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Abstract

This review covers various methods to remove, treat, and detect emerging 
contaminants (ECs) in water and wastewater. ECs have drawn the attention of 
many countries due to their potential threat to human health as well as the envi-
ronment. They are found in many human everyday products that are continuously 
released into the environment and will accumulate over time. In order to remove 
ECs, a number of methods have been developed, which include adsorption, 
membrane technology, biological treatment, and advanced oxidation process. In 
addition, advances in detection techniques and instrumentation are now able to 
detect ECs in which they occur at low concentrations. All the removal, treatment, 
and detection methods will be covered in this review. The removal, treatment, 
and detection of ECs and their transformation products in water and wastewater 
are challenging tasks due to their complexity in water samples. Therefore, such 
information should be emphasized in order to improve the current methods and 
develop new advanced methods.

Keywords: emerging contaminants, adsorption, membrane technology, biological 
treatment, advanced oxidation process, chromatography, spectroscopy

1. Introduction

In recent years, emerging contaminants (ECs) have been of great concern to 
environmentalists and governmental agencies due to their potential threat to human 
health as well as the environment. Three main sources of ECs have been identified, 
which include daily products used by humans, hormones, or medicines used by 
livestock and pesticides or nanomaterials (to improve the uptake of nutrient) used 
on plants [1]. They enter the environment in various ways. For example, the daily 
use products produced by humans will enter the wastewater, which will then be 
treated in conventional wastewater treatment plant (WWTP) without any ECs 
removal facility. Treated wastewater and wastewater sludge that still contain ECs 
will be released back into water sources and used as fertilizer on soil, respectively. 
ECs from livestock will go into their manure, while ECs on plants will be directly 
applied on soil from which they are eventually leached out by rain water thereby 
going all the way into nearby water sources. Figure 1 summarizes the release of ECs 
into water from three main sources.
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Water consumption in particular potable water increases every year due to popu-
lation growth, urbanization, industrial development as well as changes in agricul-
tural and land use practices [2]. One of the most serious problems faced by billions 
of people today is the availability of fresh water. Governments and organizations 
all over the world have realized that sustainable water and wastewater management 
are necessary components of functioning communities. However, current situa-
tion has shown that different classes of ECs have been identified in waters with low 
elimination rates [3]. Furthermore, for most of the ECs, it is difficult to predict their 
circumstances in the aquatic environment due to insufficient data on their occur-
rence, risk assessment, and ecotoxicological [4]. The reason behind this is partially 
due to the limitation of analytical methods for low concentrations measurement of 
ECs (usually part per billion or part per trillion levels), diversity of their chemical 
properties, and the complexity of matrices [5].

In order to improve the current analytical methods by removing or treating ECs 
in water and wastewater, a number of methods have been developed and reviewed in 
this paper, which included adsorption, membrane technology, biological treatment, 
and advanced oxidation process. Such information should be taken into consider-
ation in order to improve the current methods or develop new advanced methods.

2. Emerging contaminants (ECs)

According to US Geological Survey (2015), ECs are defined as “any synthetic or 
naturally occurring chemicals or microorganisms that are not commonly monitored 
in the environment and cause known or suspected adverse ecological and/or human 
health effects” [6]. Three kinds of target can be generally defined as “ECs” in sci-
entific research, namely (i) new compounds and molecules that recently appeared, 
(ii) existed contaminants with undiscovered environmental issues or emerging 
interests, and (iii) new information on their environmental risks that challenges the 
understanding of some legacy contaminants [7].

Obviously, ECs are found in many of our everyday products, such as human 
and veterinary pharmaceuticals, personal care products, surfactants and residues 
of surfactants, plasticizers, and different industrial additives that are continuously 

Figure 1. 
Sources of ECs and their release to the water sources.
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released into the environment and will accumulate over time. Although they bring 
great convenience and benefits, humans face the risks resulting from their growing 
applications. Potential carcinogenicity, reproductive dysfunction, and endocrine 
disrupting influences are some of the major adverse effects on human health 
associated with ECs. In the 1990s, research started on the hormonal disruption of 
fish in surface waters. Jobling et al. were the first to document widespread sexual 
endocrine disruption in wild fish—consistent with exposure to hormonally active 
substances in the surface waters of Great Britain [8]. Hormones found in surface 
water mostly came from sewage water and were not removed by treatment [9].

Beyond the health concerns, these substances that are entering the environment 
inevitably are not only sourced from daily use but also from the field of healthcare, 
industry, transport, agriculture, and so on [10]. Most of these emerging contami-
nants are released into the environmental waters mainly due to their incomplete 
removal in the sewage effluent via the WWTP. The determined concentrations of 
most emerging contaminants in surface water generally range from under ng/L 
to thousands of μg/L level [11]. Such low concentrations may sometimes lead to 
underestimation of their environmental impacts. However, it has been reported that 
some of these organic compounds showed strong persistence after being released 
into the environmental waters. Due to the lack of risk assessment for ECs, this is not 
included in policy and monitoring programs [12]. However, the absence of standard 
does not imply that a substance is safe.

There are many ECs that act as endocrine disrupting chemicals (EDCs) [13–15] 
which can disrupt animal reproduction and development at low level exposure by 
mimicking the naturally occurring hormones that bind to a receptor and block the 
endogenous hormone, or interfere with the normal hormonal function [16]. EDCs 
are defined by the World Health Organization (WHO) as chemicals that may alter 
the reproductive function in males and females, increase incidence of breast cancer, 
abnormal growth patterns, and neurodevelopmental delays in children as well as 
changes in immune function [17]. EDCs include natural hormones created in the 
body or synthetic hormones as well as industrial/commercial compounds which can 
have some hormonal functions, such as pharmaceuticals and personal care products 
(PPCPs) [18–20], pesticides [21–23], plasticizers [24, 25], nanoparticles [26, 27], 
and so on.

