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Abstract: When discharged into wastewater, pharmaceuticals and personal care products (PPCPs)
become microorganic contaminants and are among the largest groups of emerging pollutants. Human,
animal, and aquatic organisms’ exposures to PPCPs have linked them to an array of carcinogenic,
mutagenic, and reproductive toxicity risks. For this reason, various methods are being implemented
to remove them from water bodies. This report critically reviews these methods and suggests
improvements to removal strategies. Biological, physical, and chemical methods such as biological
degradation, adsorption, membrane filtration, and advanced electrical and chemical oxidation are
the common methods used. However, these processes were not integrated into most studies to take
advantage of the different mechanisms specific to each process and are synergistic in the removal
of the PPCPs that differ in their physical and chemical characteristics (charge, molecular weight,
hydrophobicity, hydrogen bonding, structure). In the review articles published to date, very little
information is available on the use of such integrated methods for removing PPCPs. This report
attempts to fill this gap with our knowledge.

Keywords: pharmaceutical and personnel care products; advanced oxidation; membrane separation;
adsorption; biological degradation

1. Introduction

There is a rising concern associated with emerging pollutants (EPs) that are dangerous
to the environment and potentially seriously affect human health [1–3]. EPs are made up
of a range of chemicals and compounds that either occur naturally or are more usually
manufactured for various medical and other human needs or uses. With the world’s
chemical turnover valued at EUR 3,475 billion in 2017, an increase in new chemicals entering
the market and a growing volume of production can be expected [4]. Pharmaceuticals are
synthetic micropollutants occurring in the aquatic environment above a potential natural
background level but with concentrations remaining at trace levels, up to the microgram
per litre range [5]. Pharmaceuticals are consumed by humans and animals for medical
treatment and include antibiotics, anti-inflammatory drugs, hormones, etc. Personal care
products (PCPs) are applied for medical, hygiene and cosmetic purposes and include
disinfectants, fragrances, insect repellents, etc. [3]. Pharmaceuticals and personal care
products (PPCPs), when discharged into wastewater, become microorganic contaminants
and are among the largest groups of EPs [6,7]. Contemporary wastewater treatment plants
(WTPs) do not effectively remove PPCPs. Due to their extensive use, PPCPs are being
detected extensively in the environment [3,7]. Figure 1 illustrates that the failure of WTPs
to remove PPCPs means that the environment is constantly being polluted to the extent that
they start to accumulate, becoming persistent and virtually irremovable organic pollutants.
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Figure 1. Sources and pathways of PPCP entry into the natural environment (modified from
Reyes et al. [2]).

PPCPs occur in natural water bodies and wastewaters in minute concentrations,
ranging from nanogram to microgram per litre (ng/L-µg/L), and are, hence, referred to
as trace organics [1,8–12]. In recently reviewing the concentrations reported throughout
the world, Adeleyae et al. [1] presented data for some wastewaters, where extremely high
concentrations of PPCPs, up to 1 mg/L, were measured. Even though wastewater treatment
plants (WWTPs) significantly remove most contaminants and many PPCP constituents,
they remain the major sources of PPCPs in water bodies. Other primary pathways of entry
into the environment are also shown in Figure 1 and discussed in the literature [2,3,7,13].

PPCPs do not have to occur in high concentrations in the environment to affect the
ecosystem or quality of freshwater required for drinking purposes. They can damage
human and animal health because their residues can eventually enter and accumulate in
the food chain through effluent discharge and the reuse of treated sewage and sludge for
agricultural applications [7]. PPCPs are widely distributed in the environment, which in-
creases the risk of direct human exposure through the consumption of water and indirectly
through the consumption of food, potentially compromising human health [3]. In review-
ing the potential toxicity of PPCPs in water, Cizmas et al. [14] reported that human and
animal exposures to PPCPs have linked them to an array of carcinogenic, mutagenic, and
reproductive toxicity risks. Many PPCPs are reported to be toxic to freshwater invertebrates
(such as daphniids), fish, mussels, and human embryonic cells at trace concentrations [15].
The types of toxic effects and test organisms used in the experiments and the concentra-
tions of PPCPs at which the risks were noticed were presented by Pal et al. [15]. PPCP
concentrations in some wastewaters were observed to be higher than the toxicity limits for
some PPCPs [6,15,16].

Fick et al. [17] calculated the predicted critical environmental concentrations (CECs),
i.e., the water concentration expected to cause a pharmacological issue in fish, for 500 PPCPs,
assuming equivalent pharmacological activity. The CECs were derived from data available
in the literature on their impact on humans and how each drug bio-concentrates in fish
based on lipophilicity. The CEC values [17] were derived from toxicity studies that used
a single compound and a single organism. This could mean that aquatic organisms can
be chronically exposed to a combination of PPCPs and sometimes toxic at concentrations
below the CECs of individual PPCPs. Many investigations regarding risk assessment have
only considered the ecotoxicity of the parent drug, with very little attention paid to the
additional contributions made by the metabolites of parent PPCPs excreted by microbes, hu-
mans and animals [18]. The combined effects of the parent PPCPs and their metabolites of
several persistent PPCPs in water can be much greater than that of a single PPCP. Synergis-
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tic effects have been reported with PPCP mixtures, for example, ibuprofen and diclofenac,
in the Daphnia test [19], but these effects may not be the same for all organisms [14].

Adeleye et al. [1] compared global PPCP concentrations in WWTP influent and effluent
and in freshwater, with toxicity values determined in laboratory experiments. This com-
parison demonstrated that mortality data (LC50 and EC50) were much higher than PPCP
concentrations entering and leaving the WWTP and entering the natural environment.
However, the concentrations of some PPCPs in wastewaters were in the same range as
sub-lethal concentrations. As stated before, it is possible that combined and continuous
exposure to PPCPs can cause greater toxicity to aquatic organisms. PPCP concentrations
in treated WWTP effluents and other water bodies were, on average, one to six orders of
magnitude lower than the reported LC50 concentrations for fish, invertebrates, amphibians,
algae and rotifers.

The main purpose of WWTPs is to remove nutrients, pathogens and particulate mat-
ter from industrial and municipal wastewater; they are not designed to remove PPCPs.
However, the concentrations of PPCPs decrease to different levels during their opera-
tion, depending on the characteristics of the PPCPs and the treatment conditions [1].
Adeleye et al. [1] examined from the literature the concentrations of six major classes of
PPCPs at different sampling points in WWTPs, reported in the literature from selected
countries, and noticed that, in general, the traditional primary treatment using clarifi-
cation/sedimentation had low PPCP removal efficiency. The higher removal of PPCPs
occurred during secondary treatment due to microbial degradation and adsorption to
biomass. The polishing treatment, including chlorination, ozonation, advanced oxidation,
adsorption or membrane filtration, further increased the removal efficiency and gener-
ally produced quality treated water. The efficiency of these polishing treatments can be
significantly improved by combining some of these treatments.

