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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. Hu-
man, animal, and aquatic organisms’ exposures to PPCPs have linked them to an array of carcino-
genic, mutagenic, and reproductive toxicity risks. For this reason, various methods are being imple-
mented to remove them from water bodies. This report critically reviews these methods and sug-
gests improvements to removal strategies. Biological, physical, and chemical methods such as bio-
logical degradation, adsorption, membrane filtration, and advanced electrical and chemical oxida-
tion 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 separa-
tion; adsorption; biological degradation

1. Introduction

There is a rising concern associated with emerging pollutants (EPs) that are danger-
ous 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 en-
tering the market and a growing volume of production can be expected [4]. Pharmaceuti-
cals are synthetic micropollutants occurring in the aquatic environment above a potential
natural background level but with concentrations remaining at trace levels, up to the mi-
crogram per litre range [5]. Pharmaceuticals are consumed by humans and animals for
medical treatment and include antibiotics, anti-inflammatory drugs, hormones, etc. Per-
sonal 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 contam-
inants 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
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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 or-
ganic pollutants.

PPCPs occur in natural water bodies and wastewaters in minute concentrations,
ranging from nanogram to microgram per litre (ng/L-pug/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 treat-
ment plants (WWTPs) significantly remove most contaminants and many PPCP constitu-
ents, 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 hu-
man 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 ag-
ricultural applications [7]. PPCPs are widely distributed in the environment, which in-
creases the risk of direct human exposure through the consumption of water and indi-
rectly through the consumption of food, potentially compromising human health [3]. In
reviewing 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 inver-
tebrates (such as daphniids), fish, mussels, and human embryonic cells at trace concentra-
tions [15]. The types of toxic effects and test organisms used in the experiments and the
concentrations 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 concentra-
tions 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 mi-
crobes, humans 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. Synergistic 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 or-
ganisms [14].

Adeleye et al. [1] compared global PPCP concentrations in WWTP influent and efflu-
ent and in freshwater, with toxicity values determined in laboratory experiments. This
comparison demonstrated that mortality data (LC50 and EC50) were much higher than
PPCP concentrations entering and leaving the WWTP and entering the natural environ-
ment. 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, amphibi-
ans, 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.
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However, the concentrations of PPCPs decrease to different levels during their operation,
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 clarification/sedi-
mentation had low PPCP removal efficiency. The higher removal of PPCPs occurred dur-
ing 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 generally produced
quality treated water. The efficiency of these polishing treatments can be significantly im-
proved 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 focus
[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 envi-
ronment, 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 proper-
ties vary widely among PPCPs, which explains the differences observed in the removal
efficiency 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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Figure 1. Sources and pathways of PPCP entry into the natural environment (modified from Reyes
et al. [2]).

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 be-
cause of the low cost and unsophisticated operational requirements. Microorganisms re-
move organic contaminants either individually or together in a group by metabolic con-
sumption. 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 hydrau-
lic) 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 re-
moval 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, diclo-
fenac, bezafibrate, sulfamethoxazole, trimethoprim) are removed in varying amounts,
ranging from 40-100% [41-44].
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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 WWTDPs, 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 Piittmann [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 mi-
crobes. 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 drink-
ing water treatment plants (DWTPs), thus compromising drinking water security and hu-
man health. It is, therefore, imperative to remove PPCPs at WWTPs using advanced treat-
ment 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]. 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 Figure
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 adsorp-
tion 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 de-
pends on the hydrophobicity of the investigated PPCPs (3-methylindole, chloroprene 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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Figure 2. Possible mechanisms for removal of PPCPs from wastewater using the AC adsorption
process (modified from Loganathan et al. [53]).

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 de-
rived 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 materi-
als can aggregate heavily in water due to m—m interactions and strong Van der Waals in-
teractions between the graphene layers, which inhibit the materials’ high adsorption ca-
pacity. 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 labora-
tory 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 adsorp-
tion 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.
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Figure 3. Classification of PPCPs into four groups based on hydrophobicity (Log Kow —higher val-
ues indicate greater hydrophobicity) and charge and their removal from ROC collected in a water
reclamation plant by GAC columns in a laboratory study after different breakthrough times (mod-
ified from Jamil et al. [48]).

2.2.3. Carbon Nanotubes (CNT)

The use of CNT for the adsorption of PPCP constituents such as ketoprofen, carbam-
azepine, sulfamethoxazole and triclosan has been studied [6,59-62]. These studies re-
vealed 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, to-
gether 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 follow-
ing:

(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 reduc-
tion 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 pur-
poses [6].

2.3. Membrane Process

Water treatment plants (WTPs) now employ a variety of membrane processes to re-
move pollutants: reverse osmosis (RO), nanofiltration (NF), ultrafiltration (UF), and mi-
crofiltration (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 pum, respectively [62]. The larger the pore
size, the lower the trans-membrane pressure (TMP) required, translating to lower energy
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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 re-
lies 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” MWCQO are several thousand Daltons [63]. PPCPs can be
removed by NF and RO processes, as demonstrated by Couto et al. [35]. RO and NF mem-
branes, which are commercially available, vary in charge, MWCO and hydrophobicity/hy-
drophilicity, which influence the efficient removal of specific PPCPs. The PPCPs them-
selves 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, hydro-
chlorothiazide, gemfibrozil, bezafibrate, fenofibric acid, atenolol and N-acetyl-4-amino-
antipyrine (4-AAA)) were monitored. Removal efficiency for most PPCPs that were mon-
itored 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, moder-
ately 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.