Natural estrogen hormones such as estrone, estradiol, and estriol are widely 
found in wastewater streams that mainly derive from human urines [28]. Human 
excretes estrogens from the body, even without taking hormonal drugs. As a result, 
natural hormones are believed to be present in a wide range of concentrations in 
wastewater from households, which are conveyed to the WWTP through the sewer 
system. Consequently, the aquatic species in downstream waters will pose elevated 
dosages of estrogenic compounds. These compounds can cause feminism at certain 
dosage to the exposed fish [29]. Länge et al. reported that a low concentration of 
4 ng/L of ethinylestradiol can block the development of secondary sexual charac-
teristics for male fathead minnows [30].

Pharmaceutically active compounds, namely prescription drugs, over-the-counter  
therapeutics, and veterinary drugs as well as personal care products, such as 
microbial disinfectants, represent the major portion of the domestically produced 
EDCs [31]. The health risks of these contaminants are a real concern in preserving 
a healthy ecosystem for aquatic life creatures and for water reuse purposes [32]. 
Even though the concentrations of pharmaceuticals in the aquatic environment are 
generally reported to be low, these compounds possess a high biological activity 
so often associated with high stability and their potential impact on the aquatic 
wildlife even at trace levels [33]. Bisphenol-A (BPA) is one of the most common 
EDCs found in every house, a monomer for the production of polycarbonate and 
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epoxy resins found in some plastics that has been linked to heart disease, infertility, 
and behavioral and developmental problems in children exposed in utero [34].

Furthermore, pesticides are a class of compounds that may produce a wide range 
of potentially hazardous toxic side effects to the environment despite their benefits. 
Their extensive past or present use contributes to their prevalence as environmental 
contaminants in groundwater and surface water [35]. Reemtsma et al. studied the 
occurrence of 150 pesticides and their metabolites in 58 groundwater and surface 
water samples. The results revealed that 17 of the 27 highly ranked metabolites 
were denoted as emerging metabolites. Therefore, they concluded that metabolites 
could be found more frequently in groundwater than their parent compounds [36]. 
Besides the use of these compounds as herbicides or pesticides, some synthetic 
steroid hormones are used as growth promoters in beef cattle. It had shown that 
the soil and runoff from large feedlots contain a large amount of bioactive steroids 
that may affect wildlife and the environment around these cattle feeding operations 
[37]. Consequently, although they are in low concentrations, the elimination of 
these trace contaminants from entering the water resources is required.

3. Removal or treatment method of ECs

The traditional wastewater treatment process such as activated sludge is 
designed to remove solids, organic loadings, and pathogens. Although several treat-
ment steps in a wastewater treatment plant can contribute to the partial removal 
of ECs, complete removal has been proven to be a challenge due to high variety, 
extreme low concentration, and unique characteristics of ECs [38]. Due to the 
increased number of trace ECs detected in water and wastewater streams and the 
fact that EDCs have adverse effects on the human endocrine system, investigation 
on the removal or treatment of these micro contaminants grabs considerable atten-
tion of many researchers worldwide [39].

Adsorption technology, membrane technology, biological treatment, and 
advanced oxidation method are among various remediation options considered to be 
effective removal or treatment methods for ECs from wastewater or water sources. 
The removal and treatment of ECs and their transformation products in water and 
wastewater are challenging tasks due to their complexity in water samples. Therefore, 
information on the mentioned treatment methods should be taken into consideration 
in order to improve the current methods and develop new advanced methods.

3.1 Adsorption technology

Adsorption is a process which involves the mass transfer of substances between 
two phases, namely liquid-liquid, liquid-solid, gas-liquid, or gas-solid interface 
[40]. Adsorbents are used to adsorb any particular pollutant (adsorbate) from 
wastewater with the help of intermolecular forces [41]. There are two types of 
interaction between the solid surface and adsorbates, namely physisorption and 
chemisorption. The process is called physisorption if the interaction has a weak 
physical nature such as van der Waals forces and the process results are reversible 
[42]. Additionally, it occurs at lower or close to the critical temperature of the 
adsorbate. Contrary to physisorption, chemisorption involves the chemical bonding 
between solid surface and adsorbates. In contrast, it occurs only as a monolayer, and 
adsorbates are hardly removed because of the strong interaction. Both processes 
can occur simultaneously or alternatively, depending on the circumstances [43]. 
To study on adsorption method, one should consider the factors that affect the 
adsorption process, such as (i) surface area, (ii) nature and initial concentration of 
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adsorbate, (iii) solution pH, (iv) temperature, (v) interfering substances, and (vi) 
nature and dose of adsorbent [44].

Adsorption is simple and effective, but it requires high operating costs associated 
with the generation of commercial adsorbents (i.e., activated carbons, minerals, and 
natural clays) [45]. Various researchers have attempted to prepare alternative adsor-
bents from agricultural and industrial wastes to replace the commercial adsorbents 
in order to reduce the costs as well as the environmental effects [46]. Therefore, this 
review presents the use of unconventional adsorbents, especially agriculture wastes 
instead of commercial adsorbents. Hemicellulose, starch, lipids, proteins, water, 
lignin, hydrocarbons, and simple sugars are the basic components of agricultural 
waste materials that contain a variety of functional groups [47]. Many previous stud-
ies have shown that agricultural materials containing cellulose have a high sorption 
capacity of various pollutants. Their applications as adsorbents can be extended 
through chemical treatment with numerous chemicals, such as to increase their che-
lating functional groups [41]. Generally, the adsorption takes place by complexation, 
ion exchange, and hydrogen bonding [48, 49]. Cheap and readily available resources 
of agricultural solid wastes such as rice husk and straw [50, 51], coconut husk and 
coir dust [52, 53], wood sawdust and chips [54, 55], and fruit peels and stones [56–59] 
have been investigated for the removal of pollutants from aqueous solutions.

Mandal et al. [50] studied on bamboo chips, corn cob, eucalyptus bark, rice 
husk, and rice straw as low-cost adsorbent for the removal of pesticides, namely 
atrazine and imidacloprid. The experimental data obtained were modeled with 
Freundlich and Elovich isotherm equations. The authors tested the effect of contact 
time, pH, pesticide concentration, and adsorption-desorption behavior of the 
adsorbents. The authors concluded that the kinetics study for both pesticides on 
rice straw adsorbent was well represented by the modified Elovich model, with a 
maximum adsorption capacity of 70.7% (atrazine) and 77.8% (imidacloprid). They 
also carried out further studies to evaluate the adsorption efficiency of rice straw 
adsorbent by treating it with phosphoric acid and found that it was able to further 
enhance the sorption of both pesticides. From the results obtained, the authors sug-
gested that among the five unconventional adsorbents used, rice straw adsorbent 
has great potential for pesticide industrial waste water treatment.