The prevalence of PPCPs in wastewater and, more widely, in the environment have
been reviewed in several articles; most can be grouped according to geographical fo-
cus [20,21], environmental media [22–24], type of drug [25,26] and toxic response [27,28].
Many reviews have discussed a variety of processes for removing PPCPs from the en-
vironment, especially water. These processes include adsorption [3,29–31], ozone-based
processes [32,33], ozonation [16,34], membrane filtration [35,36], Fenton oxidation [16,37],
UV oxidation [16] and biological processes [16,38]. However, these processes were not
integrated into most studies to take advantage of the different mechanisms specific to each
process and to be synergistic enough in the removal of the PPCPs.

PPCP removal depends on their chemical structure, molecular weight, charge, hy-
drophobicity/hydrophilicity, hydrogen bonding, oxidising capability, etc. These properties
vary widely among PPCPs, which explains the differences observed in the removal ef-
ficiency among PPCPs. For example, among PPCPs, the molecular weights vary from
89 to 791 [6], log Kow (octonol/water partition coefficient, a measure of hydrophobicity)
varies from -2.1 to 13.9 [6] and electric charge can be positive, negative or neutral [36]. The
efficiency of adsorption largely depends on the hydrophobicity and charge of the PPCP.
For membrane filtration, it depends on molecular weight and charge. Additionally, the
removal efficiency in all processes depends on the chemical structure of the PPCP. The
amount removed varies according to the processes, particularly mechanisms of reactions
with the PPCPs. Since there are varieties of PPCPs with different chemical and physical
properties, one type of treatment may not remove all PPCPs. Combinations of treatments
are necessary to remove the different types of PPCPs. Therefore, in this report, a brief
review of the various individual treatment processes used in removing PPCPs, such as
adsorption, oxidation, membrane filtration, and biological methods, is made, presenting
their strengths and drawbacks. This is followed by combinations of processes, comparing
them, where possible, with individual processes. In the review articles published thus far,
very little information is available on the use of such integrated methods for the removal of
PPCPs. This report attempts to fill this gap in knowledge.
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2. PPCP Removal Methods

In general, treatment methods to remove PPCPs fall into three categories: biological,
physical, and chemical. The activated sludge process, involving microbial degradation, is
the main biological process and a secondary treatment process in WWTPs. Of the physical
processes, adsorption and membrane separation are the most used ones. Among chemical
methods, advanced oxidation processes (AOPs) have been widely employed in tertiary
treatments [1]. These methods are discussed in this order in the following sections.

2.1. Conventional Biological Treatment Process

Currently, organic contaminants are removed mainly by microbial degradation because
of the low cost and unsophisticated operational requirements. Microorganisms remove
organic contaminants either individually or together in a group by metabolic consumption.
Additionally, they detoxify the contaminants by degradation with the enzymes they excrete.
A detailed discussion on the pure and mixed cultures that degrade PPCPs are given
elsewhere [15].

Activated sludge treatment is typically used in conventional WWTPs to remove
PPCPs. Their removal using this process depends on the size and layout of the sludge
bioreactor and treatment factors such as pH and retention times (both sludge and hydraulic)
and is specific to the various types of PPCP compounds [37,38]. Table S1 demonstrates
the extent to which a range of PPCPs is removed by WWTPs. Carbamazepine features
prominently among the PPCPs that commonly occur in wastewater effluent [38]. This is not
surprising since it is not readily removed by these processes, although the rate of removal
depends on the actual nature of the activated sludge (e.g., microbial composition) and
type of wastewater [37,39,40] Other PPCPs (ibuprofen, naproxen, ketoprofen, diclofenac,
bezafibrate, sulfamethoxazole, trimethoprim) are removed in varying amounts, ranging
from 40–100% [41–44].

The wide variability in the removal efficiency of each species of PPCP in the above-
mentioned studies indicates the extent to which their removal is influenced by the envi-
ronmental conditions of WWTPs, including the total and type of NOM in the water and
seasonal variation. Kosma et al. [45] showed how at one WWTP in Greece, some PPCPs
(paracetamol, bezafibrate, ibuprofen) were more effectively removed in summer rather
than winter. Quednow and Püttmann [46] reasoned that this was due to the nature and
amount of inflow affected by seasonal consumption and prevailing rainfall. Ma et al. [47]
added that seasonal temperature variation was a clear influence on how biodegradation
slows down in winter.

Generally, the biodegradation of PPCPs is slower than their removal by physical
and chemical methods. It takes days for biodegradation to remove most PPCPs. Some
PPCPs can be toxic to microbes, and this can result in insufficient treatment. Additionally,
some PPCPs have a high affinity to sludge, and this reduces the degradation ability of the
microbes. For the reasons stated above, PPCPs are not sufficiently removed by conventional
WWTPs even though their concentrations in the effluent are small. WWTPs’ effluents, which
are typically discharged to rivers, can result in influent containing PPCPs in drinking water
treatment plants (DWTPs), thus compromising drinking water security and human health.
It is, therefore, imperative to remove PPCPs at WWTPs using advanced treatment processes
(e.g., adsorption, ozone, Fenton oxidation, etc.). These processes and their effectiveness in
removing a range of PPCPs are discussed next.

2.2. Adsorption
2.2.1. Activated Carbon (AC)

The adsorption process is often used for the successful removal of trace organic pol-
lutants in water due to its simplicity, cost-effectiveness, efficiency at low concentrations,
and minimal waste production [48]. Of the various adsorbents commonly available, AC
is considered attractive for removing PPCPs from wastewater and is widely used not
only in laboratory studies but also in pilot plant studies and full treatment plants [48–51].
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Liu et al. [52] reviewed the effectiveness of PPCP removal by AC. Table S2 summarises
the removal efficiency of PPCPs by AC reported in several studies (Wang and Wang [6]).
There are several mechanisms for removing PPCPs by AC, which are presented in Fig-
ure 2 [53]. Of these, the hydrophobicity and charge interactions of AC and PPCPs are
the main ones [3,11,16,36,48,53,54]. Jamil et al. [48] classified 17 PPCPs found in a reverse
osmosis concentrate collected from a water reclamation plant in Sydney into four groups
based on hydrophobicity (log Kow values) and charge. They showed that PPCP removal
by adsorption on granular AC (GAC) was related to charge and hydrophobicity (Figure 3).
The PPCPs that had a positive charge and high hydrophobicity values (log Kow > 3.5)
had the highest removal rates. Rodriguez et al. [55] agreed that the adsorption capacity
of AC depends on the hydrophobicity of the investigated PPCPs (3-methylindole, chloro-
prene and nortriptyline). PPCPs can be adsorbed by both GAC and powder AC (PAC).
Meinel et al. [54] discovered that the latter was more effective in the removal of PPCPs.
AC removal of PPCPs can be improved by using ideal operating conditions, for instance,
contact time, etc. According to Wang and Wang [6], this is best done with pilot-scale studies.
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2.2.2. Graphene