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 diclo-
fenac, the PPCP with the largest MW (296 g/mol). NF90 excluded triclosan and trime-
thoprim, which were both neutral in charge and likely excluded by size since the mem-
brane’s MWCO was smaller than the PPCPs” MW (290 g/mol). Triclosan was also re-
moved, 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 benzotri-
azole 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 re-
moval was because these PPCPs were able to pass through some of the larger membrane
pores. Diuron, with an MW of 233, within the range of the membrane’s MWCO, also had
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a low removal rate (77%) because some of the PPCP’s molecules could have passed
through the larger pores of the membrane.

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

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 concen-
trate 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 oxida-
tion processes (AOPs). These include ozonation, Os/UV, UV/H20;, 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 (OHe) are formed.
The ozonation rate of PPCPs depends on the concentration of OHe and ozone. OHe oxi-
dation potential (2.8 V) is higher than ozone (2.07 V). To develop more OHe, 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 ozo-
nation has been reviewed by Esprugas et al. [68].

In ozonation, the PPCPs’ removal rates depend on the ozone kinetic rate constant
(kOs) and the OH e kinetic rate constant (k OHe) [34,69]. The ozonation increases with kOs
and ke OH based on the results of a pilot plant treatment study of secondary effluent (0.7
mg Os/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).

The DOC in wastewater can vary in concentration and type. In oxidation, DOC can
compete with PPCPs for OHe, and in this way, the ozonation of PPCPs can wane signifi-
cantly. The range of pollutants in wastewater is large and depends on its source. More
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research is required to study the effectiveness of oxidation of PPCPs in the presence of
other pollutants that compete for OHe 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.

Diclofenac (n=41)
Oimesartan (n=42)
Carbarnazepine (n=41)
4-OH-diclofenac (n=42)
Clarithromycin (n=12)
Sulfamethoxazole (n=1)
Metoprolol (n=42)
Candesartan (n=42)
Valsartan (n=36)
Benzotriazole (n=42)
Valsartan acid (n=42)
Gabapentin lactarn (n=39)
Bezafibrate (n=9)
Primidone (n=41)
Acasulfame (n=7)
Gabapentin lactarn (n=42)
Oxypurinol (n=37)
Metformin (n=40)

TCPP (n=29)

-20 0 20 40 60 80 100

% removal

Figure 4. Average percentage removal of 19 monitored PPCPs during ozone treatment of
wastewater in a pilot plant study ((n is the number of data points) (redrawn from Sauter et al., [34]).

2.4.2. Fenton Oxidation

In Fenton oxidation, highly reactive free radicals (hydroxide radical (¢ OH), sulphate
radical (SO4 -) and superoxide radical (O: ®-)) 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].

Fe? + H.02 + H* — Fed* + HO + «OH €))

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 de-
grade PPCPs to a similar or better capacity [16]. In the thermal activation of persulphate,
hydroxyl is the main radical produced (Equations 2—4). However, in activation under al-
kaline conditions, sulphate and superoxide are the main radicals produced (Equations 5-
6).

52082 — 2 S04 o— (2)
HSOs — — SOs o~ + «OH 3)
SO4 o=+ H20 — SO4 - + «OH + H* 4)
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S20s 27+ H2O — 2504 2 + HO2+ H* (5)
52082+ HO2— SO4 2+ S04 o— + O2 o— 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. Notwith-
standing the efficiency of homogeneous systems (liquid phase alone), the additional ex-
pense 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 oxi-
dation, relies on the OHe oxidising capacity. In recent times, other types of Fenton pro-
cesses 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 54 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, rel-
ative to that in municipal wastewaters. Nonetheless, the effective removal of PPCPs using
Fenton oxidation or Fenton-like oxidation was demonstrated. In these processes, H20: 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 sys-
tems [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 ultravi-
olet (UV) treatment. Similarly, UV is used to disinfect wastewater effluent that has under-
gone 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. How-
ever, some constituents, such as carbamazepine, are not significantly affected by UV pho-
tolysis and are not effectively removed [6,75]. To better treat PPCPs, in the advanced oxi-
dation 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 at-
tention 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 electron
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, Os, persulfates and H20: [78].
These processes have been successfully applied to remove various pollutants from
wastewaters [77,78], including PPCPs [79].
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Lozano et al. [79] reviewed the removal of various PPCPs using EAOPs, namely,
anodic oxidation (AQO), 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 con-
ducted so far have used much higher concentrations of PPCPs than those quantified in
wastewater. Additionally, they used synthetic water rather than real wastewater. Conse-
quently, studies on actual wastewater need to be undertaken.

2.5. Remowal 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 sorp-
tion 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 phar-
maceuticals is via advanced oxidation processes. However, those cannot completely min-
eralise 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 treat-
ment processes, as discussed below.

