R. Molina, F. Martínez, J.A. Melero, Biological 
removal of pharmaceutical and personal care products 
by a mixed microbial culture: sorption, desorption and 
biodegradation, BioChem. Eng. Sci., 81 (2013) 108–119.

[50] S.J. Varjani, M.C. Sudha, Treatment Technologies for 
Emerging Organic Contaminants Removal from Wastewater, 
S. Bhattacharya, A. Gupta, A. Gupta, A. Pandey, Eds., Water 
Remediation, Energy, Environment, and Sustainability, 
Springer, Singapore, 2018, pp. 91–115.

[51] C. Fan, S.-C. Wang, Co-metabolic enhancement of organic 
removal from waste water in the presence of high levels of alkyl 
paraben constituents of cosmetic and personal care products, 
Chemosphere, 179 (2017) 306–315.

[52] A.L.P. Guardado, Enzymatic Degradation of Recalcitrant 
Pharmaceutical Micropollutants, Université Montpellier, 2019.

[53] T. Rasheed, M. Bilal, F. Nabeel, M. Adeel, H.M.N. Iqbal, 
Environmentally-related contaminants of high concern: 
potential sources and analytical modalities for detection, 
quantification, and treatment, Environ. Int., 122 (2019) 52–66.

[54] R. Pandiyan, S. Ayyaru, Y.-H. Ahn, Non-toxic properties of TiO2 
and STiO2 nanocomposite PES ultrafiltration membranes for 
application in membrane-based environmental biotechnology, 
Ecotoxicol. Environ. Saf., 158 (2018) 248–255.

[55] K. Gurung, Membrane Bioreactor for the Removal of Emerging 
Contaminants from Municipal Wastewater and Its Viability 
of Integrating Advanced Oxidation Processes, Lappeenranta-
Lahti University of Technology LUT, 2019.

[56] M. Clara, B. Strenn, O. Gans, E. Martinez, N. Kreuzinger, 
H. Kroiss, Removal of selected pharmaceuticals, fragrances and 
endocrine disrupting compounds in a membrane bioreactor 
and conventional wastewater treatment plants, Water Res., 
39 (2005) 4797–4807.

[57] N. Bolong, A.F. Ismail, M.R. Salim, T. Matsuura, A review of the 
effects of emerging contaminants in wastewater and options for 
their removal, Desalination, 239 (2009) 229–246.

[58] L. Rizzo, Bioassays as a tool for evaluating advanced oxidation 
processes in water and wastewater treatment, Water Res., 
45 (2011) 4311–4340.

[59] M. Ibáñez, E. Gracia-Lor, L. Bijlsma, E. Morales, L. Pastor, 
F. Hernández, Removal of emerging contaminants in sewage 
water subjected to advanced oxidation with ozone, J. Hazard. 
Mater., 260 (2013) 389–398.

[60] M. Brienza, M.M. Ahmed, A. Escande, G. Plantard, L. Scrano, 
S. Chiron, S.A. Bufo, V. Goetz, Use of solar advanced oxidation 
processes for wastewater treatment: Follow-up on degradation 
products, acute toxicity, genotoxicity and estrogenicity, 
Chemosphere, 148 (2016) 473–480.

[61] E. Rott, B. Kuch, C. Lange, P. Richter, A. Kugele, R. Minke, 
Removal of emerging contaminants and estrogenic activity 
from wastewater treatment plant effluent with UV/chlorine 
and UV/H2O2 advanced oxidation treatment at pilot scale, Int. 
J. Environ. Res. Public Health, 15 (2018) 1–18, doi: 10.3390/
ijerph15050935.

[62] S.A. Fast, V.G. Gude, D.D. Truax, J. Martin, B.S. Magbanua, 
A critical evaluation of advanced oxidation processes for 
emerging contaminants removal, Environ. Process., 4 (2017) 
283–302.

[63] P.A. Neale, Å.K. Jämting, B.I. Escher, J. Herrmann, A review 
of the detection, fate and effects of engineered nanomaterials 
in wastewater treatment plants, Water Sci. Technol., 68 (2013) 
1440–1453.

https://dx.doi.org/10.3390%2Fijerph15050935
https://dx.doi.org/10.3390%2Fijerph15050935