The structure of graphene comprises a single-layer two-dimensional array of carbon
atoms arranged in a hexagon form that appears as a honeycomb sheet. Graphene is
derived from graphene oxide, which, in turn, is produced when graphite is oxidised. Both
the former materials have higher specific surface areas than AC [56,57] and, therefore,
are expected to have greater adsorption capacities. However, the nanosheets of these
materials can aggregate heavily in water due to π–π interactions and strong Van der Waals
interactions between the graphene layers, which inhibit the materials’ high adsorption
capacity. One promising strategy to overcome this problem is to incorporate graphene
and graphene oxide nanosheets onto low-cost substrates [58]. They have been used in
laboratory adsorption studies of PPCPs. These were predominantly batch experiments
using synthetic wastewater and very high concentrations of PPCPs compared to actual
wastewater (Table S3), and therefore, the results may not be directly applicable to actual
practice. Using very high PPCP concentrations would naturally produce higher adsorption
capacities, and such high values are those that were reported in these studies. PPCP
adsorption by graphene and graphene oxide should be investigated in pilot plants and
full-scale plants using actual wastewater.

2.2.3. Carbon Nanotubes (CNT)

The use of CNT for the adsorption of PPCP constituents such as ketoprofen, car-
bamazepine, sulfamethoxazole and triclosan has been studied [6,59–62]. These studies
revealed that CNT is highly effective in removing PPCP constituents, such as those men-
tioned. The effectiveness is influenced by the CNT’s surface chemistry and properties,
together with the PPCP’s physicochemical properties. Detailed discussions on these prop-
erties are provided by Wang and Wang [6].

While these forms of carbon adsorption (CNT, AC, graphene, graphene oxide) pro-
cesses are promising, their application in large-scale scenarios is hampered by the following:

(1) The costs of graphene and graphene oxide are still prohibitive, and further research is
required to lower them [58];

(2) The aggregation of graphene sheets should be prevented to avoid a reduction in
adsorption capacity by loading it onto low-cost materials [58];

(3) Similarly, more research is required to simplify and lower the cost of CNT production;

As part of large-scale applications, it is important to regenerate the various forms
of carbon adsorbents (AC, CNT, etc.), once they become exhausted, for reuse/recycling
purposes [6].

2.3. Membrane Process

Water treatment plants (WTPs) now employ a variety of membrane processes to
remove pollutants: reverse osmosis (RO), nanofiltration (NF), ultrafiltration (UF), and
microfiltration (MF). Membranes used in MF, UF and NF are distinguished by the size of
their pores, which are about 0.1, 0.01 and 0.001 µm, respectively [62]. The larger the pore
size, the lower the trans-membrane pressure (TMP) required, translating to lower energy
and operating costs. However, membranes of a larger pore size remove lower amounts of
smaller-sized pollutants.

Membranes remove PPCPs through the processes of size exclusion, electrostatic re-
pulsion, and adsorption [35,63,64]. The removal efficiency depends on numerous factors
grouped as the PPCPs’ physicochemical (size, charge, hydrophobicity) and membrane
properties (pore size, molecular weight cut-off (MWCO), zeta potential, membrane-solute
interactions) [35]. The removal of PPCPs can, therefore, be complex, and its efficiency relies
on numerous factors.

MF and UF membranes, because of their large pore size, are generally used to re-
move suspended solids. PPCPs are not removed because their molecular weights (MWs)
are typically in the 200–800 Da range (or approximately 0.000025–0.0001 micrometres),
while MF and UF membranes’ MWCO are several thousand Daltons [63]. PPCPs can
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be removed by NF and RO processes, as demonstrated by Couto et al. [35]. RO and NF
membranes, which are commercially available, vary in charge, MWCO and hydrophobic-
ity/hydrophilicity, which influence the efficient removal of specific PPCPs. The PPCPs
themselves exist in a range of properties, so it is not possible to generalise their performance
in terms of one property. Couto et al. [35] and Taheran et al. [63] have summarised the
PPCP removal performance of various types of RO and NF membranes, although many
of the studies summarised were conducted using synthetic and ultra-pure water. Only a
few studies, for example, those conducted by Urtiaga et al. [65], were done with secondary-
treated wastewater.

Urtiaga et al. [65] conducted a long-term combined UF and RO pilot plant study
in northern Spain, treating raw municipal wastewater and secondary-treated effluent.
In this study, 12 PPCPs (caffeine, nicotine, naproxen, ibuprofen, ofloxacin, furosemide,
hydrochlorothiazide, gemfibrozil, bezafibrate, fenofibric acid, atenolol and N-acetyl-4-
amino-antipyrine (4-AAA)) were monitored. Removal efficiency for most PPCPs that were
monitored was quite low (less than 20%) when only UF was used. Where UF was followed
by RO, more than 99% removal was achieved. The system was operated at a low TMP of
11 bars, resulting in low energy consumption.

Jamil et al. [36] used MF-treated water from a WTP in Sydney, Australia, that treated
domestic sewage and stormwater in a study of the NF removal of PPCPs; 10 types of PPCPs
with molecular weights between 119–296 g/mol and negative or neutral charge were
monitored. An NF90 membrane was used (membrane MWCO = 90–200 Da, moderately
hydrophobic, negatively charged). The results of this laboratory study, summarised in
Table 1, show that the removal rate was between 35% to >98%. According to Jamil et al. [36],
the large variation in removal efficiency was caused by the PPCPs’ charge, molecular
weight and degree of hydrophobicity differences.

Table 1. Removal of 10 PPCPs from MF wastewater by NF and NF with adsorption pre-treatment [36].