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.
AOQOPs, 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 strat-
egy 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 com-
pletely [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, fol-
lowed by ozonisation, and then biological treatment for the removal of PPCPs (caffeine,
carbamazepine, diclofenac, gemfibrozil, ibuprofen, metoprolol, naproxen, sulfamethoxa-
zole and trimethoprim) from a secondary-clarified effluent sourced from a WWTP in the
Netherlands, spiked with known concentrations of PPCPs. This process proved cost-ef-
fective. 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
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post-treatment reduced PPCP concentrations more effectively than individual treatments.
Ozonation reduced the competition for adsorption by NOM constituents. This was be-
cause NOM constituents were transformed into compounds with poorer adsorption ca-
pacity. This is attributed to their lower aromaticity, molecular size, and hydrophobicity.
Other studies 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-effec-
tive treatment strategy. It combines the advantage of adsorption with membrane filtra-
tion’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 satisfac-
tory removal. Benzotriazole removal was 35% with NF alone. Removal with the GAC+NF
process was 94%, and with the Purolite+tNF process, it was 99%. The corresponding re-
movals 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 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 suspen-
sion. 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 cur-
rently 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 en-
ergy consumption [87,88].

ili.  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 or-
ganics that would otherwise deposit on the membrane and cause fouling.
The periodic daily substitution 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 mi-
cropollutants (OMPs, mostly PPCPs) from wastewater. However, in this paper, we con-
sider only the combined advanced membrane bioreactor hybrid systems. Membrane bio-
reactors (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.
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Hydrophilicity and hydrophobicity are important aspects of OMP removal. The hydro-
phobicity 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].

2.5.4.1. 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
reversibility 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].

2.5.4.2. 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
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 con-
cluded 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].

2.5.4.3. 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 composition
of PPCPs and their chemical characteristics (molecular weight, charge, hydrophobi-
city/hydrophilicity, functional groups, chemical structure), different processes need to be
employed for their effective removal. Other processes, such as AOP, are useful pre-treat-
ments that decompose PPCPs into intermediates that can be removed by biological treat-
ment.
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Ozonation, a common AOP, followed by adsorption post-treatment, can be success-
ful 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 effi-
cient 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 par-
ticles. The combined process is either applied sequentially, usually with adsorption before
membrane filtration, or integrated into the SMAHS process, where the membrane is sub-
merged 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 com-
bined 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—Sum-
mary 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 Supple. Materials.

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 au-
thors 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 conflicts 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. ]. Hazard. Mater. 2022, 424 (B), 127284.

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 Dif-
ferent Matrices: Occurrence, Pathways, and Treatment Processes. Water 2021, 13, 1159. https://doi.org/10.3390/w13091159.

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.

4.  Water JPL. 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 Contami-
nants of Emerging Concern; Water JPI: 2020; 21p, Agence Nationale de la Recherche (ANR), Paris, France.

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 sur-
face waters. Sci. Total Environ. 2017, 601-602, 1849-1868.



Membranes 2023, 13, 158 16 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24,

25.
26.
27.
28.

29.

30.

31.

32.

33.

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

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

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

Kim, 5.D.; Cho, J.; Kim, I.S.; Vanderford, B.].; 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.

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.

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.

Mompelat, S.; Le Bot, B.; Thomas, O. Occurrence and fate of pharmaceutical products and by-products, from resource to drink-
ing water. Environ. Int. 2009, 35, 803-814.

Cizmas, L.; Sharma, V.K.; Gray, C.M.; McDonald, T.J. Pharmaceuticals and personal care products in waters: Occurrence, tox-
icity, and risk. Environ. Chem. Lett. 2015, 13, 381-394.

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.

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

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

Celiz, M.D,; Tso, J.; Aga, D.S. Pharmaceutical metabolites in the environment: Analytical challenges and ecological risks. Envi-
ron. Toxicol. Chem. 2009, 28, 2473-2484.

Cleuvers, M. Aquatic ecotoxicity of pharmaceuticals including the assessment of combination effects. Toxicol. Lett. 2003, 142,
185-194.

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.

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.

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.

Deo, R.P. Pharmaceuticals in the surface water of the USA: A review. Curr. Environ. Health Rep. 2014, 1, 113-122.

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.

Vieno, N.; Sillanpaa, M. Fate of diclofenac in municipal wastewater treatment plant— A review. Environ. Int. 2014, 69, 28-39.
Kiimmerer, K. Antibiotics in the aquatic environment— A review—Part I. Chemosphere 2009, 75, 417-434.

Xin, X.; Huang, G.; Zhang, B. Review of aquatic toxicity of pharmaceuticals and personal care products to algae. J. Hazard. Mater.
2021, 410, 124619.

Corcoran, J.; Winter, ML.].; 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.

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.

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

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.

Derco, J.; Gotvajn, A.Z.; Cizmérova, O.; Dudas, J.; Sumegova, L.; Simovicova, K. Removal of Micropollutants by Ozone-Based
Processes. Processes 2021, 9, 1013.

Rekhate, C.V,; Srivastava, ].K. Recent advances in ozone-based advanced oxidation processes for treatment of wastewater: A
review. Chem. Eng. J. Adv. 2020, 3, 100031.



Membranes 2023, 13, 158 17 of 20

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.
56.
57.

58.

Sauter, D.; Dabrowska, A.; Bloch, R.; Stapf, M.; Miehe, U.; Sperlich, A.; Gnirss, R.; Wintgens, T. Deep-bed filters as post-treat-
ment for ozonation in tertiary municipal wastewater treatment: Impact of design and operation on treatment goals. Environ.
Sci. Water Res. Tech. 2021, 7, 197-211.