The removal of heavy metals from wastewater using rice husk as adsorbent 
was carried out by Hegazi [51] who found that the low-cost adsorbent was able to 
effectively remove Fe, Pb, and Ni simultaneously within a concentration range of 
20–60 mg/L. The author evaluated the effect of adsorbent amount on the removal 
of the selected heavy metals, and the results showed that the removal percent-
age increased with the increase of adsorbent amount. The maximum adsorption 
(76–96%) of heavy metals was achieved at room temperature with the optimum 
contact time of 2 h and pH range of 6.0–7.0. Another analyte that is removed by 
rice husk absorbent is tetracycline, a commonly used personal care and veterinary 
drug [60]. Moreover, Jing and co-authors have modified the rice husk by methanol 
to improve the adsorption capacity of tetracycline and reduce the inherent organic 
compound content in the rice husk. Comparison between the modified rice husks 
with untreated rice husk adsorbents showed approximately 45.6% enhancement 
of adsorption capacity in 12 h and 17.2% in equilibrium time. They reported that 
the main factor responsible for the enhancement of tetracycline adsorption was 
the change in O-containing groups in the modified adsorbent, which affects π-π 
electron-donor-acceptor interactions between the adsorbent and tetracycline.

The ability to remove dye using coconut husk and its coir dust as adsorbents was 
investigated by Bello et al. [53] and Etim et al. [52], respectively. The coconut coir 
dust is a remaining dust after the extraction of fiber from the coconut husk, which 
is about 70% of the coconut husk weight. Bello and colleagues used acid-activated 
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coconut husk for the removal of rhodamine-B (Rh-B) dye, and the effects of 
different operational parameters were examined, namely initial concentration, 
contact time, and solution temperatures. Adsorption data were fitted to Langmuir, 
Freundlich, Dubinin-Radushkevich, and Temkin isotherm models. Langmuir iso-
therm was found to be the most fitted model with the maximum adsorption capac-
ity of 1666.67 mg/g. The authors indicated that the coconut husk adsorbent has 
greater affinity for Rh-B dye adsorption due to the increase of pore development via 
acid activation. Meanwhile, Etim et al. used coconut coir dust to remove methylene 
blue dye, and the effects of adsorbent amount, pH, and concentration with time 
were studied. Three isotherm models were tested, namely Langmuir, Freundlich, 
and Temkin, and adsorption was found to fit well into these models with R2 ≥ 0.90. 
The authors suggested that the increase in adsorption capacity of the dye was due 
to the chemical interaction of the functional groups on the surface of the adsorbent 
according to the Fourier transform infrared (FTIR) results obtained.

Studies outlined by Thue et al. on wood chips and wood sawdust have revealed 
their potential as low-cost adsorbents for phenol [54] and metals [55] removal 
from aqueous solutions, respectively. Former study has modified the wood chips by 
mixing them with inorganic components before they were pyrolyzed and treated 
with hydrochloric acid to produce inorganic:organic ratios of 1.0 and 1.5 (ZnCW-
1.0; ZnCW-1.5; FeZnCW-1.0; FeZnCW-1.5). The maximum amounts of phenol 
adsorbed onto activated carbons at 25°C were 434.2, 667.9, 256.5, and 233.5 mg/g 
for ZnCW-1.0, ZnCW-1.5, FeZnCW-1.0, and FeZnCW-1.5, respectively. The results 
indicated that ZnCW-1.0 and ZnCW-1.5 exhibited excellent performance in the 
treatment of simulated effluents contaminated with mixtures of phenols in a com-
plex medium. On the other hand, the latter study focused on the use of first-row 
transition metals (Co, Ni, Cu, and Zn) in the preparation of activated carbons from 
wood biomass via microwave-assisted irradiation. Results showed that the metals 
were bound successfully in different amounts with surface functional groups of the 
wood biomass through ion exchange and surface complexation interaction during 
the impregnation step. An adsorption experiment revealed that samples prepared 
using ZnCl2 showed the highest sorption capacities for the tested adsorbates, fol-
lowed by CuCl2, CoCl2, and NiCl2.

Three different fruit peels, such as orange, pomelo, and passion fruit peels have 
been used by Nhung et al. to develop unconventional adsorbents to remove Rh-B 
from aqueous solution [56]. Equilibrium isotherms were determined and analyzed 
using the Freundlich equation. Capacities of adsorbent were found to be in the 
order of passion fruit peels > orange peels > pomelo peels for Rh-B. Other than 
that, orange peel as an adsorbent has also been studied by Foo and Hameed [57] 
for the removal of methylene blue. The authors investigated the effects of initial 
dye concentration (50, 100, 200, 300, 400, and 500 mg/L) and pH (2–12) at room 
temperature with the contact time of 48 h and adsorbent dosage of 0.20 g. The 
adsorption capacity of methylene blue was found to be 382.75 mg/g at the initial 
pH 6.33. In addition, Ben-Ali et al. [58] studied the removal of copper ions onto 
untreated pomegranate peel in order to explore its potential use as low-cost adsor-
bents from an agricultural waste. Adsorption isotherms were determined at 313 K, 
and the experimental data obtained were modeled with the Langmuir, Freundlich, 
Dubinin-Radushkevich, and Temkin isotherm models. The authors concluded that 
the equilibrium data were well represented by the Langmuir isotherm equation with 
the maximum adsorption capacity of 30.12 mg/g.

Torrellas et al. [59] used activated carbons from peach stones as adsorbent for 
the removal of caffeine (stimulant), diclofenac (anti-inflammatory drug), and 
carbamazepine (psychiatric drug) from aqueous solution and reported that the 
adsorption capacity of carbamazepine was higher than caffeine and diclofenac, 
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reaching to 335 mg/g. The modified adsorbents exhibited an increase in adsorption 
capacity for carbamazepine due to the existence of hydrophobic character and 
water solubility properties. Oxidation of the activated carbon had greatly enhanced 
the hydrophilic character of the material, thereby decreased the adsorption capacity 
and highly affected the breakthrough times and adsorption capacity values in the 
fixed-bed adsorption process. The same adsorbent was used to remove dye (methy-
lene blue) [61] and metal (platinum) [62].