PPCP By NF alone By GAC + NF By Purolite + NF

Benzotriazole 35 94 99
Carbamazepine 96 96 >98

Diclofenac >93 >93 >93
Diuron 77 >94 >94

Gemfibrozil >95 >95 >95
Ibuprofen >90 >90 >90
Naproxen >98 >98 >98
Saccharin 88 >92 >92
Triclosan >92 >92 >92

Trimethoprim >97 >97 >97

Seven of the ten PPCPs monitored by Jamil et al. [36] were removed by >90% without
any pre-treatment (NF alone). The NF membrane was negatively charged and could achieve
>90% removal by the electrostatic repulsion of four negatively charged PPCPs (diclofenac,
gemfibrozil, ibuprofen, and naproxen), no matter what their molecular weights were. Of
these, the size exclusion mechanism would have also excluded diclofenac, the PPCP with
the largest MW (296 g/mol). NF90 excluded triclosan and trimethoprim, which were both
neutral in charge and likely excluded by size since the membrane’s MWCO was smaller
than the PPCPs’ MW (290 g/mol). Triclosan was also removed, in fact, by >90%. It is
highly hydrophobic (log Kow 4.76) and could have been removed by adsorption onto the
membrane, which was moderately hydrophobic.

PPCPs could also have been removed by adsorption onto organic materials in the feed
that was deposited on the membrane during the NF process. Saccharin and benzotriazole
were not removed at high rates (88% and 35% rejection, respectively). Both had a neutral
charge and the lowest MW (183 and 119 g/mol, respectively). The low rate of removal
was because these PPCPs were able to pass through some of the larger membrane pores.
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Diuron, with an MW of 233, within the range of the membrane’s MWCO, also had a low
removal rate (77%) because some of the PPCP’s molecules could have passed through the
larger pores of the membrane.

A drawback of the membrane processes is fouling (due to material deposition and/or
biofilm formation on the membrane), requiring chemical cleaning [66]. The frequency of
cleaning can be significantly reduced by applying pre-adsorption to remove foulants
or by using a submerged membrane adsorption hybrid system (SMAHS) to remove
PPCPs. The adsorbents used in the SMAHS study were GAC and purolite. Another
problem with the membrane process is the concentrate produced in the process, which is
3–5 times more concentrated with PPCPs and other contaminants. The improper discharge
of this concentrate may trigger much greater potential health risks to non-target species,
particularly those in aquatic environments, than the original wastewater. Therefore, this
concentrate needs to be adequately treated before discharge to water bodies.

2.4. Advanced Oxidation Processes

PPCPs in wastewater are not normally removed by typical wastewater treatment
processes and require advanced treatment methods for removal. Toxic organic pollutants
in wastewater, which are recalcitrant (i.e., PPCPs), may be removed by advanced oxidation
processes (AOPs). These include ozonation, O3/UV, UV/H2O2, Fenton and Fenton-like
oxidation, gamma radiolysis, sonolysis and electrochemical oxidation [67]. During these
processes, by-products may form. They need to be removed by processes such as adsorp-
tion [52], or else they can hinder the oxidation process.

2.4.1. Ozonation

Ozonation is the most commonly used method to remove PPCPs and is the most
studied oxidation process. During ozonation, hydroxyl free radicals (OH•) are formed. The
ozonation rate of PPCPs depends on the concentration of OH• and ozone. OH• oxidation
potential (2.8 V) is higher than ozone (2.07 V). To develop more OH•, hydrogen peroxide
is used to decompose ozone in solution. Ozonation is usually used as a post-treatment
process and has been shown to remove most PPCPs. Removal of PPCPs by ozonation has
been reviewed by Esprugas et al. [68].

In ozonation, the PPCPs’ removal rates depend on the ozone kinetic rate constant
(kO3) and the OH• kinetic rate constant (k OH•) [34,69]. The ozonation increases with
kO3 and k• OH based on the results of a pilot plant treatment study of secondary effluent
(0.7 mg O3/mg DOC) [33]. The PPCPs were classified into fast (>90% removal), moderate
(40–80% removal) and slow (0–70% removal) reactivity with ozone (Figure 4).
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The DOC in wastewater can vary in concentration and type. In oxidation, DOC
can compete with PPCPs for OH•, and in this way, the ozonation of PPCPs can wane
significantly. The range of pollutants in wastewater is large and depends on its source.
More research is required to study the effectiveness of oxidation of PPCPs in the presence
of other pollutants that compete for OH• in different types of wastewater. The reduction in
the ozonation rate of PPCPs depends on the ozone rate constants of the individual DOC
fractions [70]. Another area of concern is the fate of ozonation by-products, which may be
toxic in the environment.

2.4.2. Fenton Oxidation

In Fenton oxidation, highly reactive free radicals (hydroxide radical (•OH), sulphate
radical (SO4 •−) and superoxide radical (O2 •−)) are produced in-situ. These radicals have
a strong ability to oxidise PPCPs. They form with the release of precursor oxidants, for
example, hydrogen peroxide, persulfate/peroxodisulfate, peroxymonosulfate and sodium
percarbonate [37]. These precursor oxidants are released utilising a variety of methods,
such as metal-based catalysts (Fe, Mn, Co, Cu, V, Ru, Mo, Cr, Ce), heat, UV radiation or
visible light, ultrasound, alkaline aqueous medium, etc.

The chemical equation for the catalytic decomposition of hydrogen peroxide by the
reaction with iron salts to produce hydroxide radicals is shown in Equation (1) [37].

Fe2+ + H2O2 + H+ → Fe3+ + H2O + •OH (1)

In comparison to hydroxide radicals (redox potential 2.8 V), the sulphate radicals
(2.5–3.1 V) produced from a persulphate possess even higher redox potential and can
degrade PPCPs to a similar or better capacity [16]. In the thermal activation of persul-
phate, hydroxyl is the main radical produced (Equations (2)–(4)). However, in activa-
tion under alkaline conditions, sulphate and superoxide are the main radicals produced
(Equations (5)–(6)).

S2O8
2− → 2 SO4 •− (2)

HSO5 −→ SO4 •− + •OH (3)

SO4 •− + H2O→ SO4
2− + •OH + H+ (4)

S2O8
2− + H2O→ 2SO4

2− + HO2
−+ H+ (5)

S2O8
2− + HO2

− → SO4
2− + SO4 •− + O2 •− (6)

Several limitations prevent the Fenton process from being applied on a large scale.
These include the narrow pH range required, the precipitation of metals in the catalyst
in some types of actual wastewater that leads to sludge formation, and the formation
of toxic by-products. These may be overcome partly by using heterogeneous catalysts.
Notwithstanding the efficiency of homogeneous systems (liquid phase alone), the ad-
ditional expense of iron salt removal from the environment is too costly. As a result,
heterogeneous catalysts (solid–liquid phases) have been sought to improve catalysis.