Couto, C.F,; Lange, L.C.; Amaral, M.C.S. A critical review on membrane separation processes applied to remove pharmaceuti-
cally active compounds from water and wastewater. . Water Process Eng. 2018, 26, 156-175.

Jamil, S.; Loganathan, P.; Khan, S.J.; McDonald, ].A.; Kandasamy, J.; Vigneswaran, S. Enhanced nanofiltration rejection of inor-
ganic and organic compounds from a wastewater-reclamation plant’s micro-filtered water using adsorption pre-treatment. Sep.
Purif. Tech. 2021, 260, 118207.

Lama, G.; Meijide, J.; Sanroman, A.; Pazos, M. Heterogeneous Advanced Oxidation Processes: Current Approaches for
Wastewater Treatment. Catalysts 2022, 12, 344.

Roberts, J.; Kumar, A.; Du, ].; Hepplewhite, C.; Ellis, D.J.; Christy, A.G.; Beavis, S.G. Pharmaceuticals and personal care products
(PPCPs) in Australia’s largest inland sewage treatment plant, and its contribution to a major Australian river during high and
low flow. Sci. Total Environ. 2016, 541, 1625-1637.

Li, Q.; Wang, P.; Chen, L.; Gao, H.; Wu, L. Acute toxicity and histopathological effects of naproxen in zebrafish (Danio rerio)
early life stages. Environ. Sci. Pollut. Res. 2016, 23, 18832-18841.

Blair, B.; Nikolaus, A.; Hedman, C.; Klaper, R.; Grundl, T. Evaluating the degradation, sorption, and negative mass balances of
pharmaceuticals and personal care products during wastewater treatment. Chemosphere 2015, 134, 395-401.

Wu, M,; Xiang, J.; Que, C.; Chen, F.; Xu, G. Occurrence and fate of psychiatric pharmaceuticals in the urban water system of
Shanghai, China. Chemosphere 2015, 138, 486—493.

Carballa, M.; Omil, F.; Lema, ].M.; Llompart, M.A.; Garcia-Jares, C.; Rodriguez, I.; Gomez, M.; Ternes, T. Behavior of pharma-
ceuticals, cosmetics and hormones in a sewage treatment plant. Water Res. 2004, 38, 2918-2926.

Lindqvist, N.; Tuhkanen, T.; Kronberg, L. Occurrence of acidic pharmaceuticals in raw and treated sewages and in receiving
waters. Water Res. 2005, 39, 2219-2228.

Kasprzyk-Hordern, B.; Dinsdale, R.M.; Guwy, A.]. The removal of pharmaceuticals, personal care products, endocrine disrup-
tors and illicit drugs during wastewater treatment and its impact on the quality of receiving waters. Water Res. 2009, 43, 363
380.

Kosma, C.I.; Lambropoulou, D.A.; Albanis, T.A. Investigation of PPCPs in wastewater treatment plants in Greece: Occurrence,
removal and environmental risk assessment. Sci. Total Environ. 2014, 466, 421-438.

Quednow, K.; Piittmann, W. Organophosphates and synthetic musk fragrances in freshwater streams in Hessen/Germany.
CLEAN Soil Air Water 2008, 36, 70-77.

Ma, C.; Yu, S,; Shi, W.; Heijman, S.G.; Rietveld, L.C. Effect of different temperatures on performance and membrane fouling in
high concentration PACeMBR system treating micro-polluted surface water. Bioresour. Technol. 2013, 141, 19-24.

Jamil, S.; Loganathan, P.; Listowski, A.; Kandasamy, J.; Khourshed, C.; Vigneswaran, S. Simultaneous removal of natural or-
ganic matter and micro-organic pollutants from reverse osmosis concentrate using granular activated carbon. Water Res. 2019,
155, 106-114.

Kennedy, A.M.; Reinert, A.M.; Knappe, D.R.U; Ferrer, I.; Summers, R.S. Full- and pilot-scale GAC adsorption of organic mi-
cropollutants. Water Res. 2015, 68, 238-248.

Ye, N.; Cimetiere, N.; Heim, V.; Fauchon, N.; Feliers, C.; Wolbert, D. Upscaling fixed bed adsorption behaviors towards emerg-
ing micropollutants in treated natural waters with aging activated carbon: Model development and validation. Water Res. 2019,
148, 30-40.

Boehler, M.; Zwickenpflug, B.; Hollender, J.; Ternes, T.; Joss, A.; Siegrist, H. Removal of micropollutants in municipal
wastewater treatment plants by powder-activated carbon. Water Sci. Technol. 2012, 66, 2115-2121.

Liu, Z.H,; Kanjo, Y.; Mizutani, S. Removal mechanisms for endocrine disrupting compounds (EDCs) in wastewater treat-
mentdphysical means, biodegradation, and chemical advanced oxidation: A review. Sci. Total Environ. 2009, 407, 731-748.
Loganathan, P.; Kandasamy, J.; Jamil, S.; Ratnaweera, H.; Vigneswaran, S. Ozonation/adsorption hybrid treatment system for
improved removal of natural organic matter and organic micropollutants from water— A mini review and future perspectives.
Chemosphere 2022, 296, 133961.