The economical and readily available adsorbent would certainly make an 
adsorption-based process, a viable alternative for the treatment of wastewater that 
contains pollutants. Depending upon the adsorbent and adsorbate characteristics, 
the selection of an appropriate adsorbent is the most crucial part to ensure a maxi-
mum removal of different types of pollutant. Various environmental conditions and 
variables are used to ensure the effectiveness of adsorption process, such as initial 
adsorbate and adsorbent concentration, particle size of adsorbent, temperature, 
pH, selectivity, ionic strength, contact time, and the rate of rotation. A summary of 
various agricultural wastes as sources of adsorbents for the removal of various types 
of ECs is summarized in Table 1.

3.2 Membrane technology

Membrane technology is one of the promising technologies for the excellent 
removal of micropollutants in water. This technology uses both biological (mem-
brane bioreactors) and nonbiological processes (reversed osmosis, ultrafiltration, 
and nanofiltration). Membrane bioreactors (MBRs) are the combination of mem-
brane-based filtration processes, such as microfiltration (MF) or ultrafiltration (UF) 
system with suspended growth biological reactors. MBRs are the most prominent 
and proven processes these days to achieve a relatively clean water from wastewater 
through the combination of membrane and biological treatments [63, 64].

Agricultural waste Emerging contaminants References

Bamboo chips, corn cob, eucalyptus 
bark, rice husk, and rice straw

Pesticides (atrazine and imidacloprid) [50]

Rice husk Metal ions (Fe, Pb and Ni) [51]

Coconut coir dust Dye (methylene blue) [52]

Coconut husk Dye (Rhodamine-B) [53]

Wood chips Phenol [54]

Wood sawdust Metal ions (Co, Ni, Cu, and Zn) [55]

Orange, pomelo, and passion fruit 
peels

Dye (Rhodamine-B) [56]

Orange peel Dye (methylene blue) [57]

Pomegranate peel Metal ion (Copper) [58]

Peach stones Stimulant (caffeine), anti-inflammatory 
drug (diclofenac) and psychiatric drug 
(carbamazepine)

[59]

Rice husk Personal care and veterinary drug (tetracycline) [60]

Peach stones Dye (methylene blue) [61]

Peach stones Metal ion (Platinum) [62]

Table 1. 
Summary of various agricultural wastes as sources of adsorbents for the removal of diverse types of ECs.
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Nonbiological processes or pressure-driven membrane technology known as 
reverse osmosis (RO), nanofiltration (NF), MF, or UF utilizes high pressures across 
the membranes to accomplish the filtration of contaminants from the produced 
water [65]. These technologies are the most common membrane techniques of 
water purification. The membranes are also continuously upgraded or modified for 
further improvement in performance and usage. Consequently, membrane pro-
cesses are ideal for removing turbidity and microbiological contaminants. However, 
high-operation costs still limit its full-scale usage. Membranes easily suffer from 
fouling problems that could result in unexpected interruptions during the treat-
ment of aqueous contaminants [66].

In Keucken et al. report published in 2017, it proved that using UF can achieve a 
stable operation even in difficult circumstances and excellent effluent water quality 
can be achieved as well [67]. Cui and Choo concluded that although fouling cannot be 
prevented since there must be natural organic matter (NOM) existed in water, it can 
still be minimized [68]. Potential of hydrogen (pH), ionic strength, and calcium ion 
concentration are parameters that need to be considered to affect membrane filtration 
process. Sun et al. conducted experiments to measure the fouling potential when the 
membrane system is maintained at different values of pH, ionic strength, and calcium 
ion concentration. They discovered that the fouling potential increased with the 
increase of the feed solution acidity, ionic strength, and calcium ion concentration [69]. 
Martin et al. and Bu et al. conducted UF experiments with powdered activated carbon 
(PAC) adsorption and coagulation as a pretreatment to improve removal efficiency, 
which provided good examples [70, 71]. The advantage of combining UF with PAC is 
mainly in terms of the adsorption capacity of PAC and retaining ability of membrane.

In a pilot scale membrane treatment system, Wang et al. compared the removal 
efficiency of MBR system with integrated membrane systems (MBR/RO or MBR-NF) 
toward 27 PPCPs. The results suggested that the integrated membrane systems can 
achieve even higher removal rates of above 95% for most of them. Further studies 
showed that MBR-RO achieved even better results with the removal of 20 compounds 
to below detection limits as compared to 13 compounds by MBR/NF [72]. A study 
conducted by Baransi-Karkaby et al. reported the improved rejection of multiple 
EDCs and pharmaceutically active compounds (PhACs) by RO membrane elements 
using concentration polarization- and surfactant-enhanced surface polymerization 
[73]. The researchers performed experiments using RO membranes modified by 
grafting poly(glycidyl methacrylate) and as compared to commercial brackish water 
RO membranes. One of the conclusions was that the modified membrane generally 
exhibited enhanced rejection comparable with the commercial membrane. However, 
both membranes did not exhibit a complete rejection for the tested compounds.

3.3 Biological treatment

Many studies have shown that the major removal of ECs is by biodegradation 
and adsorption during biological treatment (secondary treatment). Therefore, this 
section will focus on the circumstances and behavior of ECs during the biologi-
cal treatment processes, which usually consist of two main kinds of treatment, 
namely activated sludge process (ASP) and trickling filter (TF). The presence of 
aerobic bacteria and other microorganisms is one of the features of this process 
in order to oxidize or incorporate into cells of organic matter. The bacteria need a 
sufficient amount of oxygen in order for the treatment to occur [74]. TF contains 
fixed surface with a large population of microorganisms, while ASP is where 
large population of microorganisms combine with wastewater. Normally, after 
going through TF or ASP, the dense microbial biomass is separated from water by 
secondary sedimentation [75].
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The most common and widely used ASP is to treat both industrial and domestic 
wastewater. The general process of activated sludge system involves the injection of 
air into the reactor and continuous re-circulation of biomass into the aeration tank. 
There are three main divisions in an activated sludge system [76], namely (i) reactor 
(to keep the microorganisms in suspension and aerators that are used for treatment 
purposes), (ii) separator system or (allow solids to sediment in sedimentation 
tank), and (iii) recycle system (solids from sedimentation tank are moved to the 
aeration tank) (Figure 2).