An important Fenton oxidation process uses iron salts and hydrogen peroxide in
an acid environment to treat industrial wastewater. Fenton oxidation, similar to ozone
oxidation, relies on the OH• oxidising capacity. In recent times, other types of Fenton
processes have been formulated, for instance, electro-Fenton and photo-Fenton oxidation.
The former has been reviewed by Feng et al. [71], while Fenton-like systems have been
explored by Bokare and Choi [72]. Both give detailed information on the mechanisms for
PPCP removal through Fenton oxidation and Fenton-like systems.

Tables S4 and S5 summarise the information on the conditions and results for the
Fenton oxidation of PPCPs, as sourced from previous studies. However, in these studies,
synthetic waters/pure waters were implemented with very high PPCP concentrations,
relative to that in municipal wastewaters. Nonetheless, the effective removal of PPCPs
using Fenton oxidation or Fenton-like oxidation was demonstrated. In these processes,
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H2O2 is decomposed by various metal-based catalysts to generate •OH radicals. The
solubility of metal-based catalysts limits homogenous catalysis (liquid phase). Other highly
soluble metal-based catalysts (e.g., cerium, cobalt, etc.) are not used because they are
cytotoxic. Heterogeneous catalysis (solid–liquid phase), by comparison, are not similarly
affected. Nevertheless, the unstable nature of heterogeneous catalysts and their recycling
potential need to be addressed. It is, therefore, necessary to resolve these issues for Fenton-
like systems [73]. The environmental fate of the by-products produced needs to be studied,
and typically, other treatment processes will be required to remove them. Studies should
also be conducted in a mix of PPCPs and NOM, the latter affecting the removal of a
particular PPCP.

2.4.3. UV Oxidation Treatment

A popular water treatment method to disinfect water for potable purposes is ultraviolet
(UV) treatment. Similarly, UV is used to disinfect wastewater effluent that has undergone
biological treatment and sand filtration processes for reclaimed water applications where
there is potential direct contact. PPCP removal is also possible with UV [74]. In photolysis,
UV breaks the chemical bonds of PPCP constituents and removes them. However, some
constituents, such as carbamazepine, are not significantly affected by UV photolysis and
are not effectively removed [6,75]. To better treat PPCPs, in the advanced oxidation process
(AOP), hydrogen peroxide is coupled with UV (Table S6). This process has proven to be
effective in removing PPCPs [76].

2.4.4. Electrochemical Advanced Oxidation Processes (EAOPs)

Electrochemical advanced oxidation processes (EAOPs) have garnered increasing
attention during the last few decades as an attractive group of AOPs [77,78]. It involves
anodic oxidation, where organics can be directly oxidised at the anode surface by elec-
tron transfer and/or indirectly oxidised by •OH weakly adsorbed at the anode surface
and/or agents in the bulk solution, such as active chlorine species, O3, persulfates and
H2O2 [78]. These processes have been successfully applied to remove various pollutants
from wastewaters [77,78], including PPCPs [79].

Lozano et al. [79] reviewed the removal of various PPCPs using EAOPs, namely,
anodic oxidation (AO), electro-Fenton, photoelectron-Fenton, solar photoelectron-Fenton,
photo-electrocatalysis and sono-electrochemical processes. They reported that AO is one
of the most straightforward methods for degrading organic compounds, and it has suc-
cessfully removed a large percentage of several PPCPs. However, applying EAOPs can be
expensive due to high electrode and operational costs, which include electrical energy for
electrochemical cells and plant operation, reagents and maintenance. The studies conducted
so far have used much higher concentrations of PPCPs than those quantified in wastewater.
Additionally, they used synthetic water rather than real wastewater. Consequently, studies
on actual wastewater need to be undertaken.

2.5. Removal of PPCPs by Combined Methods

Existing individual water treatment processes can either degrade or remove pharma-
ceuticals. PPCP removal is commonly achieved by phase transfer methods such as sorption
or membrane filtration. These methods do not lead to pollution removal/reduction as
they generate a concentrated phase in addition to treated water. The way to degrade
pharmaceuticals is via advanced oxidation processes. However, those cannot completely
mineralise persistent compounds at low concentrations and lead to oxidation by-products
with toxicity [80]. Thus, the existing removal and degradation methods are not solutions for
PPCP removal in the environment. Therefore, this review focuses on combined treatment
processes, as discussed below.
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2.5.1. Combined Chemical and Biological Methods

Biological treatment has proven to be ineffective at removing persistent pollutants
such as PPCPs because they are toxic to microorganisms or can resist their activities. AOPs,
however, are effective in removing these pollutants. In this process, intermediates that are
not easily oxidised may be produced. This prolongs treatment times, consuming more
energy and increasing costs. Here, a combined AOP and biological treatment strategy
can be effective [81]. AOP serves as a pre-treatment process for persistent pollutants. The
intermediates that form can be biologically treated, degraded and removed completely [6].

PPCPs are effectively removed by the combined process of AOP/biological treatment.
De Wilt et al. [82] developed a three-stage process comprising biological treatment, followed
by ozonisation, and then biological treatment for the removal of PPCPs (caffeine, carba-
mazepine, diclofenac, gemfibrozil, ibuprofen, metoprolol, naproxen, sulfamethoxazole and
trimethoprim) from a secondary-clarified effluent sourced from a WWTP in the Nether-
lands, spiked with known concentrations of PPCPs. This process proved cost-effective. The
first biological treatment step removed 38% of ozone-scavenging TOC, thus proportionally
reducing the absolute ozone input (dose) for the removal of biorecalcitrant PPCPs in the
subsequent ozone treatment. The second biological treatment removed the potentially toxic
by-products formed during ozonation.

2.5.2. Combined Chemical and Physical Methods (Ozonation and Adsorption)

While ozonation can deactivate microorganisms, NOM and PPCPs, oxidation by-
products can form. Some PPCPs are slowly oxidised and cannot be practically removed
[34,69]. At the ozone doses used in conventional wastewater treatment, NOM and PPCPs
compete for oxidants, leaving a portion of the latter unoxidised [70]. For these reasons, a
post-treatment of adsorption is added after ozonation to treat the remaining NOM, PPCPs
and their by-products. Many investigations have used AC for this purpose [34,83–85].