Meinel, F.; Ruhl, A.S.; Sperlich, A.; Zietzschmann, F.; Jekel, M. Pilot-scale investigation of micropollutant removal with granular
and powdered activated carbon. Water Air Soil Pollut. 2015, 226, 2260.

Rodriguez, E.; Campinas, M.; Acero, ].L.; Rosa, M.]. Investigating PPCP removal from wastewater by powdered activated car-
bon/ultrafiltration. Water Air &Soil Pollut. 2016, 227, 177.

Stoller, M.D.; Park, S.; Zhu, Y.; An, ].; Ruoff, R.S. Graphene-Based Ultracapacitors. Nano Lett. 2008, 8, 3498-3502.

Hao, J.; Zhang, Q.; Chen, P.; Zheng, X.; Wu, Y.; Ma, D.; Wei, D.; Liu, H; Liu, G.; Lv, W. Removal of pharmaceuticals and personal
care products (PPCPs) from water and wastewater using novel sulfonic acid (-S5O 3 H) functionalized covalent organic frame-
works. Environ. Sci. Nano 2019, 6, 3374-3387.

Prathibha, C.; Biswas, A.; Chunduri, L.A.A,; Reddy, S.K,; Loganathan, P.; Kalaruban, M.; Venkatarmaniah, K. Zr(IV) function-
alized graphene oxide anchored sand as potential and economic adsorbent for fluoride removal from water. Diam. Relat. Mater.
2020, 109, 108081.



Membranes 2023, 13, 158 18 of 20

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Liu, F.-f.; Zhao, ].; Wang, S.; Du, P.; Xing, B. Effects of solution chemistry on adsorption of selected pharmaceuticals and personal
care products (PPCPs) by graphenes and carbon nanotubes. Environ. Sci. Technol. 2014, 48, 13197-13206.

Liu, Y.K;; Hu, J.; Wang, J.L. Fe2p enhancing sulfamethazine degradation in aqueous solution by gamma irradiation. Radiat.
Phys. Chem. 2014, 96, 81-87.

Ji, L.; Chen, W.; Zheng, S.; Xu, Z.; Zhu, D. Adsorption of sulfonamide antibiotics to multiwalled carbon nanotubes. Langmuir
2009, 25, 11608-11613.

Cho, H.H.; Huang, H.; Schwab, K. Effects of solution chemistry on the adsorption of ibuprofen and triclosan onto carbon nano-
tubes. Langmuir 2011, 27, 12960-12967.

Taheran, M.; Brar, S.K.; Verma, M.; Surampalli, R.Y.; Zhang, T.C.; Valero, ].R. Membrane processes for removal of pharmaceu-
tically active compounds (PhACs) from water and wastewaters. Sci. Total Environ. 2016, 547, 60-77.

Parida, V.K,; Saidulub, D.; Majumder, A.; Srivastava, A.; Gupta, P.; Gupta, A.K. Emerging contaminants in wastewater: A crit-
ical review on occurrence, existing legislations, risk assessment, and sustainable treatment alternatives. ]. Environ. Chem. Eng.
2021, 9, 105966.

Urtiaga, A.M.; Pérez, G.; Ibafiez, R.; Ortiz, I. Removal of pharmaceuticals from a WWTP secondary effluent by ultrafiltration/re-
verse osmosis followed by electrochemical oxidation of the RO concentrate. Desalination 2013, 331, 26-34.

Simon, A.; McDonald, J.A.; Khan, S.J.; Price, W.E.; Nghiem, L.D. Effect of caustic cleaning on pore size of nanofiltration mem-
branes and their rejection of trace organic chemicals. J. Membr. Sci. 2013, 447, 153-162.

Wang, J.L.; Xu, L.J. Advanced oxidation processes for wastewater treatment: Formation of hydroxyl radical and application.
Crit. Rev. Environ. Sci. Technol. 2012, 42, 251-325.

Esplugas, S.; Bila, D.M.; Krause, L.G.T.; Dezotti, M. Ozonation and advanced oxidation technologies to remove endocrine dis-
rupting chemicals (EDCs) and pharmaceuticals and personal care products (PPCPs) in water effluents. J. Hazard. Mater. 2007,
149, 631-642.

Lee, Y.; von Gunten, U. Oxidative transformation of micropollutants during municipal wastewater treatment: Comparison of
kinetic aspects of selective (chlorine, chlorine dioxide, ferrateVI, and ozone) and non-selective oxidants (hydroxyl radical). Water
Res. 2010, 44, 555-566.

Van Gijn, K,; Sohier, J.; Maasdam, R.; de Wilt, H.A.; Rijnaarts, H.H.M.; Langenhoff, A.A.M. Optimizing micropollutant removal
by ozonation; Interference of effluent organic matter fractions. Ozone Sci. Eng. 2021, 43, 579-591.

Feng, L.; van Hullebusch, E.D.; Rodrigo, M.A.; Esposito, G.; Oturan, M.A. Removal of residual anti-inflammatory and analgesic
pharmaceuticals from aqueous systems by electrochemical advanced oxidation processes. A review. Chem. Eng. ]. 2013, 228,
944-964.

Bokare, A.D.; Choi, W. Review of iron-free Fenton-like systems for activating H>O: in advanced oxidation processes. J. Hazard.
Mater. 2014, 275, 121-135.