Depending on the type of ASP, there are many benefits as well as drawbacks 
from using it. Reduced level of ammonia, small space usage, and odor free are a few 
benefits of some types of ASP. However, a high energy is required to operate aera-
tion tank, and the changes of the effluent characteristics are very rigid [77]. Some 
examples of factors that affect ASP are the availability of oxygen, temperature, 
features of the treated wastewater, detergents that produce foam, and return rate 
[78]. The performance of ASP to remove steroid estrogens in WWTPs was better 
(up to 100%) than that of the trickling filter (up to 75%) [79]. Han et al. investi-
gated the total removal of organic pollutants in eight full-scale municipal WWTPs 
by three modified ASP, namely anoxic/oxic (A/O), anaerobic/anoxic/oxic (A2/O), 
and oxidation ditch process [80]. From the results obtained, it was concluded that 
the oxidation ditch process appeared to have the advantage of removing tyrosine-
like substances and presented a slightly better removal efficiency of tryptophan-like 
fluorescent substances than the A/O and A2/O processes.

On the other hand, microbial biomass grows on an inert or solid medium in 
film form with continuous wastewater being sprinkled over them, known as 
ultrafiltration (fixed film or attached growth systems) [81]. Nowadays, the treat-
ment capacity of the conventional TF has been enhanced with the use of plastic 
packing as the packing material to replace circular rock. A lot of benefits have been 
highlighted on this type of biological treatment, including better sludge thickening, 
low maintenance cost, less energy consumption, and ease of operation. However, 
the TF system has poor effluent quality as compared to suspended growth systems 
[82]. The effluent quality of TF is based on the biochemical oxygen demand (BOD) 
and suspended solids (SS). Temperature, retention time, type of media and its 
depth, and hydraulic and organic matter are some parameters that might affect the 
TF performance [83] which lead to a relative removal efficiency difference of some 

Figure 2. 
Diagram of activated sludge process.
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ECs, like estrogens in TF [28]. The removal efficiency of 18 different ECs from 42 
WWTPs in five different regions of India was studied using different treatment 
solutions, including TF by Visanji et al. [84]. The results of using TF showed that 
this treatment is able to remove ofloxacin, dichlofenac, and ibuprofen but unable 
to remove ampicillin, ciprofloxacin, and naproxen. The authors concluded that 
although ECs classed under the same category have similar physical, chemical, and 
biological parameters, these contaminants are not always removed in the same way.

3.4 Advanced oxidation method

Advanced oxidation method (i.e., ozone, O3/H2O2, H2O2/UV, Fenton, ultra-
sound, photocatalytic, and electrochemical oxidation) can achieve effective 
degradation of EDCs. Highly reactive oxidant species, such as hydroxyl radical, 
ion superoxide, hydroperoxyl radical, and organic peroxide radical can highly 
react with a wide range of organic compounds in a nonselective oxidation way 
[85]. The target compounds could be quickly and efficiently converted into small 
inorganic molecules, such as CO2 and H2O. Among the advanced oxidation methods 
used to remove or reduce the concentrations of some hormones and PPCPs from 
wastewater, ozone oxidation is the most promising technique [86–92]. In secondary 
effluents, ozonation was found to be very useful in decreasing the concentrations of 
bisphenol-A, estriol, and 17-β estradiol and their estrogenicity [92, 93]. In addition, 
the high removal efficiency of estrogens has been observed at low pH by Cesaro and 
Belgiorno [93]; however, it was impractical to change the sewage pH.

A study by Sun et al. [94] reported that ozone could completely oxidize three 
estrogens, namely estrone, 17-β estradiol, and 17-α ethinylestradiol in wastewater 
samples at the dose of 0.3 mg/L. Similar results were achieved by Si et al. [95], show-
ing that combined process of 5.5 mg/L ozone and UF could completely remove the 
estrogens, with ultraviolet absorbance reduction enhanced from 11–18% or 24–26% 
as compared to the UF or ozonation alone. Another study by Li et al. [96] found 
that the application of 1.0–5.0 mg/L ozone was able to decrease the concentration of 
antibiotics and EDCs to below the limit of detection (LOD). However, other com-
pounds like nitrite and carbonyl compounds as by-products were still detected with 
a similar level of ozone dosage. In order to remove the by-products, the authors have 
combined the ozone oxidation process with biological aerated filtration.

The ozone dose applied was found to affect the removal efficiency of some 
PPCPs. Apart from ozone dose, the reaction time was also found to be one of the 
main factors to remove ECs, as can be seen in the study conducted by Paucar et al. 
to remove 38 PPCPs [97]. Among the 38 PPCPs detected in the secondary effluent, 
31 PPCPs were degraded to or below their LOD at the ozone dosage of 6 mg/L in 
10 min. Of these, eight PPCPs, including dipyridamole, diclofenac, mefenamic 
acid, diltiazem, ciprofloxacin, chloramphenicol, naproxen, and isopropylantipyrine 
were readily degraded (below LOD) at the ozone dosage of 1 mg/L in 5 min, and 
seven PPCPs, namely clarithromycin, sulpiride, N,N-diethyl-3-methylbenzamide, 
ketoprofen, theophylline, azithromycin, and roxithromycin, were undegraded 
(below LOD) at the ozone dosage of 6 mg/L with the reaction time of 10 min. As a 
result, it was found that ozone dose, pH, temperature, compounds of interest and 
wastewater characteristics, and contact time were among the many factors that 
could affect the performance of ozonation [98].