Zietzschmann et al. [83] investigated the ozonation process at various ozone dosages
for the removal of NOM and PPCPs contained in wastewater effluent spiked with 12 PPCPs.
A post-treatment of PAC adsorption followed to remove oxidised by-products and any
remaining unoxidised NOM and PPCPs. Ozonation followed by PAC adsorption post-
treatment reduced PPCP concentrations more effectively than individual treatments. Ozona-
tion reduced the competition for adsorption by NOM constituents. This was because NOM
constituents were transformed into compounds with poorer adsorption capacity. This
is attributed to their lower aromaticity, molecular size, and hydrophobicity. Other stud-
ies showing the advantage of combining ozonation and adsorption processes have been
reported in a recent review paper [53]. Additional information is given in Table S7.

2.5.3. Combined Membrane Processes

The combination of adsorption with the MF or UF process is a simple and cost-effective
treatment strategy. It combines the advantage of adsorption with membrane filtration’s
effectiveness in particle removal. Of the adsorbents, AC was found to be popular, and it
has the additional advantage of being able to biodegrade PPCPs. Although AC has been
used before or after membrane filtration, the former is more popular. A recent study [36]
using microfiltered wastewater investigated the removal of 10 PPCPs using NF, either
alone or after pre-treatment with two adsorbents (GAC, Purolite ion exchange resin). These
adsorbents contained different properties that influenced PPCP removal. It was found that
>90% of seven PPCPs were removed by NF without pre-treatment (Table 1). However,
the remaining three PPCPs required an adsorption pre-treatment for satisfactory removal.
Benzotriazole removal was 35% with NF alone. Removal with the GAC+NF process was
94%, and with the Purolite+NF process, it was 99%. The corresponding removals for
diuron were 77%, >94% and >94%, respectively. Saccharin removals were 88%, >92% and
>92%, respectively.

A more efficient method than using membrane filtration and adsorption in the se-
quence is combining both processes together in a single tank containing the influent, where
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the membrane is submerged and adsorbent suspended. This process is called SMAHS, and
its success is mainly due to the following [86]:

i. Membrane anti-fouling: An air diffuser placed at the bottom of the influent tank
creates coarse air bubbles that are used to keep the adsorbent in suspension. The
bubbles also flow past the membrane surface, inducing shear stress across it and
removing the membrane foulant. The energy requirement of immersed membrane
systems used in wastewater treatment plants is currently very low (less than 20% of
the total energy requirement).

ii. Optimisation of backwash: For the successful long-term operation of the membrane
process, it is necessary to optimise the frequency and duration of the backwash.
Adaptive backwash initiation and duration schemes with new control systems can
lead to a 40–50% reduction in backwash water and energy consumption [87,88].

iii. Incorporation of adsorbent in SMAHS: The adsorbent added to the SMAHS creates
an additional shearing effect that reduces particle deposition on the membrane
surface and reduces membrane resistance. It directly removes organics that would
otherwise deposit on the membrane and cause fouling. The periodic daily substitu-
tion of adsorbent is as little as 2–5%, which is equivalent to an average adsorbent
residence time of 20–50 days in the tank. This helps economise the adsorbent
without it becoming exhausted.

2.5.4. Advanced Membrane Bioreactor Hybrid Systems

Electrodialysis [89] and forward osmosis [90] can be used to remove organic microp-
ollutants (OMPs, mostly PPCPs) from wastewater. However, in this paper, we consider
only the combined advanced membrane bioreactor hybrid systems. Membrane bioreactors
(MBRs), which combine biological reactors and membrane separation, are a promising
option in wastewater treatment as they generate clean effluent. The effluent is almost
free of suspended solids, microorganisms and OMPs. The footprint is smaller, with lower
sludge disposal costs compared with conventional biological treatment. Hydrophilicity
and hydrophobicity are important aspects of OMP removal. The hydrophobicity of an
organic molecule is defined by the octanol-water partitioning coefficient (Kow) or the solid
water partitioning coefficient (Kd) [91]. Compared to negatively charged or neutral OMPs,
the positively charged pharmaceutical class OMPs showed more affinity towards sludge
adsorption in MBRs [91].

A hybrid MBR can produce better-quality effluent with low membrane fouling. This,
in turn, reduces cleaning frequency [92]. Table S9 compares conventional MBRs with two
major advanced hybrid MBR systems, namely, osmotic membrane bioreactors (OMBRs) and
membrane distillation bioreactors (MDBRs), for their effectiveness in wastewater treatment.
A detailed comparison can be found in Pathak et al. [93].

Osmotic Membrane Bioreactor

Osmotic membrane bioreactors (OMBRs) are employed in wastewater treatment sys-
tems to reclaim and reuse indirect and direct potable water sources [93] by integrating
semi-permeable forward osmosis membranes with a bioreactor. OMBRs achieve better
permeate quality, with lower dissolved organic matter, lower fouling tendency, higher re-
versibility of membrane fouling and the improved removal of organic micropollutants [94].

Table S10 presents some recently published OMBR studies on OMP removal. A more
detailed list can be found in Pathak et al. [93].

Membrane Distillation Bioreactor

In this system, membrane distillation incorporates a hydrophobic microporous mem-
brane operating at a low temperature, which solely involves the transfer of water vapour
from the feed side to the distillate side through membrane pores. Due to gas-phase mass
transfer, only volatile matter may pass through, and thus, MD completely retains non-
volatile matter in the feed solution [95]. The membrane distillation bioreactor (MDBR) has



Membranes 2023, 13, 158 13 of 19

been studied for its ability to integrate membrane distillation and conventional biological
systems in a single reactor. The direct contact membrane module is submerged into the
activated sludge tank.

Wijekoon et al. [95] evaluated the performance of MDBRs in OMP removal and
concluded that 95% of OMPs can be removed by this process; biodegradation contributed
to 70% of OMP removal. Table S11 presents some recently published MDBR studies for
OMP removal. A detailed list can be found in Pathak et al. [93].

Comparison of Hybrid MBRs

The life cycle assessment (LCA) is a significant tool to measure the environmental
impact of different wastewater treatment schemes in order to compare their performances
in terms of energy and greenhouse emissions and cost components [96].

UF-OMBR or (FO-MBR) has the potential to become a fourth-generation advanced
wastewater reclamation alternative, providing FO membrane development and OMBR
process optimisation are accomplished [97]. The UF-OMBR consists of UF and FO mem-
branes in a bioreactor. UF produces non-potable reuse water, while FO produces potable
quality water.

3. Concluding Remarks and Perspectives

Biological wastewater treatment processes, in general, and the activated sludge pro-
cess, in particular, are ineffective treatments for PPCP removal. Based on the composi-
tion of PPCPs and their chemical characteristics (molecular weight, charge, hydropho-
bicity/hydrophilicity, functional groups, chemical structure), different processes need
to be employed for their effective removal. Other processes, such as AOP, are use-
ful pre-treatments that decompose PPCPs into intermediates that can be removed by
biological treatment.