Xu, L.J.; Wang, J.L. Magnetic Nanoscaled FesOs/CeO: composite as an efficient Fenton-like heterogeneous catalyst for degrada-
tion of 4-chlorophenol. Environ. Sci. Technol. 2012, 46, 10145-10153.

Kim, I; Naoyuki, Y.; Hiroaki, T. Performance of UV and UV/H20: processes for the removal of pharmaceuticals detected in
secondary effluent of a sewage treatment plant in Japan. J. Hazard. Mater. 2009, 166, 1134-1140.

Vogna, D.; Marotta, R.; Napolitano, A.; Andreozzi, R.; d'Ischia, M. Advanced oxidation of the pharmaceutical drug diclofenac
with UV/H202 and ozone. Water Res. 2004, 38, 414—422.

Yuan, F.; Hu, C; Hu, X.; Wei, D.; Chen, Y.; Qu, J. Photodegradation and toxicity changes of antibiotics in UV and UV/H20:
process. . Hazard. Mater. 2011, 185, 1256-1263.

Ganiyu, S.0O.; Martinez-Huitle, C.A.; Oturan, M.A. Electrochemical advanced oxidation processes for wastewater treatment:
Advances in formation and detection of reactive species and mechanisms. Curr. Opin. Electrochem. 2021, 27, 100678.

Moreiraa, F.C.; Boaventura, R.A.; Brillas, E.; Vitor, ].P. Electrochemical advanced oxidation processes: A review on their appli-
cation to synthetic and real wastewaters. Appl. Catal. B Environ. 2017, 207, 217-261.

Lozano, I.; Pérez-Guzman, C.J.; Mora, I.; Mahlknecht, J.; Aguilar, C.L, Cervantes-Avilés, P. Pharmaceuticals and personal care
products in water streams: Occurrence, detection, and removal by electrochemical advanced oxidation processes. Sci. Total En-
viron. 2022, 827, 154348.

Li, S; Wu, Y.; Zheng, H,; Li, H.; Zheng, Y.; Nan, J.; Ma, J.; Nagarajan, D.; Chang, ].S. Antibiotics degradation by advanced
oxidation process (AOPs): Recent advances in ecotoxicity and antibiotic-resistance genes induction of degradation products.
Chemosphere 2022, 311 (Pt 2), 136977.

He, S.J.; Wang, J.L.; Ye, L.F.; Zhang, Y.X,; Yu, ]. Removal of diclofenac from surface water by electron beam irradiation combined
with a biological aerated filter. Radiat. Phys. Chem. 2014, 105, 104-108.

de Wilt, A.; van Gijn, K.; Verhoek, T.; Vergnes, A.; Hoek, M.; Rijnaarts, H.; Alette Langenhoff, A. Enhanced pharmaceutical
removal from water in a three step bio-ozone-bio process. Water Res. 2018, 138, 97-105.

Zietzschmann, F.; Mitchell, R.L.; Jekel, M. Impacts of ozonation on the competition between organic micropollutants and efflu-
ent organic matter in powdered activated carbon adsorption. Water Res. 2015, 84, 153-160.



Membranes 2023, 13, 158 19 of 20

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

100.

Bourgin, M.; Beck, B.; Boehler, M.; Borowska, E.; Fleiner, J.; Salhi, E.; Teichler, R.; von Gunten, U.; Siegrist, H.; McArdell, C.S.
Evaluation of a full-scale wastewater treatment plant upgraded with ozonation and biological post-treatments: Abatement of
micropollutants, formation of transformation products and oxidation by-products. Water Res. 2018, 129, 486—498.

Ullberg, M.; Lavonen, E.; Kohler, S.J.; Golovkoa, O.; Wiberg, K. Pilot-scale removal of organic micropollutants and natural or-
ganic matter from drinking water using ozonation followed by granular activated carbon. Environ. Sci. Water Res. Tech. 2021, 7,
535-548.

Loganathan, P.; Kandasamy, J.; Ratnaweera, H.; Vigneswaran, S. Submerged membrane/adsorption hybrid process in water
reclamation and concentrate management—A mini review. Environ. Sci. Pollut. Res. 2022. https://doi.org/10.1007/s11356-022-
23229-9.

Smith, P.J.; Vigneswaran, S.; Ngo, H.; Nguyen, H.T.; Aim, R.B. A New Approach to backwash initiation in Membrance Systems.
J. Membr. Sci. 2006, 278, 381-389.

Smith, P.J.; Vigneswaran, S.; Ngo, H.; Ben-Aim, R.; Nguyen, H.T. Design of a generic control system for optimising back flush
durations in a submerged membrane hybrid reactor. J. Membr. Sci. 2005, 255, 99-106.

Ma, L.; Gutierrez, L.; Van Vooren, T.; Vanoppen, M.; Kazemabad, M.; Verliefde, A.; Cornelissen, E. Fate of organic micropollu-
tants in reverse electrodialysis: Influence of membrane fouling and channel clogging. Desalination 2021, 512, 115114.

Jamil, S.; Loganathan, P.; Kazner, C.; Vigneswaran, S. Forward osmosis treatment for volume minimisation of reverse osmosis
concentrate from a water reclamation plant and removal of organic micropollutants. Desalination 2015, 372, 32-38.

Hai, F.I; Yamamoto, K.; Lee, C.-H. Membrane Biological Reactors: Theory, Modeling, Design, Management and Applications to
Wastewater Reuse; IWA Publishing: London, UK, 2018.