Advanced oxidation method with low concentration of ECs would result in low 
reaction rates and efficiencies, while the short lifetime of the oxidants requires the 
use of large amounts of oxidants to oxidize the trace levels of ECs and thus leading 
to the increase in operation costs. In addition, this method also generates toxic inter-
mediate or by-products under suboptimum conditions. Unfortunately, the common 
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disadvantage shared between all advanced oxidation methods is the high operating 
cost, which has a somewhat limited large-scale application of this otherwise very 
powerful technology. However, with the advent of higher efficiency UV lamps, 
visible light catalysts, and improved reactor design, with the help of computational 
fluid dynamics and energy modeling, both UV and solar-based photocatalysis have 
great potential for large-scale application [99]. However, further research is still 
needed in developing new immobilized photocatalysis reactors and improving the 
performance, immobilization, and illumination in the reactor of the photocatalyst.

4. Detection methods of emerging contaminants

Previous studies reported that the release of emerging chemical or microbial 
contaminants to the environment had likely occurred for a long time but may not 
have been recognized until new detection methods were developed [100]. The detec-
tion methods of ECs can be performed by using chromatographic and spectroscopic 
techniques as well as metal analysis. Chromatographic methods are the most common 
analytical methods for the identification and detection of various compounds in any 
kind of samples. Nonpolar, thermostable, and volatile ECs, such as flame retardants, 
filters, and some pesticides are determined by gas chromatography (GC), while non-
volatile, polar, and thermolabile ECs are analyzed by liquid chromatography (LC).

4.1 Liquid chromatography

High-performance liquid chromatography (HPLC) or LC is a gold analytical 
method used to analyze a wide number of ECs that are relatively polar and nonvola-
tile in various samples, as can be seen in Table 2. In many cases, ultra-high-perfor-
mance liquid chromatography (UHPLC) has been selected instead of conventional 
HPLC since these LC techniques provide a more efficient stationary phase through 
the reduction in particle size, which leads to a better resolution and shorter time 
[101]. UHPLC applies columns with particle size <1.7 μm and almost always carried 
out in the reversed phase mode mainly using C18 stationary phases [102]. Generally, 
for the reversed phase separation of ECs acidified water (with small amounts of for-
mic or acetic acid), methanol, or acetonitrile as organic solvents (in some cases also 
acidified with formic acid or acetic acid) are used as mobile phases. Furthermore, as 
stated by Díaz-Cruz et al., among the LC modes, reversed phase (RP) with octa-
decyl C18-bonded or octyl C8-bonded, silica packing is the most commonly used 
stationary phase for pharmaceutical analysis [103].

LC coupled with mass spectrometry (MS) allows a successful detection with high 
sensibility and selectivity of extremely polar, thermally unstable, and large molecular 
weight compounds [100]. Although MS has been used for quantifying compounds 
or residues in the environment, MS/MS detection is preferred due to high analytical 
sensitivity and selectivity in complex matrices. Generally, MS/MS method is based 
on monitoring selected MS/MS transitions (precursor-product) of the compounds of 
interest [104]. This approach is known as the most sensitive and rugged for the quan-
titation purposes of environmental samples at trace levels. In fact, MS/MS showed 
excellent specificity, but the instrument eliminates the matrix background, which 
could not be visualized [105]. However, this method is blind to other untargeted spe-
cies, and thus, the untargeted analysis of unexpected compounds is not feasible.

As an alternative to MS/MS, the use of high-resolution mass spectrometers 
(LC-HRMS) enables the acquisition of a theoretically unlimited number of species 
by means of accurate mass measurements in full-scan mode. This allows obtaining 
the elemental composition of acquired ions which is useful for the identification 
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Methods Extraction methods Instrumental analysis Emerging contaminants Samples References

LC HFLPME LC-MS/MS Pesticides, pharmaceutical product, PCPs, 
Industrial products, lifestyle products

Water samples [125]

SPE LC-QTOF/MS Endocrine active compounds Lakewater [126]

SPE LC-TOFMS Pharmaceuticals, lifestyle products, drug of 
abuse, pesticides, nitrosamines, flame retardants, 
plasticizers, perfluorinated compounds

Surface water and 
wastewater

[108]

SPE LC-Orbitrap-MS Pharmaceuticals Wastewater [127]

MAE UHPLC-MS/MS PCPs, pharmaceuticals and illicit drugs Crude wastewater, final 
effluent and river water

[128]

SPE UHPLC-Q-Exactive Orbitrap MS Pesticides, drug residues Tap water [107]

SPE UHPLC-HRMS Pharmaceutical, herbicides, stimulant, illicit drugs, 
preservative agent

Surface water, wastewater, 
suspended particulate 
matter, sediments

[129]

SPE UHPLC-Q-Orbitrap-MS Pharmaceutical and personal care products Wastewater samples [130]

MASE UHPLC-Q-orbitrap Antibiotics Aquifer sediments [106]

SPE LC-MS Drug of abuse, pharmaceuticals Drinking water [131]

Direct injection UHPLC-QqLIT-MS/MS Pharmaceticals, transformation products, pesticides Treated wastewater [132]

SPE LC-HRMS/MS Artificial sweeteners, flame retardants, fungicides, 
herbicides, industrial chemicals, insecticides, 
pharmaceuticals, plasticizers.

Surface waters [133]

SPE LC-HR MS/MS Pesticides, veterinary drugs European rivers and canals [134]

LC-QTOFMS Pesticides, pharmaceuticals Groundwater and 
stormwater runoff

[135]

Soxhlet extraction UHPLC-QTOFMS Pharmaceuticals Freshwater sediments [136]

SD-DLLME LC-MS/MS Pharmaceuticals, personal care products, pesticides Water samples [137]

SPE LC–MS/MS Pharmaceuticals, personal care products Wastewater samples [138]
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Methods Extraction methods Instrumental analysis Emerging contaminants Samples References

GC QuEChERS GCxGC-TOFMS Pesticides, organohalogens Wastewater samples [114]

Rotating-disk sorptive 
extraction (RSDE)

GC-MS with derivatization Parabens, hormones, anti-inflammatory drugs, 
triclosan, bisphenol A

Water samples [110]

Disk-based SPE and 
ultrasound-assisted 
extraction (UAE)

GC-MS/MS Polycyclic and nitro-aromatic musks, brominated, 
chlorinated flame retardants, methyl triclosan, 
chlorobenzenes, organochlorine pesticides, 
polychlorinated biphenyls

Seawater [113]