Ozonation, a common AOP, followed by adsorption post-treatment, can be successful
in removing any unoxidised PPCPs and their oxidation by-products. The competition
between NOM and PPCPs in wastewater for oxidation and adsorption can influence PPCP
removal. Ozone dose adjustment and appropriate adsorbent selection may be applied
to overcome this. Lastly, the combination of adsorption with membrane filtration is an
efficient method of removing PPCPs compared to using either process alone. It combines
the advantage of adsorption and the ability of membrane filtration to effectively remove
particles. The combined process is either applied sequentially, usually with adsorption
before membrane filtration, or integrated into the SMAHS process, where the membrane is
submerged and the adsorbent suspended in the tank containing the influent. The benefits
of SMAHS are membrane de-fouling, greatly improved backwash, and prolonged mem-
brane life. The integration of the processes takes advantage of the different mechanisms
specific to each process and provides a synergistic effect on the removal of the PPCPs.
OMBR or (FO-MBR) has the potential to become a fourth-generation advanced wastewater
reclamation alternative, with ongoing and future membrane development and OMBR
process optimisation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/membranes13020158/s1. Table S1—Removal efficiency of PPCPs
by biological treatment in wastewater treatment plants (WWTPs); Table S2—The removal of PPCPs
by activated carbon; Table S3—The removal of PPCPs by graphene and graphene oxide; Table S4—
Fenton oxidation of PPCPs; Table S5—Photo-Fenton oxidation of PPCPs; Table S6—UV/hydrogen
peroxide treatment of PPCPs in wastewaters; Table S7—Removal efficiency of combined treatment
technologies for pharmaceuticals; Table S8—Technical assessment of combined treatment technologies
for pharmaceuticals; Table S9—Comparison for MBR, OMBR and MDBR in wastewater treatment;
Table S10—Summary of recently published OMBR studies; Table S11—Summary of recently published
MDMBR studies; Table S12—Comparison of the performance of four membrane processes: aerobic
MBR, anaerobic MBR, biofilm MBR and FO-MBR in terms of energy demand and their impact on
climate change. Refs. [97–128] are cited on Supplementary Materials.

https://www.mdpi.com/article/10.3390/membranes13020158/s1
https://www.mdpi.com/article/10.3390/membranes13020158/s1


Membranes 2023, 13, 158 14 of 19

Author Contributions: Conceptualisation, S.V.; Writing—original draft preparation, all the authors;
Review and editing, all the authors; Supervision, S.V.; Project administration, S.V. and H.R. All
authors have read and agreed to the published version of the manuscript.

Funding: This project was supported by University of Technology Sydney grants obtained by
S. Vigneswaran. Support by EU ERA-NET Water JPI-2018, Grant 776692: Closing the Water Cycle
Gap—Sustainable Management of Water Resources (Water Harmony) and the Norwegian Research
Council, Grant 322529: Protecting Aquatic Ecosystem and Human Health From Micropollutants
(PATCHER), by Harsha Ratnaweera, is also acknowledged.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Adeleye, A.S.; Xue, J.; Zhao, Y.; Taylor, A.A.; Zenobio, J.E.; Sun, Y.; Han, Z.; Salawu, O.A.; Zhu, Y. Abundance, fate, and effects of

pharmaceuticals and personal care products in aquatic environments. J. Hazard. Mater. 2022, 424, 127284. [CrossRef]
2. Reyes, N.J.D.G.; Geronimo, F.K.F.; Yano, K.A.V.; Guerra, H.B.; Kim, L.-H. Pharmaceutical and Personal Care Products in Different

Matrices: Occurrence, Pathways, and Treatment Processes. Water 2021, 13, 1159. [CrossRef]
3. Zhang, M.; Shen, J.; Zhong, Y.; Ding, T.; Dissanayake, P.D.; Yang, Y.; Tsang, Y.F. Sorption of pharmaceuticals and personal care

products (PPCPs) from water and wastewater by carbonaceous materials: A review. Crit. Rev. Environ. Sci. 2022, 52, 727–766.
[CrossRef]

4. Water, J.P.I. Water Joint Programming Initiative Knowledge Hub on Contaminants of Emerging Concern, Continuous Increase of CECs in the
Anthroposphere as a Stressor for Water Resources. Stakeholder Brief, Water Joint Programming Initiative Knowledge Hub on Contaminants
of Emerging Concern; Water JPI: 2020; Agence Nationale de la Recherche (ANR): Paris, France, 2020; 21p.

5. Tousova, Z.; Oswald, P.; Slobodnik, J.; Blaha, L.; Muz, M.; Hu, M.; Brack, W.; Krauss, M.; Di Paolo, C.; Tarcai, Z.; et al. European
demonstration program on the effect-based and chemical identification and monitoring of organic pollutants in European surface
waters. Sci. Total Environ. 2017, 601–602, 1849–1868. [CrossRef]

6. Wang, J.; Wang, S. Removal of pharmaceuticals and personal care products (PPCPs) from wastewater: A review. J. Environ.
Manag. 2016, 182, 620–640. [CrossRef]

7. Yang, Y.C.; Ok, Y.S.; Kim, K.H.; Kwon, E.E.; Tsang, Y.F. Occurrences and removal of pharmaceuticals and personal care products
(PPCPs) in drinking water and water/sewage treatment plants: A review. Sci. Total. Environ. 2017, 596, 303–320. [CrossRef]

8. Bartelt-Hunt, S.L.; Snow, D.D.; Damon, T.; Shockley, J.; Hoagland, K. The occurrence of illicit and therapeutic pharmaceuticals in
wastewater effluent and surface waters in Nebraska. Environ. Pollut. 2009, 157, 786–791. [CrossRef]

9. Kim, Y.; Choi, K.; Jung, J.; Park, S.; Kim, S.-C.; Carlson, K. Temporal and spatial trends in the occurrence of human and veterinary
antibiotics in aqueous and river sediment matrices. Environ. Sci. Technol. 2017, 41, 50–57. [CrossRef]

10. Kim, S.D.; Cho, J.; Kim, I.S.; Vanderford, B.J.; Snyder, S.A. Occurrence and removal of pharmaceuticals and endocrine disruptors
in South Korean surface, drinking, and waste waters. Water Res. 2017, 41, 1013–1021. [CrossRef]

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

12. Stumpf, M.; Ternes, T.A.; Wilken, R.-D.; Rodrigues, S.V.; Baumann, W. Polar drug residues in sewage and natural waters in the
state of Rio de Janeiro, Brazil. Sci. Total Environ. 1999, 225, 135–141. [CrossRef] [PubMed]