Neoh, C.H.; Noor, Z.Z.; Mutamim, N.S.A.; Lim, C.K. Green technology in wastewater treatment technologies: Integration of
membrane bioreactor with various wastewater treatment systems. Chem. Eng. . 2016, 283, 582-594.

Pathak, N.; Shon, H.; Vigneswaran, S. Advanced Membrane Bioreactor Hybrid Systems, Sustainable Technologies for Water and
Wastewater Treatment; CRC Press: Boca Raton, FL, USA, 2021; pp. 317-342.

Luo, W.; Arhatari, B.; Gray, S.R.; Xie, M. Seeing is believing: Insights from synchrotron infrared mapping for membrane fouling
in osmotic membrane bioreactors. Water Res. 2018, 137, 355-361.

Wijekoon, K.C.; Hai, F.I; Kang, J.; Price, W.E.; Guo, W.; Ngo, H.H.; Cath, T.Y.; Nghiem, L.D. A novel membrane distillation—
thermophilic bioreactor system: Biological stability and trace organic compound removal. Bioresour. Technol. 2014, 159, 334-341.
Krzeminski, P.; Leverette, L.; Malamis, S.; Katsou, E. Membrane bioreactors — A review on recent developments in energy re-
duction, fouling control, novel configurations, LCA and market prospects. J. Membr. Sci. 2017, 527, 207-227.

Holloway, R.W.; Miller-Robbie, L.; Patel, M.; Stokes, J.R.; Munakata-Marr, J.; Dadakis, J.; Cath, T.Y. Life-cycle assessment of two
potable water reuse technologies: MF/RO/UV-AQOP treatment and hybrid osmotic membrane bioreactors. J. Membr. Sci. 2016,
507, 165-178.

Sun, Q.; Lv, M.; Hu, A.; Yang, X.; Yu, C.-P. Seasonal variation in the occurrence and removal of pharmaceuticals and personal
care products in a wastewater treatment plant in Xiamen, China. J. Hazard. Mater. 2014, 277, 69-75.

Snyder, S.A.; Adham, S.; Redding, A.M.; Cannon, F.S.; DeCarolis, J.; Oppenheimer, J.; Wert, E.C.; Yoon, Y. Role of membranes
and activated carbon in the removal of endocrine disruptors and pharmaceuticals. Desalination 2007, 202, 156-181.

Altmann, J.; Ruhl, A.S.; Zietzschmann, F.; Jekel, M. Direct comparison of ozonation and adsorption onto powdered activated
carbon for micropollutant removal in advanced wastewater treatment. Water Res. 2014, 55, 185-193.

Rostamian, R.; Behnejad, H. A comparative adsorption study of sulfamethoxazole onto graphene and graphene oxide
nanosheets through equilibrium, kinetic and thermodynamic modeling. Process Saf. Environ. Prot. 2016, 102, 20-29.

Rizzo, L.; Fiorentino, A.; Grassi, M.; Attanasio, D.; Guida, M. Advanced treatment of urban wastewater by sand filtration and
graphene adsorption for wastewater reuse: Effect on a mixture of pharmaceuticals and toxicity. J. Environ. Chem. Eng. 2015, 3,
122-128.

Kyzas, G.Z.; Koltsakidou, A.; Nanaki, S.G.; Bikiaris, D.N.; Lambropoulou, D.A. Removal of beta-blockers from aqueous media
by adsorption onto graphene oxide. Sci. Total Environ. 2015, 537, 411-420.

Michael, I.; Hapeshi, E.; Michael, C.; Fatta-Kassinos, D. Solar Fenton and solar TiO: catalytic treatment of ofloxacin in secondary
treated effluents: Evaluation of operational and kinetic parameters. Water Res. 2010, 44, 5450-5462.

Trovo, A.G.; Melo, S.A.S.; Nogueira, R.F.P. Photodegradation of the pharmaceuticals amoxicillin, bezafibrate and paracetamol
by the photo-Fenton processed application to sewage treatment plant effluent. J. Photochem. Photobiol. A Chem. 2008, 198, 215—
220.

Mendez-Arriaga, F.; Esplugas, S.; Gimenez, J. Degradation of the emerging contaminant ibuprofen in water by photo-Fenton.
Water Res. 2010, 44, 589-595.

Bae, S.; Kim, D.; Lee, W. Degradation of diclofenac by pyrite catalyzed Fenton oxidation. Appl. Catal. B Environ. 2013, 134, 93—
102.

Trovo, A.G.; Nogueira, R.F. Diclofenac abatement using modified solar photo-Fenton process with ammonium iron (III) citrate.
J. Braz. Chem. Soc. 2011, 22, 1033-1039.

Perez-Estrada, L.A.; Malato, S.; Gernjak, W.; Agiiera, A.; Thurman, E.M.; Ferrer, I.; Fern_andez-Alba, A.R. Photo-Fenton degra-
dation of diclofenac: Identification of main intermediates and degradation pathway. Environ. Sci. Technol. 2005, 39, 8300-8306.



Membranes 2023, 13, 158 20 of 20

110.

111.

112.

113.

114.

115.

116.

117.

118.