Metal Analysis — SP-ICP-MS Metal contaminants (Cd) Wastewater [139]

LLE GC-ICP-MS Flame retardants Water samples [122]

Online-SPE HPLC-ICP-MS Mercury River and seawater [123]

Microwave assisted 
digestion

ICP-MS Trace metals Atmospheric and lake water 
samples

[118]

— ICP-OES Heavy metals Soil samples [140]

Cross-flow ultrafiltration 
and LLE

ICP-MS Colloidal trace metals Seawater [120]

Microwave assisted 
enzymatic extraction

HPLC/ICP-MS Heavy metals and organic contaminants Ground water samples [141]

Spectroscopic — FT-NIR pharmaceuticals wastewater [124]

Table 2. 
Several studies on the determination of emerging contaminants in water by different techniques for the last 5 years.
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of targeted and untargeted compounds, metabolites, or transformation products. 
In HRMS, mass accuracy is critical for identification purposes. Normally, mass 
errors of below 5 ppm are observed in routine analysis [101]. Therefore, the use of 
LC-HRMS for screening contaminants in environmental samples has been exten-
sively reported in literature, such as time-of-flight (TOF), Orbitrap, quadrupole-
time-of-flight (Q-TOF), or Q-Orbitrap, as tabulated in Table 2.

With the advantage of high resolution, Orbitrap, an ion trap mass analyzer in 
MS has been used widely for a large number of compounds screening. Referring to 
hybrid quadrupole Orbitrap mass spectrometry, the qualification and quantifica-
tion of complicated compounds can be obtained in one analysis [106]. This method 
is a promising analytical technique, especially as the full scan mode enables the 
post-target and nontarget analyses of chemical fingerprints which are proven by 
Cotton et al. [107]. In the study, the screening of a large number of ECs was devel-
oped by the combination of SPE and UHPLC-Orbitrap-MS in water samples. As 
reported by Robles-Molina et al., over 400 ECs have been detected in the analysis of 
surface water and wastewater, such as pharmaceuticals, lifestyle products, drugs of 
abuse, pesticides, flame retardants, and plasticizers compounds. The combination 
of LC with time-of-flight mass spectrometry (TOFMS) has provided a high resolu-
tion data from accurate masses of target ions along with retention time data and 
characteristic insource fragment ions [108].

4.2 Gas chromatography

GC is one of the analytical methods that can be used to separate, analyze, and 
identify the chemical compounds of any sample. GC coupled with MS is the most 
common technique and able to produce accurate result. However, GC is less often 
used than LC to separate ECs because the majority of the studies focused on the 
determination of very polar contaminants, such as pharmaceuticals and personal 
care products [100]. Due to the high polarity and low volatility of analytes, such as 
hydroxyl, phenolic EDCs, amines, and amides, GC method demands the inclusion 
of a derivatization reaction to improve the chromatographic behavior of the ana-
lytes [109]. In fact, derivatizing the ECs into more volatile derivatives is compulsory 
to enhance detection sensitivity and selectivity as well as improve separation.

Different strategies for derivatization usually involve the use of acylation, 
alkylation, or silylation reagents. Silylation is the principal derivatization tech-
nique in which active hydrogen in the functional groups of ECs is replaced by 
trimethylsilyl (TMS) which increased the volatility and stability of the compounds. 
The most common silylation agents are N-methyl-N-(trimethylsilyl) trifluoro-
acetamide (MSTFA), N,O-bis(trimethylsilyl)-trifluoroacetamide (BSTFA) and 
N-(t-butyldimethylsilyl)-N-methyltrifluoroacetamide (MTBSTFA). Based on the 
study by Arismendi et al., for derivatization method, water sample extract was 
evaporated under a N2 stream. A derivatizing agent of N-methyl-N-(trimethylsilyl) 
trifluoroacetamide (MSTFA) with pyridine was then added and heated at 80°C for 
35 min [110] before the derivatized solution was analyzed by using GC-MS.

However, derivatization requires a complicated, tedious procedure, resulting 
in a number of disadvantages, such as losses and unexpected oxidation of some 
compounds, less stability of derivatives, and incomplete derivatization and extrac-
tion. Although derivatization procedures may be time-consuming and have some 
limitations, they are still widely used and well established for routine work. In fact, 
in situ derivatization has been developed as an alternative to avoid preparative steps, 
accelerate reaction rates, and reduce evaporative losses. This method offers higher 
chromatographic response, reduction of reagent usage, and less sample preparation 
time as compared to the manual derivatization. However, the limitation of in situ 
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derivatization is that a high amount of reagent needs to be injected into the instrument 
and thus affects the performance of the chromatographic column over time [111].

GC-MS/MS provides a high selectivity and sensitivity as compared to other 
conventional GC-MS. MS/MS is able to improve the detection by reducing co-
extractive compound interferences and sample matrix effects, especially for 
complex samples [112]. A study by Zhang et al. showed the application of GC-MS/
MS in determining the organic pollutants and emerging organic contaminants in 
seawater samples [113]. It has proven the sensitivity of this method of which the 
detection limits typically went down to parts per quadrillion (ppq) ranges, while 
in another study, GC-MS/MS method was developed to determine the ECs, such as 
personal care, hormones, pharmaceuticals, and organophosphorus flame retardants 
and plasticizers in various types of vegetables (salads, carrots, lettuce, onions, and 
tomatoes) [111]. In this study, in situ derivatization was carried out in the injection 
port of the GC system as an alternative to manual procedures because it simplifies 
the sample preparation and avoids the manipulation of hazardous reagents, and 
higher chromatographic response can be achieved. The high selectivity of MS/MS 
detection allowed the identification and quantification of various selected analytes 
without performing an additional clean-up step [111].