13. Mompelat, S.; Le Bot, B.; Thomas, O. Occurrence and fate of pharmaceutical products and by-products, from resource to drinking
water. Environ. Int. 2009, 35, 803–814. [CrossRef] [PubMed]

14. Cizmas, L.; Sharma, V.K.; Gray, C.M.; McDonald, T.J. Pharmaceuticals and personal care products in waters: Occurrence, toxicity,
and risk. Environ. Chem. Lett. 2015, 13, 381–394. [CrossRef] [PubMed]

15. Pal, A.; Gin, K.Y.H.; Lin, A.Y.C.; Reinhard, M. Impacts of emerging organic contaminants on freshwater resources: Review of
recent occurrences, sources, fate, and effects. Sci. Total Environ. 2010, 408, 6062–6069. [CrossRef] [PubMed]

16. Wang, J.; Wang, S. Activation of persulfate (PS) and peroxymonosulfate (PMS) and application for the degradation of emerging
contaminants. Chem. Eng. J. 2018, 334, 1502–1517. [CrossRef]

17. Fick, J.; Lindberg, R.H.; Tysklind, M.; Larsson, D.G.J. Predicted critical environmental concentrations for 500 pharmaceuticals.
Regul. Toxicol. Pharmacol. 2010, 58, 516–523. [CrossRef]

18. Celiz, M.D.; Tso, J.; Aga, D.S. Pharmaceutical metabolites in the environment: Analytical challenges and ecological risks. Environ.
Toxicol. Chem. 2009, 28, 2473–2484. [CrossRef]

19. Cleuvers, M. Aquatic ecotoxicity of pharmaceuticals including the assessment of combination effects. Toxicol. Lett. 2003, 142,
185–194. [CrossRef] [PubMed]

20. Liu, J.-L.; Wong, M.-H. Pharmaceuticals and personal care products (PPCPs): A review on environmental contamination in China.
Environ. Int. 2013, 59, 208–224. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jhazmat.2021.127284
http://doi.org/10.3390/w13091159
http://doi.org/10.1080/10643389.2020.1835436
http://doi.org/10.1016/j.scitotenv.2017.06.032
http://doi.org/10.1016/j.jenvman.2016.07.049
http://doi.org/10.1016/j.scitotenv.2017.04.102
http://doi.org/10.1016/j.envpol.2008.11.025
http://doi.org/10.1021/es060737+
http://doi.org/10.1016/j.watres.2006.06.034
http://doi.org/10.1016/j.watres.2014.08.053
http://doi.org/10.1016/S0048-9697(98)00339-8
http://www.ncbi.nlm.nih.gov/pubmed/10028710
http://doi.org/10.1016/j.envint.2008.10.008
http://www.ncbi.nlm.nih.gov/pubmed/19101037
http://doi.org/10.1007/s10311-015-0524-4
http://www.ncbi.nlm.nih.gov/pubmed/28592954
http://doi.org/10.1016/j.scitotenv.2010.09.026
http://www.ncbi.nlm.nih.gov/pubmed/20934204
http://doi.org/10.1016/j.cej.2017.11.059
http://doi.org/10.1016/j.yrtph.2010.08.025
http://doi.org/10.1897/09-173.1
http://doi.org/10.1016/S0378-4274(03)00068-7
http://www.ncbi.nlm.nih.gov/pubmed/12691712
http://doi.org/10.1016/j.envint.2013.06.012
http://www.ncbi.nlm.nih.gov/pubmed/23838081


Membranes 2023, 13, 158 15 of 19

21. Balakrishna, K.; Rath, A.; Praveenkumarreddy, Y.; Guruge, K.S.; Subedi, B. A review of the occurrence of pharmaceuticals and
personal care products in Indian water bodies. Ecotoxicol. Environ. Saf. 2017, 137, 113–120. [CrossRef]

22. Arpin-Pont, L.; Bueno, M.; Gomez, E.; Fenet, H. Occurrence of PPCPs in the marine environment: A review. Environ. Sci. Pollut.
Res. 2016, 23, 4978–4991. [CrossRef]

23. Deo, R.P. Pharmaceuticals in the surface water of the USA: A review. Curr. Environ. Health Rep. 2014, 1, 113–122. [CrossRef]
24. Sui, Q.; Cao, X.; Lu, S.; Zhao, W.; Qiu, Z.; Yu, G. Occurrence, sources and fate of pharmaceuticals and personal care products in

the groundwater: A review. Emerg. Contam. 2015, 1, 14–24. [CrossRef]
25. Vieno, N.; Sillanpää, M. Fate of diclofenac in municipal wastewater treatment plant—A review. Environ. Int. 2014, 69, 28–39.

[CrossRef] [PubMed]
26. Kümmerer, K. Antibiotics in the aquatic environment—A review–Part I. Chemosphere 2009, 75, 417–434. [CrossRef] [PubMed]
27. Xin, X.; Huang, G.; Zhang, B. Review of aquatic toxicity of pharmaceuticals and personal care products to algae. J. Hazard. Mater.

2021, 410, 124619. [CrossRef]
28. Corcoran, J.; Winter, M.J.; Tyler, C.R. Pharmaceuticals in the aquatic environment: A critical review of the evidence for health

effects in fish. Crit. Rev. Toxicol. 2010, 40, 287–304. [CrossRef]
29. Neha, R.; Adithya, S.; Jayaraman, R.S.; Gopinath, K.P.; Pandimadevi, M.; Praburaman, L.; Arun, J. Nano-adsorbents an effective

candidate for removal of toxic pharmaceutical compounds from aqueous environment: A critical review on emerging trends.
Chemosphere 2021, 272, 129852. [CrossRef]

30. Sophia, C.; Eder, A.; Lima, C. Removal of emerging contaminants from the environment by adsorption. Ecotoxicol. Environ. Saf.
2018, 150, 1–17. [CrossRef]

31. Zhang, M.; Igalavithana, A.D.; Xu, L.; Sarkar, B.; Hou, D.; Zhang, M.; Bhatnagar, A. Engineered/designer hierarchical porous
carbon materials for organic pollutant removal from water and wastewater: A critical review. Crit. Rev. Environ. Sci. Technol. 2021,
51, 2295–2328. [CrossRef]

32. Derco, J.; Gotvajn, A.Ž.; Cižmárová, O.; Dudáš, J.; Sumegová, L.; Šimovičová, K. Removal of Micropollutants by Ozone-Based
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