1109.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Velichkova, F.; Julcour-Lebigue, C.; Koumanova, B.; Delmas, H. Heterogeneous Fenton oxidation of paracetamol using iron
oxide (nano) particles. J. Environ.Chem. Eng. 2013, 1, 1214-1222.

Lan, R.-J.; Li, J.-T.; Sun, H.-W.; Su, W.-B. Degradation of naproxen by combination of Fenton reagent and ultrasound irradiation:
Optimization using response surface methodology. Water Sci. Technol. 2012, 66, 2695-2701.

Goi, A.; Veressinina, Y.; Trapido, M. Degradation of salicylic acid by Fenton and modified Fenton treatment. Chem. Eng. . 2008,
143, 1-9.

Veloutsou, S.; Bizani, E.; Fytianos, K. Photo-Fenton decomposition of blockers atenolol and metoprolol; study and optimization
of system parameters and identification of intermediates. Chemosphere 2014, 107, 180-186.

Ghauch, A,; Tuqan, A.; Assi, H.A. Antibiotic removal from water: Elimination of amoxicillin and ampicillin by microscale and
nanoscale iron particles. Environ. Pollut. 2009, 157, 1626-1635.

Mohapatra, D.; Brar, S.; Tyagi, R.; Picard, P.; Surampalli, R. A comparative study of ultrasonication, Fenton’s oxidation and
ferro-sonication treatment for degradation of carbamazepine from wastewater and toxicity test by Yeast Estrogen Screen (YES)
assay. Sci. Total Environ. 2013, 447, 280-285.

Sun, S.P.; Zeng, X.; Li, C.; Lemley, A.T. Enhanced heterogeneous and homogeneous Fenton-like degradation of carbamazepine
by nano-Fe3O4/H20: with nitrilotriacetic acid. Chem. Eng. ]. 2014, 244, 44-49.

Ferrag-Siagh, F.; Fourcade, F.; Soutrel, I; Ait-Amar, H.; Djelal, H.; Amrane, A. Electro-Fenton pretreatment for the improvement
of tylosin biodegradability. Environ. Sci. Pollut. Res. 2014, 21, 8534-8542.

Annabi, C.; Fourcade, F.; Soutrel, I.; Geneste, F.; Floner, D.; Bellakhal, N.; Amrane, A. Degradation of enoxacin antibiotic by the
electro-Fenton process: Optimization, biodegradability improvement and degradation mechanism. J. Environ. Manag. 2016, 165,
96-105.

Sires, 1.; Arias, C.; Cabot, P.L.; Centellas, F.; Garrido, ]J.A.; Rodriguez, R.M.; Brillas, E. Degradation of clofibric acid in acidic
aqueous medium by electro-Fenton and photoelectro-Fenton. Chemosphere 2007, 66, 1660-1669.

Klamerth, N.; Rizzo, L.; Malato, S.; Maldonado, M.I.; Agiiera, A.; Fernandez-Alba, A. Degradation of fifteen emerging contam-
inants at mgL_1 initial concentrations by mild solar photo-Fenton in MWTP effluents. Water Res. 2010, 44, 545-554.
Isarain-Chavez, E.; Garrido, J.A.; Rodriguez, R.M.; Centellas, F.; Arias, C.; Cabot, P.L.; Brillas, E. Mineralization of metoprolol
by electro-Fenton and photoelectro-Fenton processes. |. Phys. Chem. A 2011, 115, 1234-1242.

Ahmed, M.M.; Chiron, S. Solar photo-Fenton like using persulphate for carbamazepine removal from domestic wastewater.
Water Res. 2014, 48, 229-236.

De la Cruz, N.; Gimenez, J.; Esplugas, S.; Grandjean, D.; De Alencastro, L.F.; Pulgarin, C. Degradation of 32 emergent contami-
nants by UV and neutral photo-fenton in domestic wastewater effluent previously treated by activated sludge. Water Res. 2012,
46, 1947-1957.

Dogan, S.; Kidak, R.A. Plug flow reactor model for UV-based oxidation of amoxicillin. Desalination Water Treat. 2015, 17, 1-4.
The Swedish Environmental Protection Agency. Advanced Wastewater Treatment for Separation and Removal of Pharmaceutical Res-
idues and Other Hazardous Substances—Needs, Technologies and Impacts. A Government-Commissioned Report; Report 6803; The Swe-
dish Environmental Protection Agency: Stockholm, Sweden, 2017.

Yao, M.; Duan, L.; Wei, J.; Qian, F.; Hermanowicz, S.W. Carbamazepine removal from wastewater and the degradation mecha-
nism in a submerged forward osmotic membrane bioreactor. Bioresour. Technol. 2020, 314, 123732.

Pathak, N.; Li, S.; Kim, Y.; Chekli, L.; Phuntsho, S.; Jang, A.; Ghaffour, N.; Leiknes, T.; Shon, H.K. Assessing the removal of
organic micropollutants by a novel baffled osmotic membrane bioreactor-microfiltration hybrid system. Bioresour. Technol. 2018,
262, 98-106.

Song, X.; Luo, W.; Mcdonald, J.; Khan, S.J.; Hai, F.L; Price, W.E.; Nghiem, L.D. An anaerobic membrane bioreactor-membrane
distillation hybrid system for energy recovery and water reuse: Removal performance of organic carbon, nutrients, and trace
organic contaminants. Sci. Total Environ. 2018, 628, 358-365.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