A recent advanced technique namely comprehensive two-dimensional gas 
chromatography (GC × GC) is a technique that is capable of enhancing the separa-
tion of 150–250 relevant compounds with high sensitivity within a complex matrix. 
It means that many compounds are now completely separated, so there is less need 
of GC-MS identification/quantitation for routine samples. The two orthogonally 
aligned columns comprised two different stationary phase chemistries which allow 
for the increase of peak capacity [114]. Based on Jover et al., three main benefits 
of GC × GC are (i) increase in chromatographic resolution; (ii) improved analyte 
detectability due to the cryofocusing that occurs in the thermal modulator, and (iii) 
chemical ordering in the contour plots [115]. Due to the mentioned benefits, various 
studies have revealed the application of this technique in various types of samples. 
In the previous years, GC × GC coupled with TOFMS was applied to determine the 
numbers of organic contaminants, such as pharmaceuticals, plasticizers personal 
care products, herbicides, triazines, organophosphorus compounds, pheylureas, 
organochlorine biocides, polycyclic aromatic hydrocarbons, benzothiazoles, and 
benzotriazoles in various water samples [114–117].

Prebihalo et al. have reported the identification of some ECs in wastewater and soil 
samples by using GC × GC-TOFMS. Coupling fast-scanning TOFMS with GC × GC 
provided the capabilities necessary for the identification of compounds within a 
complex matrix. In this work, the results showed the presence of halogenated benzo-
triazoles in wastewater and soil samples. It has also proven that this method is able to 
decrease the data interpretation time by 50% as compared to traditional methods [114].

4.3 Metal analysis

One of the ECs is heavy metal ions that are gradually being introduced into 
the environment from various resources. Inductively coupled plasma mass 
spectrometry (ICP-MS) is the technique of choice for the determination of toxic 
heavy metal contaminants and nanoparticles in numerous types of samples. 
The environmental pollution caused by trace metals is a long-term, irreversible 
process and can be toxic even at low concentrations. ICP-MS is considered as one 
of the most sensitive techniques for the multi-elemental analysis of trace metals in 
various elemental samples [118]. The main advantages of this technique lie in the 
high precision, low economic cost, multi-element, and simultaneous analysis of 
most elements and isotopes present in the periodic table in a few minutes [100].  
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ICP-MS also offers extremely low detection limits, ranging from subpart per 
billion (ppb) to trillion (ppt) for most elements. It has a rapid multi-element 
scanning capability over a wide range of masses with lower detection limits as 
compared to graphite furnace-atomic absorption spectroscopy (GF-AAS) and 
inductively coupled plasma-atomic emission spectroscopy (ICP-AES) [119]. 
In most cases, the detection limits were 100–1000 times superior than those 
achieved by ICP-AES. These detection limits were broadly achieved for almost all 
the elements across the periodic table.

Lu et al. reported an analysis of trace metals, namely Cu, Cd, and Pb in sea-
water by ICP-MS. The developed method demonstrated a simple, efficient, and 
convenient analysis with low detection limit (0.13–1.18 pmol/L). The method was 
successfully applied for the analysis of seawater samples collected from the sites off 
the south coast North Yellow Sea in Shandong Peninsula, China. In the study, prior 
to the analysis of the water samples by ICP-MS, the seawater samples were first 
treated with cross-flow ultrafiltration (CFUF) for the separation of colloidal matter 
with different molecular weights and was then continued with the liquid-liquid 
extraction (LLE) procedure. This method was performed to eliminate the pos-
sible interference of salt matrix and chloroform during instrumental analysis and 
concentrate the metals in each sample [120].

In addition, ICP-MS combined with chromatographic techniques is of great 
importance in the characterization and identification of impurities, degradation 
products, and speciation studies in pharmaceuticals [121]. It provides valuable 
information on impurity profiling of drugs and pharmaceuticals. It is becoming 
the method of choice for quality control and assurance within the pharmaceutical 
industry. A number of chromatographic techniques, viz., HPLC, capillary electro-
phoresis (CE), gel permeation chromatography (GPC), ion chromatography (IC), 
supercritical fluid chromatography (SFC), and GC have been coupled with ICP-MS 
for the purpose of speciation. A study of GC-ICP-MS was performed for the detec-
tion of the six polybrominated diphenyl ether (PBDEs) congeners in environmental 
water samples [122]. These PBDEs belong to group of brominated flame retardants 
which are considered as one of the ECs that are added into different industrial 
products. Apart from that, Jia et al. reported on a simultaneous analysis of mercury 
speciation in environmental water samples by using HPLC-ICP-MS [123]. HPLC 
was preferred for the mercury speciation, while ICP-MS is the most used detection 
technique for elemental analysis. The study revealed a good repeatability and wide 
linear range achievements of this coupled technique.

4.4 Other techniques

Recently, another technique has been developed to overcome the drawbacks 
from the traditional techniques, which is Fourier transform near-infrared 
(FT-NIR) spectroscopy. This technique offers no reagents use, nondestructive 
character, allowing the reuse of sample after measurement, fast technique, and 
there is a possibility of online monitoring. Based on Quientelas et al. (2018), the 
combination between FT-NIR and chemometrics was developed to determine 
pharmaceutical compounds, such as ibuprofen, carbamazepine, β-estradiol, 
ethinylestradiol, and sulfamethoxazole in wastewaters [124]. A chemometric 
approach was used by employing a Kolmogorov-Smirnov test to check the nor-
mality of the data, a boxplot analysis for outliers’ identification and a principal 
component analysis (PCA) aiming to identify samples interrelationships and 
define the data sets. Next, a partial least squares (PLS) regression analysis was 
performed in order to obtain a prediction model that is suitable for pharmaceuti-
cals quantification purposes.
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5. Conclusion

Although EC compounds occur in trace concentrations of waters, their adverse 
effects to aquatic organisms, animals, and humans cannot be underestimated due to 
their continuous release into the water systems. The removal and detection of ECs and 
their transformation products in natural and drinking waters are challenging tasks due 
to the complexity of contaminants in water samples. However, tremendous progress 
has been made on the assessment of many ECs due to the great efforts and times 
committed by many scientists working in different research fields. The future trends 
in the removal of emerging water contaminants will be on the advanced oxidation 
method because it can effectively degrade the contaminants and has not yet been fully 
explored. However, it should also be noted that the presence of degradation intermedi-
ates can be more toxic than their parent compounds, which remains a great challenge 
to overcome in advanced oxidation method. In short, feasible techniques need to be 
in place to remove ECs or at least reduce them below the regulated levels and more 
research is necessary to completely describe the mechanisms and optimize the main 
parameters related to the removal of emerging water contaminants in real applications.
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